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A B S T R A C T

In the last couple of decades a new design for an oil well emerged, known
as the monobore or mono-diameter oil well. The oil well design is made
possible due to a recent developed technology, the downhole expansion
process. The technology opened up a pathway for the oil well to have
from earth-surface all the way down to the reservoir, an approximate uni-
form inner diameter. In the design, in a repetitive procedure, expandable
pipes are positioned in a borehole and expanded to allow another prior-
to-expansion sized expandable pipe to be positioned further downhole.
Expansion of the pipes occurs in a borehole with in-between the pipe and
the soil borehole fluid saturated cement. The expansion of the pipe will
compress the saturated cement, that will result in free fluid separation.
The degree to which this separation of fluid will occur will depend upon
a set of system variables, such as cement porosity or expansion speed and
will lead to a potential failure behavior where the oil well would no longer
be operational. In this project the consequential behavior of the expansion
process with respect to the cement sheath is investigated.

To advance the development of the oil well and establish a failsafe de-
sign, the problem is dismantled in three relevant experiments for which
individual designs are developed. Prior to the development of each exper-
imental design, a theoretical and numerical analysis is performed that are
utilized as a tool to establish the framework for each design. It is demon-
strated in a simple one-dimensional model that throughout expansion of
the pipe and compression of the cement sheath, the free fluid that emerged
from the saturated cement has a preferential flow direction. Due to the for-
mer finding a more extensive model was developed to investigate the effect
of fluid accumulation at the interface of the expandable pipe and cement
sheath. The annulus model granted a parametric study of the expansion
process and the cement sheath and established the foundation and frame-
work for three distinct designs of experiments, the hydraulic bond strength
test, the cement radial deformation test and the small-scale expansion test.
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1
I N T R O D U C T I O N

1.1 background

A structural foundation is the most important part in construction build-
ing, whether it is a commercial or a residential structure [1]. The purpose
of a foundation is to hold up or hold together a building structure. In-
or external forces imposed on the foundation will damage the structure
where the degree of damage that will occur depends on the size and qual-
ity of the foundation.

For an oil well in specific, the foundation can be up to several kilometers
long, pointing out the paramount importance of the quality of the struc-
tural foundation. The foundation in an oil well - made of cement - will
not only support the structure, it will also ensure a leak tight connection
between the host pipe of the well and the surrounding earth layer. The
quality of the cement job is therefore vital to the reliability and lifespan of
the well and should be guaranteed at all time.

1.2 motivation

The global demand for oil - primarily due to emerging markets in the
developing world - is in a state of incline. The Energy Information Ad-
ministration of the USA predicted, with respect to the present day, about
a 20% increase of global oil demand in the year 2030 [36]. The global oil
demand prediction is in-line with what the International Energy Agency
recorded the last 36 months [28], as is shown in figure 1. Due to a steady
increase in the global oil demand the technological development related
to oil field exploration, oil extraction and refinement since early 1980s has
been intensified and has affected all regions around the world. The com-
petitive petroleum industry promotes the technology transfer worldwide,
that made the technology more accessible for competitive forces [35]. The
exploration of shallow - and due to available technology worldwide - acces-
sible oil fields therefore is a competitive business.

The Expandables R&D department of the petroleum company Royal Dutch
Shell [49] is appointed with the task to develop an oil well that is to be op-
erational on larger target depths, in contrast to the conventional oil well
applicable for shallow oil fields. A potential new technology that can meet
the requirement is the so-called monobore oil well, a well technology where
the borehole diameter from the surface to the downhole oil field is approx-
imately a constant. The monobore oil well technology is made possible by
a downhole expansion process in which oil pipe segments are expanded into
the surrounding cement layers. The expansion process will compress and
shear the cement layer that at time of expansion is in an approximate fluid

1
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Figure 1: The monthly averaged global total oil demand for a period of 36 months recorded
by the International Energy Agency [28]. The vertical axis depicts the number
of kilobarrels (x1000 barrels) per day.

saturated state. The consequence is the formation of free fluid separation
from the cement sheath. As the outside earth layer due to an excavation
procedure is roughly impermeable the free fluid separation will occur in
between the oil pipe and the cement layer. Accumulation of fluid will oc-
cur for an ongoing expansion process that will likewise increase the fluid
pressure. The pressure will impose a radial inward strain on the pipe that
may exceed the plastic deformation limit up to the point of a potential
catastrophic pipe failure.

1.3 problem scope of the project

In a conventional oil well design the cement job throughout the solidifica-
tion phase is exposed to limited strain. After the borehole is established
an oil pipe is placed in position and cement is pumped in between the
pipe and the layer of earth or formation. Once solidified, the cement is
able to hold up the construction and form a final sealant for the forma-
tion. Going downhole one-pipe-segment at a time, the pipe segments will
narrow down in diameter to fit the previous pipe segment. After each of
these pipe segments are placed in position, cement is pumped in between
pipe and formation. Over the depth of the well a classic telescopic shape
is obtained, see the left-side of figure 2. A benefit of this well design is the
involved strain present in the cement that is limited to the natural shrink-
age properties, up to 5% of the original size of the cement. However, as the
pipe segments cannot narrow down in diameter infinitely often, a restraint
in the telescopic well design is set on the target depth.

To go beyond the restraint of the target depth, a different approach than
the telescopic well design is to be considered. The development of down-
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Figure 2: Longitudinal schematic cross-section of the conventional (left) and mono-
diameter (right) oil well design (x > 1).

hole expansion technology has the potential to open up a pathway to the
monobore well design. The latter technology can overcome the restriction
on the pipe segment diameter, and can facilitate to greater target depths.

After cement is poured in between pipe and formation, a positioned
cone at the bottom of the pipe is pulled upwards through the pipe to ex-
pand the inner diameter. This will allow the insertion of another pipe seg-
ment into a new excavated borehole such that a configuration is obtained
that is depicted on the right of figure 2. A gradual expansion of the pipe
segment from the bottom-up will exert shear and compression stresses
upon the former poured saturated and partial-cured cement. The result is
free fluid separation from the saturated cement sheath towards the path of
least resistance. As the strength of a cement-aggregate bond is more vul-
nerable than the atomic bond strength of the cement paste [50], the path of
least resistance will take the form of an annulus channel due to the weaker
hydraulic bond strength of pipe and cement ahead of the cone, as depicted
in subfigure (A) of figure 3. Due to the expansion process over time, free
fluid will continue to accumulate in the annulus channel ahead of the cone
at the interface of pipe and cement. Fluid volume formation is progress-
ing over time that will invoke an increasing stress on the pipe in the radial
inward direction, shown in subfigure (B). Without sufficient drainage of
the accumulated fluid, the expansion process will cause accumulation of
fluid into the created annulus channel up to a potential pipe failure, given
in subfigure (C). Previous research observed this phenomena and named
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(A) Annulus formation (B) Local accumulation (C) Severe radial stress

g

Figure 3: Possible failure modes due to cone migration that have been observed in ex-
perimental work [24][57], from left to right there is observed debonding,
flattening and pipe collapse.

the behavior of these failure modes from l-r the debonding mode, the pipe
flattening mode and the potential pipe collapse [24][57].

The free fluid separation from the cement sheath due to compression
and the accumulation of fluid pressure at the interface of the oil pipe and
cement layer - as a consequence of the expansion process - is thus far trou-
bled with uncertainties that require definite answers. Acquired certainties
will aid in the control of a failsafe design for an oil well. This report will
illuminate the path taken to institute and develop experimental product
design to define the conditions wherein potential failure behavior may oc-
cur through the course of the expansion process.

1.4 outline of the report

The report can be divided in four sections, an initial part in chapter 2,
where the objectives with the deliverables of the project are described. In
preparation of and to determine the framework of the design architecture
a theoretical and numerical analyses is presented in chapter 3, related to
the expansion process and cement response. Chapter 4 describes the insti-
tution and development of the experimental design architecture. Chapter
5 is dedicated to performed measurements for a developed experimental
design, the hydraulic bond strength test.

The theoretical and numerical analysis of the cement response in the
expansion process is divided into three subsections. Subsection 3.1, is a
one-dimensional dynamical saturated cement response analysis to explore
the preferential flow direction along the radial axis of the monobore well
due to the expansion load imposed on the expandable pipe segment. The
analysis is continued, in subsection 3.2, by consideration of the cement
integrity where a failure prediction is carried out by cause of cement de-
formation through the course of the expansion process. Subsection 3.3, is
a numerical model to analyze the accumulative effect of fluid, and the
resulting increase of pressure at the interface of the cement sheath and
expandable pipe over the course of the expansion process. The model con-
sists of building blocks, each simulate a specific physical phenomena and
is constructed by interchangeable modules where potential more suitable
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building blocks can be substituted. A parametric study is performed of
the influence of the various parameters in the expansion process. The ex-
perimental architecture in chapter 4, will cover the design steps and de-
velopment phase of three distinct experiments, required to be performed
to investigate the expansion process in detail, and to validate the devel-
oped theoretical and numerical models. Section 4.1, will present a design
for an experiment to measure the adhesive strength of cement to an ex-
pandable pipe. A second design for an experiment is described in section
4.2, a setup to determine constitutive behavior of a cement sheath prior-
and post deformation in radial direction. The third design in section 4.3,
is a small-scale expansion test that is geometrically downscaled to about
25 [%] of the in-field setup. The last section of the experimental architec-
ture, section 4.4, is the prototype description, techno-economic feasibility
and impact of the performed work in the project. The design of the hy-
draulic bond strength test is developed and constructed in the laboratory
to perform measurements on the adhesive strength of cement for nine dif-
ferent cases. The results of the adhesive cement strength test are presented
in chapter 5. On a final note, the most important findings of this PDEng
project are presented in chapter 6, with the recommendations for future
work.



2
O B J E C T I V E O F T H E P R O J E C T

Section 2.1 below is to provide a perspective of how the former mentioned
project problem scope is interpreted and tackled. Each objective given in
the gray area, will offer foregoing context. A pragmatic translation of that
interpretation in the form of project deliverables is presented in the pre-
ceding section 2.2.

2.1 description of the design architecture

The monobore oil well is a relative new design for an oil well where the in-
ner diameter of the oil pipe segments from the surface of the earth down
to the oil field is an approximate constant. The oil well design is facili-
tated by a downhole expansion process, performed to increase the inner
diameter of the oil pipe segment. Throughout expansion, the oil pipe will
exert a shear load, though predominantly a compression load on the fluid
saturated cement. As the saturated cement sheath surrounding the pipe
is confined in between pipe and near impermeable formation, the radial
deformation of the cement will - due to the fluid saturated state - result in
an expulsion of fluid from the internal pore structure of the cement sheath.

objective i: design an experimental setup able to reproduce the
down hole conditions where the saturated cement sheath is monitored
through the course of the expansion process. Free fluid separation from
the saturated cement sheath is to be recorded, both in location and
magnitude. Particularly the location where fluid will accumulate and
its affect on the adherence of the cement to the pipe - during the ex-
pansion process - is of great importance. The accumulation of fluid will
enact a significant fluid pressure at the interface of pipe and cement
that will bring about an increased strain on the pipe, that to identify
the conditions of potential failure behavior is to be monitored.

Prior to the development of a design for an experimental setup in which
the effect of the expansion process is analyzed, a theoretical and numeri-
cal parametric study is to be performed to estimate the existing operating
conditions. The aim here is the identification of free fluid separation from
the cement sheath under shear and compression load. The cement struc-
ture is a porous medium that at time of the expansion process is in an
approximate fluid saturated state. The framework is to consider the ele-
mentary components involved in the expansion process i.e., a fluid satu-
rated porous cement sheath, a time dependent expansion or compression
load, an interface in between oil pipe and cement, and free fluid separa-
tion or accumulation of fluid at the considered interface.

6
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objective ii: Develop a theoretical and numerical prediction tool to
identify the free fluid separation from the cement sheath. Here it is
necessary to consider the accumulation of fluid in front of the cone, and
the generation of fluid pressure as a result at the interface of pipe and
cement throughout the expansion process. The model is to be utilized
as a tool to provide a parametric operating window that will support
the experimental product design phase.

The strength of a cement-aggregate bond is weaker than the atomic bond
strength of consistent cement paste [50]. Due to the natural shrinkage prop-
erty of cement through the cement setting time and solidification process
[44], and the adhesive property of unsettled cement to the formation, a
microscopical annulus channel adjacent to the pipe is expected to form al-
ready prior to the expansion process. If accumulation of fluid would occur
at the interface of the cement sheath and oil pipe, the parameter that deter-
mines the rate of expulsion of fluid towards the interface is the hydraulic
bond, or bonding strength of cement to the metal pipe. The hydraulic bond
strength - at this point an unknown parameter - will allow expansion in
longitudinal direction once the fluid pressure in the annulus channel will
exceed a certain system threshold value, as a result of the accumulation of
fluid in the annulus throughout the expansion process.

objective iii: Design a test capable of measuring constitutive behavior
of wet cement under high hydrostatic pressure such that the constitu-
tive behavior of downhole situated cement can be determined. The aim
is the determination of (i) the hydraulic bond strength parameter of ce-
ment that is attached to the metal pipe and (ii) the constitutive behavior
of cement prior- and post compression and shear load deformation.

2.2 the deliverables of the project

The deliverables related to theoretical and numerical work are the follow-
ing;

• A dynamic linear-elastic deformable cement response model to sim-
ulate the direction of fluid displacement in the expansion process.

• A cement failure prediction model to investigate the accumulated
fluid drainage potential from the considered interface for different
types of formations.

• A model simulating the growth of an annulus channel due to the
expansion process to characterize the influence of individual param-
eters involved and to set an operating window for laboratory condi-
tions.

The deliverables related to design methodology and experimental work
are the following;
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• A design and test report of a hydraulic bond test in a uni-axial ce-
ment to metal oil pipe configuration to investigate and to determine
the permeability of the cement and the hydraulic bond parameter.

• A design for a cement deformation test to perform a classification
on the degree of cement deformation to map the effect of pressure
or deformation on cement porosity, to visualize the cement struc-
ture before and after deformation and the visualize and quantify the
amount of liquid originating from the interior of the annulus or the
exterior.

• A design for a small-scale expansion test to investigate the forma-
tion and evolution of the annulus channel in between the cement
sheath and the expandable pipe and to validate the developed annu-
lus channel theoretical and numerical model.



3
T H E O R E T I C A L A N D N U M E R I C A L A P P L I C AT I O N

To investigate the various aspects that are encountered within the expan-
sion process with regards to the cement response, three different types of
analyses will be performed in this chapter. The cement sheath comprised
of cement paste contains the natural characteristic of near impermeability.
The cement paste constitutes fine granular matter and is considered to be
a fluid saturated porous medium. Recent development in advanced micro-
and poromechanical experimental testing methods have made it possible
to evaluate the microstructure of hardened cement paste [10][16]. The de-
velopment made it possible to validate the theory of the mechanics of porous
media1 to describe the macroscopic behavior of near impermeable cement
paste [20]. This theory of porous mechanics on the cement paste - or sim-
ply the cement sheath - will allow a theoretical and numerical investigation
which is in this chapter. The main assumption is that the stress in a porous
structure is not only carried by the solid structure, instead carried by the
solid structure and fluid present in that solid structure.
In analysis (1) a multiphase problem is considered where the dynamic re-
sponse of a one-dimensional cement sheath is investigated. The dynamical
load imposed on the sheath is similar to what is to be expected in the field
situation due to cone movement. The details of this analysis can be found
in section 3.1.

It will be shown in former analysis (1) that the fluid has a preferential
flow direction to the undesirable position of the imposed dynamical load.
Due to this direction of fluid displacement, an accumulation of fluid will
occur at the interface of expandable pipe and cement. In analysis (2), sec-
tion 3.2, it is investigated when the accumulated fluid will find a way to
penetrate the near impermeable cement sheath through a relative perme-
able fractured structure.

In the final section analysis (3), the accumulation effect of fluid will be
studied over time. In section 3.3 the concept of a formation of an annulus
(narrow fluid channel) will be introduced that is observed in earlier per-
formed experimental work [57]. The model that attempts to simulate this
behavior will provide information on the pressure and stress imposed on
the expandable pipe and cement sheath.

1 The theory to describe physical propagation of matter through porous media e.g., satu-
rated porous rock, sandbeds, beaches and dikes. Biot [7] and Terzaghi [52] were the first
that established the corner stones of the mechanics of porous media. Verruijt [54][56] com-
piled the theory and made it accessible with practical examples.

9
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3.1 cement response in poroelastic material

The present section describes a numerical analysis that attempts to model a
continuum two phase flow in a fully saturated linear elastic one-dimensional
deformable and isotropic porous medium. A brief theoretical explanation
of the dynamics of a porous medium that is implemented in the numeri-
cal model is given in section 3.1.1. The theory put together in an assembly
of the governing equations is given in section 3.1.2. An application of the
model is given in section 3.1.3. In the application, a one-dimensional (in
radial-direction of the liner system) cement sheath is exposed to a solid
deformation that aims to mimic the effect of cone migration. The primary
conclusions of the analysis are presented in section 3.1.4. In-depth details
related to the space and time discretization of the governing equations,
boundary conditions and bottlenecks of the numerical model can be found
in appendix D.1.

3.1.1 Theory of dynamic poroelasticity

The theory of poroelasticity is a continuum analysis where a porous medium
constitutes an elastic matrix with interconnected fluid saturated pores. It
postulates that a porous matrix subjected to stress will develop a volumet-
ric change in the pore space. As pore space is saturated with liquid, the
result is flow of pore fluid. Biot [7] did some groundbreaking work on
wave propagation through saturated porous media, and in fact, the model
that is adopted in this section will embody the so-called Biot’s poroelastic
wave equations. The derivation of each equation is given in Verruijt [54].
Here only the essential wave equations are presented.

A cement column is investigated that constitutes a solid matrix and is
fully saturated with liquid. The porosity n is the fraction of pore liquid
inside of the cement sheath. Fluid mass that crosses the interface of a
infinitesimal element can be described by fluid mass conservation,

∂nρf
∂t

+
∂nρfu

∂x
= 0, (1)

where ρf is the fluid density and u is the fluid velocity that is an average
of the fluid particles. The solid particles that crosses a boundary of an
infinitesimal element is described likewise, by the solid mass conservation,

∂(1−n)ρs
∂t

+
∂(1−n)ρss

∂x
= 0, (2)

where ρs is the solid density and s is the solid particle velocity. The fluid
and solid mass conservation equations can be coupled by assuming the
fluid density is a function of the fluid pore pressure. When the density
of the solid particles is assumed to be a function of the isotropic total
stress and the pore pressure one can combine the two mass conservation
equations to obtain the so-called storage equation,

α
∂s

∂x
+ Sp

∂p

∂t
= −

∂[n(u− s)]

∂x
, (3)
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where Sp is the storativity coefficient and α is the coefficient of Biot. The
storativity coefficient is the capacity of the liquid to occupy pore space. The
storage equation is the first governing equation of the numerical model.

The storage equation describes interaction between three still unknown
variables, the fluid velocity, solid particle velocity and the pore pressure.
Momentum conservation will provide two more governing equations, how-
ever, will also introduce another variable i.e., the effective stress. The mo-
mentum conservation for both phases for the one-dimensional case can be
written as,

−
∂σ ′

∂x
−α

∂p

∂x
= nρf

∂u

∂t
+ (1−n)ρs

∂s

∂t
, (4)

where σ ′ is the effective stress. A non-zero effective stress will indicate a
state of deformation. The conservation of fluid momentum can be written
as,

−n
∂p

∂x
−
n2µ

κ
(u− s) = nρf

∂u

∂t
+ τnρf

∂(u− s)

∂t
, (5)

where τ is the turtuosity factor that describes the added mass due to the
turtuosity of the flow path, µ is the viscosity of the fluid and κ is the
permeability of the porous medium.

The final equation assumes, as a first approximation, that the effective
stresses are related to the strains by a generalized form of Hook’s law. The
result is a constitutive relation for a linear elastic deformable solid that can
be written as,

mv
∂σ ′

∂t
= −

∂s

∂x
, (6)

where mv is the confined compressibility that in an isotropic material can
be determined by the compression and bulk modulus.

3.1.2 Implementation details of the numerical dynamic poroelastic model

In the previous section Biot’s poroelastic wave equations have been intro-
duced. In this section a numerical solution of these equations is addressed.
Equations (3) - (6) form a coupled system and are rewritten into a form
that will allow a finite difference discretization. It can be shown that the
equations can be written in the following form,[

1+ τ

{
1+

nρf
(1−n)ρs

}]
∂u

∂t
= ...

... −
1

ρf

∂p

∂x
−
ng

k
(u− s) −

τ

(1−n)ρs

{
∂σ ′

∂x
+α

∂p

∂x

}
, (7)

∂s

∂t
+

nρf
(1−n)ρs

∂u

∂t
= −

1

(1−n)ρs

{
∂σ ′

∂x
+α

∂p

∂x

}
, (8)

∂p

∂t
= −

n

Sp

∂u

∂x
−
α−n

Sp

∂s

∂x
, (9)

∂σ ′

∂t
= −

1

mv

∂s

∂x
, (10)
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where the permeability κ is replaced with the hydraulic conductivity k =

κρfg/µ. A more detailed derivation as well as the space- and time dis-
cretization can be found in appendix D.1.1.

3.1.3 Cement response analysis

One-dimensional cement response is investigated along the radial line
y = yx−s of the cement sheath throughout the expansion process, illus-
trated in figure 4. The domain at the interface x = 0 of the cement sheath
and expandable pipe is deformed with a time dependent sine function
according to the shape and propagation speed of the cone, the opposite
side x = L is non-deformable but fluid penetrable. The situation is set-up
similar to the pipe expansion process.

y = yx−s

y
vc

x = 0

x = L

Figure 4: Dynamic deformation model for the evolution of system variables along the ra-
dial cross-sectional line yx−s. Cone displacement from left- to right through
the linersystem will compress the cement sheath. As the cement sheath is satu-
rated with liquid, deformation of the solid matrix will result in fluid transport.

The cone will move with a migration speed vc, whereas in the one-
dimensional case, the expansion will impose deformation of the cement
sheath in radial direction only. The solid deformation at the interface f(t)
imposed by the cone, is modeled by the following sine function,

f(0, t) =
L

2
(1− cos(πt/T)) , (11)

where T = Lc/vc and t is the time t ∈ [0, T ]. Appendix D.1.2 gives an
overview of the boundary conditions.

A typical situation is considered with a velocity vc = 500 [mm/min]
and length scale Lc = 0.1 [m] of the cone [25]. The material property and
system values are summarized in appendix D.1, in table 16. Evolution of
the variables in space due to deformation imposed by the cone is depicted
in figure 5 for three different times t = [0, T/2, T ].
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Figure 5: The cement response along the radial thickness of the cement slab during the
expansion process. Each column from l-r is the time t = 0, t = 1/2T and
t = T , and in each row from t-b is the fluid pore pressure, the effective stress,
the cement particle velocity and the fluid particle velocity.

These time intervals depict the initial condition, halfway situation and
the end of the expansion process, respectively. An important observation
is that the pore fluid pressure gradient along the radial path outward ap-
pears to be positive (dp/dx > 0) for the preset conditions, will also be
shown in the next paragraph. As fluid will tend to move from a high pres-
sure area to a lower pressure area, it will force an escape of liquid from
the outside formation towards the interface of the cement sheath and ex-
pandable pipe. This observation is in qualitative agreement with the the
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observations made in the Shell Expandables department [11][57], as de-
picted in figure 6. Here the liquid within the saturated cement sheath was
squeezed out and started to accumulate at the interface of expandable pipe
and cement. Accumulation of fluid broke the hydraulic bond strength of
cement and carried an annulus channel ahead of the direction of cone mi-
gration. The annulus channel is visible in figure 6 by the onset of annulus
comment.

Outside Formation

Onset of Annulus

Figure 6: Annulus formation ahead of the expansion process at interface of the expandable
pipe and cement sheath [57]. Result from figure 5 (and figure 7) points out that
fluid moves from the formation towards the interface expandable pipe, breaking
the cement bond with the pipe and creating an annulus channel. Note that in
the figure the expansion process occurred with a cone that moved to the right.

Instead of an evolution of the variables along the cement thickness, a
time response for three positions x = [0, 1/2L,L] is given in figure 7. It can
be seen that the liquid pore pressure takes the form of the implicit imposed
solid deformation boundary condition given in (11). In the expansion pro-
cess the cone will widen the expandable pipe that exerts a compression
load on the cement sheath, the sheath is radially pushed outward illus-
trated by a positive defined solid cement particle velocity in figure 7, the
right-bottom subfigure. While the solid cement sheath is compressed and
pushed radially outward, a positive pressure gradient is formed shown in
the left-top subfigure. It will break-apart the fluid pores and will force the
dissolved fluid in the cement matrix to be expelled towards the interface
of expandable pipe and cement, illustrated in the left-bottom subfigure by
a negative fluid velocity.

3.1.4 Conclusion

To explore the evolution of the fluid pore pressure, effective stress, solid
particle displacement and fluid particle displacement in the interior of a
cement sheath a dynamic poroelastic model is developed that is able to
analyze the cement response throughout the expansion process. The ex-
pansion process is an operation where a cone will move through a smaller
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Figure 7: Evolution of the system parameters in time up to 12[s] for three different spatial
positions x = [0, 1/2L,L]. Note the pressure gradient that is emphasized in the
additional inferior frame of the pore pressure.

diameter expandable liner system. The cone will widen the expandable
liner system, as a result the cement sheath will be compressed.

The assumptions made to construct the model are summarized as fol-
lows;

• A continuum two phase flow is assumed where the cement structure
is completely saturated with fluid, this will assume an openfoam
structure where the pore structure is interconnected to one another.

• A one-dimensional system is assumed to simulate the interaction of
solid deformation, transport of fluid and pipe expansion. The impli-
cation is that compression of the cement sheath due to the expansion
process will result in one dimensional deformation only.

• A linear elastic deformable isotropic porous medium is assumed, this
will enable the application of, and couple the stress and strain by
means of Hook’s law.

It is found that the dynamic poroelastic model predicts a preferential flow
direction from the interior of the cement matrix towards the interface of
the expandable pipe and cement sheath. The fluid release is part of the
expansion process and will force fluid to be accumulated at the interface
of expandable pipe and cement, qualitatively confirming the observations
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made in previous experimental work [11][57]. Accumulation of the fluid
over time will eventually break the cement bond and will initiate an annu-
lus channel, separating the cement and liner system as shown in figure 6.
A return flow, from the fluid annulus back to the cement sheath is due to
the close to impermeable layer of cement ∼ O ( 10e-15m2 ) approximately
non-existing. The implication is that without a pressure release the expan-
sion process will constitute a continuous increase and accumulative effect
of fluid pressure in the annulus channel, up to the point of a potential pipe
failure.
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3.2 cement failure prediction

With the poroelastic cement response model it was demonstrated that the
expansion process will discharge fluid from the fluid saturated cement
sheath interior to the interface with the expandable pipe. The continuous
migration of fluid will have an incompressible inflation effect at the inter-
face. The manifested fluid will pressurize the interface which may threaten
the integrity of the hydraulic cement bond, that holds the cement sheath
and expandable pipe together. Eventually the hydraulic cement bond will
break and the result is the onset of an annulus between the cement and ex-
pandable pipe. It was assumed that the cement sheath was near imperme-
able, which prevented migration of fluid towards the formation. However,
due to the expansion process the cement may become fractured or crushed
under the compression or shear load. A fracture or crack in the cement will
substantially increase the permeability, and be a potential fluid pathway,
that will allow depressurization of the annulus channel, by a release of
fluid towards the formation. Depressurization of the annulus channel can
prevent potential pipe failure, and is worth investigating.

The following section will investigate crack propagation through the
cement layer by using an energy principle. The cement sheath will be con-
fined between an expandable pipe and a stone formation. The pipe is ex-
panded by the expansion process, which will compress the cement sheath,
where interaction with the stone formation is permitted. Anisotropy of the
material properties is incorporated by the assumption of a normally dis-
tributed porosity of the cement sheath, that is related by semi-empirical
means to the permeability. The model is equipped with the energy prin-
ciple of Griffith that will make it able to determine - for a given load -
whether or not a crack will propagate.

The failure analysis of the cement sheath is given in section 3.2.1, that
will illuminate the governing equations and the interaction with the stone
formation. Section 3.2.2 will discuss the stress intensity factor imposed at
the cracktip, and the energy propagation principle of Griffith. The analysis
of crack growth for a degree of expansion, and an elastic moduli ratio will
be assessed in section 3.2.3, the conclusions of this section will be given in
section 3.2.4.

3.2.1 The mechanism of crack formation and propagation

A crack is the separation of a body into two or more pieces in response to
an imposed stress. The applied stress may be tensile, compressive, shear,
or torsional in nature and be a result from e.g., a mechanical- or thermal
stress. In general, fracture development involves a two step procedure, a
crack formation and a propagation in response to an imposed stress [14]. A
brittle fracture, typical in cement material has little to no plastic deforma-
tion. Brittle material will require little energy to fracture and unstable crack
propagation is in many cases unavoidable. Previous authors that modeled
crack propagation of brittle material focused predominantly on a single
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stand-alone brittle material [4][33][48][51]. Thus without consideration of
the interaction of the brittle material with the environment, and neglect-
ing the secondary present thermodynamic phase (e.g., gas or liquid) in
the brittle material. Other authors that studied crack propagation of duc-
tile material included entirely homogeneous material properties [40][45].

The cement sheath at the time of deformation is in a fully saturated
state where a continuum two-phase system of a solid and fluid phase is
considered. The consequence is that total stress equilibrium σ will be a
superposition between an effective stress σ ′ and fluid pore pressure p,
given by Verruijt [55],

σr,θ = σ ′r,θ +αp, (12)

where α is a Biot coefficient that is a measure of the compressibility of the
solid and fluid phase.

A cement sheath confined between an expandable pipe at RI (inner ra-
dius) and a stone formation at RO (outer radius) is considered, see figure
8. When shear stress is neglected, an axi-symmetrical system can be as-

0 0.5 1
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0.2

0.4

0.6

0.8

1

x

y

Figure 8: A confined layer of cement (dark area) between an expandable pipe at r = RI
and a stone formation at r = RO portrayed in a quarter circle with a preset
crack at θ = π/4.

θ
r

sumed. If moreover a plane strain analysis is assumed, then the governing
equations can be expressed as,

∂

∂r

(
k

γ

∂p

∂r

)
+
1

r

k

γ

∂p

∂r
+
1

r2
∂

∂θ

(
k

γ

∂p

∂θ

)
= 0, (13)

∂σ ′R
∂r

+
σ ′R − σ

′
θ

r
= 0, (14)
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1

r

∂σ ′θ
∂θ

= 0, (15)

where k is the anisotropic permeability of the cement sheath and γ the
volumetric weight of the fluid. A numerical solution is sought for the fluid
pore pressure to incorporate the anisotropic permeability of the cement
sheath. For the given assumptions, an analytical solution can be obtained
for the effective stress equilibrium of the cement sheath.

Cone migration will determine the inner radial displacement ui accord-
ing to the geometry of the cone, whereas the outer radial displacement uo
is an unknown. If one considers linear-elastic interaction with the stone
formation, one can determine the outer radial displacement. Consider uo
to be known (e.g., a guess value), than for a given ui a radial stress σR can
be calculated straightforwardly. The resulting force on the inner side of ce-
ment sheath given in figure 8 should be of the same order as the resulting
force on the outside,

AIσR,I ∼= AOσR,O. (16)

For a linear elastic stone formation, the force is linearly proportional to the
deformation at RO. The force required to deform the formation by uo is
equal to,

F = kO · uo, (17)

where kO is a spring constant that is characteristic for the formation. It is
desired that the spring constant is expressed in terms of the elastic mod-
ulus of the formation Ef, and a characteristic length scale of the annulus.
Taking into account the former premise, an expression for kO is obtained,

kO = Es

(
AO
Wc

)
=
Es

2

(
πRO

RO − RI

)
, (18)

where Wc is a cement matrix thickness. Substitution of kO (18) into (17)
will lead to an expression for uo. Now uo can be obtained by combination
of the solution for the radial stress component of the concrete and the
resulting displacement of the formation, that in the present work is solved
with a Picard iteration procedure [34].

3.2.2 Griffith’s energy principle

A typical fracture in brittle material will contain little to no plastic defor-
mation amid the crack formation process. The domain solution for elastic
stress equilibrium will therefore not change with the propagation of a
crack. However, the local stress distribution near the tip of a crack will
change in the material. To determine whether or not a crack is to prop-
agate, one will have to find a way to quantify the stress in the crack tip.
Inglis et al. [29] in 1913 already showed that the stress at the tip of an in-
finitely sharp crack would reach an infinite value. In order to quantify the
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stress in the vicinity of the crack tip a stress intensity factor KI is imposed,
given by Irwin [30],

KI = f(l,φ)σVM
√
πa,

where f(l,φ) =
cos (φ/2)√

2πl

[
1− sine

(
φ

2

)
sine

(
3φ

2

)]
, (19)

where a is the crack length from its origin and l is the increment of the
crack length to its evaluation point. In the second part of (19) f(l,φ) is
imposed to amplify and distribute the stress intensity factor in the vicinity
of the crack tip over the surrounding elements of the crack tip. Moreover
σVM is the Von Mises stress. Research do not agree whether to apply a
Von Mises stress here, or a different stress component. In the present case
the Von Mises stress is selected to deal with the fluid pore pressure in the
cement matrix. The stress intensity factor is not part of the elastic stress
equilibrium and will replace the stress in the vicinity of the crack tip. It
is furthermore pointed out that KI is proportional to the square-root of
the length of the crack, which is relevant in the evaluation of the energy
principle.

In terms of energy, crack growth occurs when the strain energy level due
to elastic deformation will exceed the energy level required to maintain the
atomic bond. The energy principle of Griffith originates in the mechanical
form of energy, or work,

W =

∫
~F · d~x, (20)

where ~F is a force acting along the path d~x. One can transform (20) into an
expression for the strain energy by multiplication with dV/AL. Doing so,
the strain energy can be expressed as,

Est =
1

2

∫
V

(~σ ·~ε)dV , (21)

where dV = dr(rdθ)dy, σ = [σr,σθ] and ε = [εr, εθ].
Atomic bonds that make up the solid matrix are in equilibrium in the
absence of an external load. Considering a fracture, for an atomic bond
to break, the strain energy Est must exceed the energy level that makes
up the bond between the atoms, i.e., the bond energy Eb. Considering the
present situation, the failure mode most likely to occur is the failure tensile
mode, where the brittle material is pulled apart due to the tangential stress
component. If the tensile strength level of the cement matrix has been
exceeded due to deformation, a crack will start to form. Consider (20), the
atomic bond energy can be expressed in terms of the tensile strength σt of
the cement,

Eb = σtdy

∫
a+l

~xd~x =
σtdy

2
[a+ l]2, (22)

where a is the crack length from its origin, l the evaluated element length
where the crack may propagate to, and dy is the crack thickness. In con-
trast to the stress intensity factor (19) the atomic bond energy (22) is pro-
portional to the square of the length of the crack a.
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3.2.3 Crack propagation analysis

The structural integrity of a cement sheath during the expansion process
is evaluated. The cement sheath is confined between an expandable pipe
and stone formation, where interaction with the stone formation is permit-
ted. In the two-phase conditioned system the fluid pore pressure in the
cement sheath is estimated with a finite difference solver to incorporate
the anisotropic permeability. The discretization is given in appendix D.2.2.
The analytic solution for the effective stress is obtained with a plane strain
approximation and is given in appendix D.2.3. The tensile strength and
the elasticity modulus are both unknown and are taken from empirical
relations, given in section D.2.4. The algorithm for crack propagation is
presented in section D.2.5, where it is explained how a crack propagates
and until which point. Furthermore, in appendix section D.2.6 a grid con-
vergence analysis is performed where it is shown that consistent results
are obtained for a mesh of {NrxNθ} = {105x1007}.

The structural integrity of the cement sheath is evaluated for (i) the de-
gree of expansion, and (ii) the elastic modulus cement/formation (Ec/Es)

ratio. For the numerical experiment the material property values summa-
rized in table 18 have been used, that depict downhole well conditions.

Crack propagation is shown in figure 9 where six subfigures are shown.
On the left- and right results for two different elastic moduli are depicted.
From the top- down an increase in the degree of expansion for different
stages of the expansion process. In relative terms, the left-side figures con-
tain a flexible formation, whereas the right-side figures are for a stiff for-
mation. Comparing the two top subfigures show little difference between
cracking the two formations. However, an increase of the expansion rate,
shown in the center and bottom two subfigures show that the cement
sheath in fact has failed 2 for the flexible formation, whereas the cement
matrix for the stiff formation is still in tact.

For a close to impermeable cement structure and accumulated fluid at
RI, the intact cement sheath would be unable to allow liquid to pass to-
wards the formation, and no drainage would be possible. In contrast to
the already failed cement sheath with an equal impermeable cement struc-
ture, where liquid would be able to flow through the cracks of the cement
sheath towards the formation.

2 The cement sheath is failed when the following is true; failure =
(

a
R0−RI

)
> 1.
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Figure 9: Crack propagation for two different ratios of elastic moduli. From the top- to
bottom there is a 0.75[mm], a 1.50[mm] and a 2.25[mm] deformation imposed
on the inner side of the cement sheath. The left side is an elastic modulus ratio
of cement and formation Ec/Es = 1/(4/3)[GPa] and on the right a Ec/Es =
1/210[GPa] ratio. Porosity is normal distributed between n = {0.15− 0.35}
with a mean set at ñ = {0.25}.

Figure 10 presents results for four ratio of elastic moduli varying from
flexible to stiff, it shows illuminates the failure rate against the degree of
expansion imposed on the inner side of the cement sheath. Information
given in figure 10 is the moment of instantaneous structural failure for dif-
ferent elastic moduli ratios. Furthermore, for the situation where the elastic
modulus of the stone formation is much larger than the elastic modulus of
cement Es >> Ec the differences in crack growth for the tested expansion
ratios are diminished.
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Figure 10: Failure behavior for a set of different ratios of elastic moduli varying from
an elastic formation to a stiff formation. The degree of expansion, or stage
of expansion is given on the horizontal axis and a dimensionless measure
of failure {Cracklength/Annulus thickness} on the vertical axis. Porosity is
normal distributed between n = {0.15− 0.35} with a mean set at ñ = {0.25}.
Note that unstable crack growth is present after a failure rate of approximately
80[%]. A degree of failure that surpassed a unity value, indicates a crack length
larger than the cement sheath thickness.

3.2.4 Conclusion

A failure prediction model is developed and implemented for crack growth
in linear elastic brittle material. It is based on the energy principle of Grif-
fith [22]. The model constitutes a fluid and a solid phase that is able to
approximate the total-, effective stress and fluid pore pressure in a fluid
saturated cement sheath. In a two-dimensional cylindrical coordinate sys-
tem, the model - within its assumptions - is able to predict potential failure
of the cement material. The assumptions made to construct the model are
summarized as follows;

• A continuum two phase flow is assumed where the cement structure
is completely saturated with fluid, this will assume an openfoam
structure where the pore structure is interconnected to one another.
The consequence is that the total stress is the summation of the ef-
fective stress and the pore pressure and that the permeability is a
function of the porosity.

• A plane strain analysis is assumed. The implication is that the strains
in longitudinal direction are disregarded which is similar to a hollow
cylinder under internal pressure where the ends are fixed between
immovable plates.
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• A two-dimensional axi-symmetrical system is assumed, this will re-
move the (∂/∂θ) terms and will allow investigation of only a quarter
circle.

• A linear elastic deformable isotropic porous medium is assumed, this
will enable the application of- and couple the stress and strain by
means of Hook’s law.

• A brittle material is assumed, that will disregard plastic deformation
and will allow the application of the linear elasticity equations.

• The semi-empirical energy principle of Griffith is adopted, this will
provide a means to quantify the stress in the cracktip, and based
on the quantified stress will determine whether or not a crack is to
propagate or stagnate.

A simulation is performed where a cement matrix is confined in between
an expandable pipe and a flexible formation, and an expandable pipe and
a stiff formation. It was shown that for the case with a flexible formation,
the cement sheath failed after an expansion rate of about 1.4[mm], while
the stiff formation could resist almost double the expansion rate 2.5[mm]
until failure. For a non- or low permeable cement structure an intact ce-
ment sheath would be unable to allow liquid to pass through towards the
formation. This is an important finding when flow towards the formation
is a beneficial factor for depressurization of the interface of the expandable
pipe and the cement sheath.
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3.3 evolution of the annulus channel

In the section of the poroelastic cement response model it was demon-
strated that a compression load performed on the cement sheath will sep-
arate the fluid and solid phase. A consequence was preferential fluid flow
towards the interface of the pipe and cement sheath, that would course a
fluid filled annulus channel at that interface. The analysis showed a qual-
itative agreement with former experimental work performed within Shell
[11][57].

Encouraged by these findings, this section will exploit growth of a fluid
annulus formation. A new model will be developed to capture the dis-
placement of fluid in the cement sheath towards an assumed minor and
prior-to-expansion defined fluid annulus. As a result of the accumulation
of fluid near the interface, fluid pressure inside the annulus will rise. If
the fluid pressure exceeds the cement adhesive strength to the expandable
pipe, or the hydraulic bond strength of the cement, the annulus will grow
in longitudinal direction along the pipe. However, when the pressure ex-
ceeds the collapse strength of the expandable liner, pipe failure will result.
The evolution of the annulus channel will therefore determine the conse-
quences of fluid accumulation, fluid pressure rise and the growth of the
fluid filled annulus channel in the expansion process.

In consideration of the expansion process as a whole, the total problem
is divided into a set of subproblems that will be explained in detail in
section 3.3.1. The developed model is put-in-effect in section 3.3.2, where
results will be shown according to an assumed model configuration. The
conclusion is presented in section 3.3.3, which will present the parameters
that are found to have a significant influence on the expansion process and
that are modifiable in the laboratory.

3.3.1 Coupled system

The annulus model assumes presence of a fluid layer with a certain width
w = f(y) at the interface of the expandable pipe and cement. In the pri-
mary phase, three regions of different physical behavior will be considered
separate. Once models and a solution are attainable for each respective
section, the models are coupled. The first section, an area parallel to the
progressing cone, will be the compressed cement sheath. Fluid from within
the compressed cement sheath will be discharged to the second and third
region, the porous cement sheath and annulus channel, which both are located
upstream of the cone. As the cement is assumed to be fluid saturated with
incompressible fluid, any compression of cement or influx of one fluid will
result in a quantifiable amount of another discharged fluid. The three re-
gions considered are depicted in figure 11 and are numbered, accordingly.
Each region will require an individual approach to determine the coupled
interaction in the expansion process and will be explained in a subsection.



3.3 evolution of the annulus channel 26

1.

2.3.

y

x

Ri

Ri + e ·Wc,∞

vc

Sc

Figure 11: The annulus model assumes a pre-existing annulus and constitutes three cou-
pled physical domains. These are; 1: the compressed cement sheath 3.3.1.1, 2:
the porous cement sheath 3.3.1.2 and 3: the annulus channel 3.3.1.3.

The compressed cement sheath

The compressed cement sheath (1.) is developed to quantify a fluid dis-
charge from the domain due to the cone indentation. The compressed
cement sheath is connected to the 2: porous cement sheath and 3: the an-
nulus channel, that both will consume the discharged fluid. If the fluid
in the domain is incompressible, the fluid porosity n is assumed, then ac-
cording to the cone geometry one will be able to determine the quantity
of discharged fluid, clarified in figure 12.

Examination of the involved geometry, fluid saturated state of the ce-
ment sheath and incompressibility of the fluid, the expression for the total
discharged mass flow is derived, and is expressed as follows,

ṁtot = ρfScn ·
(
1−

So

Sc

)
[kg/s/m]. (23)

If it is assumed that the majority of the fluid will be expelled towards the
path of least resistance than the massflow of fluid towards the annulus
channel ṁa and the porous cement sheath ṁc is expressed by,

ṁa = rαṁtot, ṁc = (1− rα)ṁtot, (24)
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Figure 12: The compressed cement sheath section in its uncompressed state with area S0
(left) and compressed or deformed state with area Sc (right). As the cement
sheath is considered saturated with fluid, compression of the sheath will dis-
charge fluid from the interior domain.

where lim−→ rα → 1 that is the percentage of fluid that is to proceed to the an-
nulus channel. More detail with respect to the compressed cement sheath
is given in appendix D.3.1.

The porous cement sheath

The porous cement sheath (2.) is positioned upstream of the cone, ar-
ranged parallel to the annulus channel. The porous sheath is to permit
interaction from the annulus channel through the porous cement sheath
towards the formation. As the porous cement sheath is fluid saturated, it
will constitute a fluid and a solid phase. The significance is that the total
stress in the sheath is associated with an effective stress in the solid phase,
and a fluid pressure in the fluid pore space. The interaction that will take
place in the porous cement sheath is appointed by the accumulated fluid
pressure from the annulus channel, and the discharge of fluid from the
compressed cement sheath, the situation is depicted in figure 13.

If deformation in the cement sheath upstream of the cone is expected
to be minor, an analytical expression for the effective stress in the porous
cement sheath could be obtained with a plane strain analysis similar to the
one performed in section 3.2. To determine the total stress in the porous
cement sheath, it is necessary to find an expression for the fluid pore pres-
sure. For a strict incompressible and smooth inviscid fluid particle travel-
ing from one point to another along a streamline in a porous medium, the
energy conservation theorem of Bernoulli dictates,

1

ρf

(
p− ρf~gy+

ρfV
2

2

)
= constant, (25)

along a streamline. Here p/ρf is the enthalpy per unit mass, ~gy is the
gravitational energy per unit mass, V2/2 is the absolute kinetic energy
V =

√
u2 + v2 and ~g = [o,−g]. At this point it is desired to link this to

describe viscous flow in a porous material. A way to achieve that is by
application of a Darcy flux. Here it is recognized that the complexity of
fluid flow through porous material and the former two assumptions of a
Bernoulli flow and the combination with a Darcy flux may be considered
rather bold. The application throughout the literature is therefore known
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2.

Figure 13: Diffusion of fluid into the porous domain is done with a quadratic velocity
inlet profile Vc(x), a cubic velocity expulsion profileUw(y) and a zero outflow
at the northern interface due to the impermeable nature of the porous medium.

L

H

x

y

p(x)int

∂p/∂y = 0

p(x)cont

p(x)coneWest East

North

South

as an approximate justification of Darcy’s law [32]. For a Darcy’s flux the
following Bernoulli relation is adopted [61],

q = −
k

µ

d

dn

(
p− ρf~gy+

ρfV
2

2

)
, (26)

where q is a volumetric flow per cross-sectional area [m/s], k is a perme-
ability [m2] and µ is a fluid viscosity [Pa · s]. A fluid mass conservation
principle across the circumference of figure 13 can be shown to yield,

−

(
∂ρfqx

∂x
+
∂ρfqy

∂y

)
=
∂ρfn

∂t
. (27)

In recognition of the a horizontal, and vertical Darcy flux (26), one can
derive with help of substitution and the chain rule for differentiation on
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each term of (27) an differential equation for the fluid pore pressure. It can
be shown that the former will yield an expression similar to the following,

ρfn (Cn +Cf)
∂p

∂t︸ ︷︷ ︸
Compressibility

=
ρfk

µ

Cf

(
∂p

∂x

)2
+

(
∂p

∂y

)2
︸ ︷︷ ︸

Enthalpy energy

...

... +
∂p

∂x

∂kE
∂x

+
∂p

∂y

∂kE
∂y︸ ︷︷ ︸

Kinetic energy

+
∂p

∂y

∂

∂y
(−ρfgy)︸ ︷︷ ︸

Gravitational energy

 ...

... +
∂2p

∂x2
+
∂2p

∂y2︸ ︷︷ ︸
Enthalpy energy

+
∂2kE
∂x2

+
∂2kE
∂y2︸ ︷︷ ︸

Kinetic energy

+
∂2

∂y2
(−ρfgy)︸ ︷︷ ︸

Gravitational energy

 , (28)

where kE = 1/2ρfV
2. The factors Cn and Cf represent a compressibility

of the solid and fluid, respectively and are defined by,

Cn =
1

n

∂n

∂p
, Cf =

1

ρf

∂ρf
∂p

. (29)

The expression given in (28) is the governing equation that describes tran-
sient physical flow of fluid through porous cement. There are two un-
known variables in the equation, the fluid pore pressure p and the fluid
velocity V . For a known velocity field, (28) can be adopted to compute the
pressure field. The technical explanation of boundary conditions related to
the fluid pore pressure distribution are given in section D.3.2, and an ana-
lytical solution is entailed for the fluid velocity distribution, that is given
in appendix section D.3.3.

The fluid filled annulus channel

The fluid filled annulus channel (3.) is located upstream of the cone, be-
tween the porous cement sheath and the expandable pipe. Development
of the annulus channel section will allow determination of the pressure
state throughout the channel, hence assessment of the load imposed on
the expandable pipe. The annulus channel will drain fluid from the 1: com-
pressed cement sheath, and a portion from the 2: porous cement sheath,
visualized in figure 14. The annulus channel will be able to expand in size
in radial (x-coordinate) and longitudinal (y-coordinate) direction. Expan-
sion in radial direction is determined by the fluid pressure in the annulus
channel, while expansion in longitudinal direction is determined by the
evaluation of the hydraulic bond strength and interface stress in the ce-
ment sheath, discussed in section 3.3.1.4.

For a given annulus geometry Ω ∈ {0 < x < w(y)}|{0 < y < H(t,pe)}
3 a Reynolds equation can be derived to approximate the fluid pressure

3 The annulus height is determined by evaluation of pe, a pressure evaluation point that
will be covered below in section 3.3.1.5.
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Figure 14: A pre-existing fluid filled annulus channel between the interface of expandable
pipe and 2: porous cement sheath.

in the channel. Here it is assumed that the initial width/height (w/H) of
the channel is in a similar order ∼ O(1), and an additional creeping flow
is considered Re ∼ O(1). The traditional Reynolds equation requires a
solution for the velocity field ~v = {u, v}, wherein the present case the flow
direction is denoted by v (the longitudinal direction), whereas the velocity
component perpendicular to the flow direction is denoted by u (the radial
direction),

∂u

∂x
+
∂v

∂y
= 0. (30)

For the given assumptions it can be shown that the velocity field ~v can be
approximated by Poisseulle flow approximations,

∂p

∂x
= µ

∂

∂x

(
∂u

∂x

)
,

∂p

∂y
= µ

∂

∂x

(
∂v

∂x

)
, (31)

and is defined by,

x = 0, y : u = ub, v = vb,

x = w(y), y : u = ut(y), v = vt,
(32)

where ut(y) is given in (122) and ub, vb and vt are constants defined
according to the compliance of the tube and migration speed of the cone,
respectively. Solution of these velocity components for u and v, can be
written as,

u(x,y) =
1

µ

[∫x
0

p(x,y)dx−
( x
w

) ∫w
0

p(x,y)dx
]

+
[
1−

( x
w

)]
ub +

( x
w

)
ut(y), (33)
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v(x,y) =
1

µ

[∫x
0

fpy(x,y)dx−
( x
w

) ∫w
0

fwpy(x,y)dx
]

+
[
1−

( x
w

)]
vb +

( x
w

)
vt, (34)

where fpy(x,y) =
∫x
0

(
∂p
∂y

)
dx and fwpy(x,y) =

∫w
0

(
∂p
∂y

)
dx. Substitution

of the velocity field into the continuity equation of (30) will lead to the
Reynolds equation,

0 =
1

µ

[
p(x,y) −

1

w

∫w
0

p(x,y)dx

−
1

w

∫w
0

fwpy(x,y)dx · ∂x
∂y

− x

∫w
0

fwpy(x,y)dx · ∂
∂y

1

w

−
x

w

∂

∂y

∫w
0

fwpy(x,y)dx+
∂

∂y

∫x
0

fpy(x,y)dx
]

+

(
1

w

∂x

∂y
+ x

∂

∂y

1

w

)
(vt − vb) +

(
Ue(y) − ub

w

)
. (35)

The Reynolds equation describes the relation between the velocity field
and the pressure distribution through a narrow channel. The Reynolds
equation will be solved with a numerical solver to determine the approx-
imate pressure field. This would allow a semi-analytical determination of
the flow field with the equations (33) and (34). The technical details related
to the boundary conditions are presented in appendix D.3.6.

Annulus width due to elastic formation

The Reynolds equation (35) will enable solution of the fluid pressure and
the velocity field in the annulus channel for the conditions set in a specific
time frame. However, evolution of radial expansion (x-coordinate) is not
addressed thus far. In this section an approximation of the radial expan-
sion of annulus width based on an elastic formation is given.

The fluid pressure p(x,y) active in the annulus will exert a radial load
on the (2:) porous cement sheath. The porous cement sheath will transmit
the load in the form of an effective stress and fluid pore pressure towards
the formation, pointed out in figure 15. The transmission of fluid pore
pressure is referred to earlier in section 3.3.1.2, and the corresponding
sections in the appendix. An effective stress for the solid phase in the
cement sheath enclosed in between Ri and Ro is calculated with a plane
strain analysis. The latter assumption will permit the effective radial- stress
and displacement in the porous cement sheath to be expressed as follows,

σr =
A

R2
+ 2C, ur =

1+ ν

Ec

[
−
A

R
+ 2(1− 2ν)CR

]
, (36)

with the boundary conditions,

σr(Ri) = σr,i, ur(Ro) = ufo, (37)

where σr,i is the imposed radial interface stress due to the fluid pressure
active in the annulus. As the radial displacement at the outer interface ufo
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Figure 15: The elastic formation will deform due to the fluid pressure within the annulus
domain. The fluid pressure will impose a radial load on the cement sheath
(Ec) that is transmitted with a stress equilibrium to the elastic formation
(Ef). Deformation of the formation will result in an explicit expansion of the
annulus domain.

dy Ec

Ri

Ri +Wc,∞

σr,i

Ef

Kfo

ufo

East

is an unknown, it is known that the cement sheath is in contact with the
formation. There is a displacement continuity that will imply at the East
interface ur(Ro) = ufo. To determine the solution an iterative picard solver
is adopted similar to what is done in the earlier discussed section 3.2. The
solution of equation (36) is presented in appendix D.3.7, where likewise
the picard solution routine is given.

Radial and longitudinal expansion interaction

To complete the development of the annulus model, this section will treat
the interaction of the individual discussed features. An overview of the
individual discussed features is listed below;

• Compression of section 1: the compressed cement sheath, positioned
parallel to the cone, will result in fluid expulsion towards the porous
cement sheath, and annulus channel.

• Ahead of the cone section 2: the porous cement sheath, will utilize
inflow of fluid from the compressed cement sheath to determine the
fluid pore pressure, and will employ interaction of the parallel posi-
tioned formation and annulus channel to determine the total stress
in the porous cement sheath.

• Parallel to the porous cement sheath is section 3: the annulus channel,
that will consume fluid from the compressed- and porous cement
sheath to grow in radial- and longitudinal direction, interrelated to
the fluid pressure throughout the channel.

• A linear elastic formation that is compliant due to the fluid pres-
sure in the annulus channel, and interaction with the porous cement
sheath.
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The expansion routine of the annulus channel is performed in an algo-
rithm, that will be explained in an example of three time steps in figure 16,
and the developed algorithm given in 17. Incompressible fluid mass ∆m is
added to the annulus (step #1) each time step. For a known massflow ∆m

emanated from the compressed cement sheath, given in (23), the annulus
will expand every second with,

∆V =
∆m

ρf
[m3/m]. (38)

The quantity of mass that is added to the annulus channel (24), with a
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Figure 16: The expansion routine of the annulus in radial and longitudinal direction for
three different timesteps t = 1[sec], t = 20[sec] and t = 40[sec], respec-
tively denoted by M, B and C. Note that initial time setting is t = 0[sec]

i.e., rectangular shaped channel. The dashed line in sub-figure (2,1) denotes a
maximum allowable gradient determined by the initial pressure drop over the
length of the channel. The dashed line in sub-figure (2,2) denotes the bonding
strength Bs, that in this case is set to Bs = 5[MPa]. When the dot (•) exceeds
the bonding strength, longitudinal expansion is consummated. The equivalent
is said in the text when the evaluation pressure (pe) surpasses the bonding
strength.

fluid bleed quantity, that is a percentage of the incoming mass set to leave
the annulus, a necessary pressure drop (step #2) over the length of the
channel is to be determined to enforce global fluid mass conservation. The
difference of in- and outgoing mass will result in additional volume ex-
pansion, given in (38). The total mass present in the annulus constitutes
the stored mass and the added mass each time(step), and will yield a
corresponding volume. Throughout the sequence, the annulus width will
attempt to adopt its shape according to the initial longitudinal pressure
drop by means of a translation or inclination procedure (step #5a,b). The
unknown annulus width is related to the volume with the following ex-
pression,

∆V =

∫H
0

w(y)dy [m3/m], (39)
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Figure 17: The expansion routine of the annulus in radial (step #5) and longitudinal (step
#7) direction for a single timestep. The routine is performed after the pressure
distribution is computed in the annulus and cement domain.

where w(y) is the shape of the annulus width. At which point a translation
procedure yields volume expansion with a constant annulus width gra-
dient, and an inclination procedure yields volume expansion with a fixed
inlet annulus width w(y = 0) = const. Once the interface stress at marked
location (•) in figure 16, and determined earlier in (36), exceeded the hy-
draulic bond strength Bs, the annulus will be torn open and expand in
longitudinal direction (step #7) until the added mass is accumulated and
a new timestep is initiated.

3.3.2 Annulus model analysis

A numerical prediction model is developed and implemented to identify
the effect of individual parameters that constitute and primarily determine
the outcome of the expansion process. The model in the initial phase is
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variable name unit value

Bs hydraulic bond strength [Pa] 5.0 · 106

Ec elastic moduli cement [Pa] 1.0 · 109

Ef elastic moduli formation [Pa] 210 · 109

e compression ratio cement [%] 30

H height initial cement sheath [m] 0.05

n porosity cement sheath [-] 0.2

po reference pressure [Pa] 4.7 · 107

Ri outer radius expandable pipe [m] 0.2

vc velocity cone [mm/min] 500

Wc,∞ width cement sheath [m] 0.02

wo width initial annulus [m] 5 · 10−4

αba liquid in annulus that bleeds off [%] 10

αca liquid through cement sheath [%] 10

ρf density fluid [kg/m3] 1000

µs viscosity fluid [Pa · s] 8.9 · 10−4

νc poisson ratio cement [-] 0.15

Table 2: Standard operation conditions for the expansion process. The figures depicted
in the section are obtained by means of these parameter settings, unless stated
otherwise.

split up in three branches; 1: a compressed cement sheath part explained
in section 3.3.1.1, a secondary 2: porous cement sheath part explained in
section 3.3.1.2, and a third part 3: the fluid annulus channel 3.3.1.3. After a
solution is attainable for each individual part, the respective branches are
coupled and solved as an integral model. The integral model will interact
linear elastic in time with the formation that surrounds the system, see
section 3.3.1.4. The consequence of this interaction will result in radial
and/or longitudinal expansion of the annulus channel, covered in section
3.3.1.5.

To identify the effect of individual parameters on the annulus growth
over time, a basic configuration of the model is adopted from the liter-
ature and earlier performed experimental work that is shown in table 2.
Simulations that are carried out use input values given in that table unless
stated otherwise. For the given values, each time step, the flow- and pres-
sure field is computed in both the fluid filled annulus channel, and porous
cement sheath that got consummated due to the expelled fluid from the
compressed cement sheath. A typical flow field in the annulus channel for
the standard values of operation in the table, is elucidated in figure 18,
for three time steps up to a simulation time of six minutes. Note that in
that case the cone - with the defined cone movement speed - performed
a total longitudinal displacement equal to 3.0[m] and where the tip of the
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Figure 18: An expansion flow field obtained with (33), (34) and (35) within the annulus
domain depicted earlier in figure 14. Six different time steps have been shown,
from l-r there is t = 1[sec], t = 150[sec] and t = 300[sec]. Parameter values
adopted from table 2.

annulus channel is approximately 22[cm] ahead of the cone. Inspection of
the flow field in each subfigure will point out that backflow will occur at
the East- and West boundaries. The backflow at these boundaries is the re-
sult of the collective unit (the three branched domains) to be synchronized
with the movement of the cone, that will make the framework move as
time evolves.

Modification of the standard values of operation for specific parame-
ters will shed light on the effect of these parameters involved in the ex-
pansion process. The effect of the following parameters is studied; the
hydraulic bond strength Bs, cone migration speed vc, cement sheath thick-
ness Wc,∞, compression ratio cement e, and the elastic modulus of for-
mation Ef, where the result is given in figure 19. Before evaluation of the
parametric study, an additional quantifiable parameter is investigated, the
amount of fluid mass that is expelled from the compressed cement sheath.
The amount of fluid mass is a quantifiable parameter to be measured in the
laboratory and is presented here for the performed numerical experiments
of figure 19, and is given in table 3.
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Parameter Unit serie 1 serie 2 serie 3

bonding strength Pa 5 · 106 1 · 107 5 · 107

mass expulsion kg 6.3 16.6 16.5

cone migration speed mm/min 250 500 750

mass expulsion kg 3.7 6.9 10.1

cement thickness m 0.01 0.02 0.03

mass expulsion kg 6.9 7.0 7.0

cement sheath porosity % 20 40 60

mass expulsion kg 6.9 13.3 19.7

compression ratio % 20 30 40

mass expulsion kg 4.7 6.9 9.0

elastic moduli formation Pa 2 · 109 25 · 109 210 · 109

mass expulsion kg 6.9 6.9 6.9

Table 3: The amount of mass expulsion that originates from the compressed domain
3.3.1.1 for the numerical experiments performed in figure 19. This is a quan-
tity that can be determined in the laboratory.

Evaluation of the respective subfigures and the table will reveal that the
hydraulic bond strength of the cement - shown in subfigure A - is for the
performed numerical experiments the one property that potentially caused
an expandable pipe failure. The interface stress in the cement layer for the
case of Bs = 5 · 107[Pa] exceeded the collapse strength of the expandable
pipe. The accumulated fluid in the annulus channel could not have been
sufficiently drained due to the hydraulic bond strength of the cement, that
maintained a bond between the cement and the expandable pipe and thus
suspended annulus expansion. The cement sheath porosity is investigated
in subfigure D where it can be seen that a more porous structure will result
in a more severe interface stress. The result came to be as a higher porous
structure will contain more fluid per unit volume of cement that will issue
more fluid per second to be expelled towards the annulus channel. Fur-
thermore, subfigure B investigated the speed of cone migration, hence the
expansion process and points out that a higher expansion speed will result
in a higher interface stress.

The quantity of data provided in figure 19 and table 2 reveal that the
numerical model is equipped with a versatile set of parameters that al-
low detailed investigation of the annulus growth and pressure generation.
Moreover the data provided in figure 19 and table 3 permit the comparison
with specific gathered experimental data as these variables are modifiable
in the laboratory.
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(A) Hydraulic bond strength (w/ collapse strength VM50)
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(B) Cone migration speed
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(C) Cement sheath thickness
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(D) Cement sheath porosity
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(E) Cement compression ratio
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(F) Elastic moduli formation

Figure 19: The identification of the effect for different parameter values involved in the expansion process. Shown is the
wave tip length (left) and cement interface stress at y = 0 (right) of the annulus for three different values of the
respective parameter, pointed out in the subcaption of the figure. The remainder of the parameter values are given
in table 2.
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3.3.3 Conclusion

In this section a theoretical and numerical prediction tool was set up to
investigate- and to identify the effect of individual parameters that are
involved in the expansion process. The accumulation of fluid, in particu-
lar, is a time intensive feature embedded in the model that can unravel a
potential pipe failure. The assumptions made to construct the model are
summarized below;

• A two-dimensional axi-symmetrical system is assumed, this will al-
low evaluation of a radial slice in a Cartesian coordinate system.

• A continuum two phase flow is assumed where the cement structure
is completely saturated with fluid, this will assume an openfoam
structure where the pore structure is interconnected to one another.

• The fluid and solid phases both are incompressible, the implication
is that compression of these phases result in a displacement of fluid.

• A two-dimensional plane strain analysis is assumed for the porous
cement sheath. The implication is that the strain in longitudinal direc-
tion is disregarded that is similar to a hollow cylinder under internal
pressure where the ends are fixed between immovable plates.

• Initial height/width ratio of the annulus channel is in the order of
∼ O(1), the implication is a pressure gradient in the flow direction
and perpendicular to the flow direction.

• The flow in the annulus channel is assumed to be a creeping flow
Re ∼ O(1), this will remove higher order velocity terms in the mo-
mentum conservation equation.

• An analytical velocity field is assumed within the cement sheath,
this will result in a kinetic energy field that is to be used in the
computation of the pore pressure in the cement sheath, although the
contribution is only minor.

• An initial existing rectangular shaped fluid filled annulus channel
is assumed, this will allow fluid from the compressed domain to be
expelled towards an existing channel.

• The formation is assumed to be linear-elastic, this will couple linearly
the stress and displacement that is to be used to expand the fluid
filled annulus channel in radial direction.

In the numerical experiments performed it is found that the hydraulic
bond strength of cement, that is confined in-between the expandable pipe
and formation, is a decisive parameter in the expansion process. In re-
gard to the given values of standard operation, a durable hydraulic bond
strength is able to create a firm bond with the expandable pipe, that would
suspend annulus expansion in longitudinal direction. It will force the ac-
cumulated fluid at the interface to inflate the annulus channel in radial
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direction, that will invoke a growing radial inward strain on the pipe. The
hydraulic bond strength of cement is influenced by the quality 4 and com-
ponents in the mixture of cement. A second observation in the parametric
study was related to the porosity of the cement, that is the quantity of fluid
per unit volume in the porous cement. It was found that an increased fluid
porosity would favor longitudinal annulus expansion. As each time step
would carry additional fluid towards the annulus channel, while the fluid
is assumed to be incompressible, the annulus channel would be forced to
expand in size.

The purpose of the numerical model is to have a prediction tool that
will aid in the design of an experimental setup. The parametric study in
specific provided necessary information for the design of an experimental
setup related to the hydraulic bond strength. Further assessment of the
parametric study pointed out the relevance of the constitutive behavior of
cement e.g., the porosity of the cement sheath, or capacity of the cement to
withstand compression load. Information in regard to experimental design
is introduced in more detail in the next chapter 4, where three different
types of designs are discussed.

4 A high quality cement refers to the cement mixture that contains limited pollution of dirt
and oil.



4
M E T H O D O L O G Y F O R E X P E R I M E N TA L D E S I G N

In this chapter the methodology of the experimental design is discussed.
Three experimental setups are initialized, developed and prepared. These
are the hydraulic bond test, the cement deformation test and the small-
scale expansion test. The hydraulic bond test is an experiment designed
to quantify an essential system parameter involved in the expansion pro-
cess. The cement deformation test is designed to determine constitutive
behavior of cement paste and the small-scale expansion test is designed to
investigate evolution of the fluid filled annulus channel in the expansion
process.

Below each experiment is explained. The conceptual design will be pre-
sented where the required and paramount equipment is shown to perform
the test. In the context of an individual experiment, tests have to be per-
formed where a single parameter is changed with respect to the reference
situation. Each section is completed with an overview of the total set of
tests to be performed.

The hydraulic bond test is presented in section 4.1, the cement defor-
mation test in section 4.2 and the small-scale expansion test in section 4.3.
Moreover, at the end of the chapter, section 4.4, a summary is presented
that considers the techno-economical feasibility and impact of the experi-
mental design deliverables.

4.1 the hydraulic bond test

The cone migration process in the monobore well will by expansion of
the pipe compress the cement sheath. As the cement sheath at the time of
expansion is in a fluid saturated state the compression of the cement will
result in an escape of fluid from the porous matrix. In a close to imperme-
able cement sheath the vulnerable area where fluid might flow to is in an
interface of expandable pipe and cement. The parameter that determines
the growth of the annulus channel by fluid accumulation is the so-called
hydraulic bond or bond strength between the expandable pipe and cement.

The hydraulic bond in question is a chemical bond between cement and
the oil pipe. The bond is established after a chemical reaction between the
dry additives of cement and water. Over time, the cement mixture will
(1) settle, (2) solidify and (3) will adhere to the considered configuration
i.e., formation and oil pipe. An established hydraulic bond will block the
migration of fluids in a cemented area [9]. To the contrary, a broken bond
- besides the natural characteristics of a porous medium - will allow an
(un)desirable path of leakage for gases and liquids, see figure 20.

The hydraulic bond test, or bond strength test is necessary to investigate
the adherence capacity of cement to an expandable pipe. In a concentric

41



4.1 the hydraulic bond test 42

↘
Fluid Annulus Channel

Figure 20: The hydraulic bond strength is a parameter related to the adherence of cement
to the oil pipe. The expansion process will add an additional strain to the
existence of the hydraulic bond. In the present situation the hydraulic bond
will break near the interface of the expandable pipe and the cement sheath. The
result is a narrow opening where fluid will migrate to; the fluid filled annulus
channel (↘).

system that constitutes an expandable pipe, a formation or host pipe and a
cement sheath in between, the cement adhesion is investigated in relation
to the cement properties and pipe surface.

4.1.1 Conceptual design

Inspired by similar experiments from Carter et al. [9], this section will give
a schematic overview of the hydraulic bond strength test. In addition, the
framework for this experimental design is implemented with MSc. student
Euving [17].

To evaluate the hydraulic bond the interface of the cement sheath and ex-
pandable pipe is put to the test. This is achieved by fluid pressurization of
the cement sheath, whereas the position of the cement sheath with respect
to the expandable- and host pipe is fixed. A schematic of the test setup is
shown in figure 21. In clockwise motion, from the left bottom shown is,
a fluid feed pump equipped with a return valve that will pressurize the
cement sheath from the left. Along the length of the system strain gauges
are attached to the inside of the expandable pipe. The left and right sides
are closed of with flanges, while the flange on the right is opened up to
ambient conditions. The pressure difference over the length of the cement
sheath is the prescribed pressure on the left with the ambient pressure on
the right.

A pressure difference over the length will result in fluid pushed out
of the saturated cement sheath. At the stage where the hydraulic bond
is in tact, one is able to couple the pressure drop to the outflow of fluid,
which represents a system permeability. At some point when the pressure
difference will become too severe for the system to withhold (depends on
the configuration of the system), the hydraulic bond will be broken and a
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Figure 21: A schematic of the hydraulic bond test. Shown is the core of the setup that con-
stitutes an expandable pipe, host pipe and cement sheath in between. The ce-
ment sheath is pressurized by fluid with a pump from the left, and the emerged
fluid is captured in a reservoir on the right.

sudden increase of outflow of fluid will be measured. The crossing point
of the two linear interpolations of the pre- and post permeability of the
system will be the hydraulic bond, this will be illustrated in a later stage,
chapter 5 figure 27.

The conceptual design consists of the following parts;

• An expandable pipe that is one of the test specimen, that is changed
every experiment to investigate the effect of the compliance of the
pipe on the bonding strength of the system.

• A host pipe for safety reasons is 15 [mm] thick that closes the com-
plete tested system. It is expected that the over dimensionalization
of the outer pipe will overestimate the bonding strength.

• A fluid feed pump that will pressurize the system with a liquid feed
where the pressure is increased in intervals to increase the flow rate.

• Strain gauges along the length at the inside of the expandable pipe
to map the effect of pressurization along longitudinal length of pipe
and cement sheath.

• A cement layer between the inner and outer pipe that is 90 [mm] re-
moved from either top-end of the respective pipes to limit boundary-
effects of the both ends when the system is pressurized.

• A reservoir of fluid to squeeze through the cement sheath, and a
collector vessel or leak tray to capture the outflow of fluid from the
cement sheath.

• Top- and bottom flange to seal of the system, and rubber seal rings
(o-ring) to block fluid flow in unwanted directions.

A workdrawing for the collective test unit, the expandable pipe, host pipe
and the cement sheath in-between configuration with all required dimen-
sions is presented in figure 33, in appendix A.
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4.1.2 Set-up

In consideration of the conceptual design a total of 9 tests are formed that
will allow determination of the hydraulic bond strength for different situ-
ations. Table 4 gives an overview of the scheduled experiments. Note that

test inner pipe outer pipe expandable

ID [mm] WT [mm] OD [mm] WT [mm] pipe

#1 112 2 188 15 water mud

#2 112 2 188 15 clean

#3 112 2 188 15 oil mud

#4 110 3 188 15 water mud

#5 110 3 188 15 clean

#6 110 3 188 15 oil mud

#7 108 4 188 15 water mud

#8 108 4 188 15 clean

#9 108 4 188 15 oil mud

Table 4: Test overview of a total of 9 experiments. In test #2, #3, #8 and #9 strain gauges
are present to estimate the deformation imposed on the inner pipe due to the
presence of a fluid filled annulus in the cement layer. Variation in the different
tests are related to the wall thickness of the expandable pipe, and the state of the
cement where it is clean, polluted with water based mud, or polluted with oil
based mud. The total length of the specimen is constant at 480[mm] and the
length of the cement sheath is constant at 300[mm].

in appendix A the test plan for the hydraulic bond is given as well as the
technical drawings of the design and description of sample preparation.
The appendix covers a description of the applicable cement, the cement
additives and a specification of what is water/oil based mud or polluted
cement.



4.2 the cement radial deformation test 45

4.2 the cement radial deformation test

From the literature it appeared that the dynamic deformation or loading
of cement paste is a topic still open to interpretation debate. The main
differences occur in the type of load imposed, predominantly isotropic
uniaxial, or triaxial load. The load rate imposed is for a certain duration of
time in the range of the characteristic timescale of a Rayleigh wave through
the specimen, or the duration of the hydration process of cement paste at
room temperature.

Darwin et al. [12] investigated uniaxial compressed cement paste where
the specimen prior to the test was fluid saturated, cubical and cuboid
shaped and attained stress-strain curves for loads typically imposed in
a timespan of two minutes. Similar to Darwin the research performed by
Fischer et al. [18] investigated uniaxial compression of saturated cement
paste, but for a cylindrical shaped specimen. High dynamic strain rates
were imposed in the timescale order of Rayleigh waves through the cement
paste specimen. The objective was to investigate the cement paste strength
versus the imposed load rate. A conclusion of the research was that the in-
crease of load duration would deteriorate the strength of the cement paste,
that is to be considered for the cement deformation test. Ghabezloo et al.
[20] performed triaxial compression tests on fluid saturated and cylindri-
cal shaped cement paste specimens, where a typical test would take 40-50

hours. The intention of the investigation was to verify the validity of the
theory of porous media. The conclusion was that the good compatibility
and consistency of the obtained poromechanical parameters demonstrated
that the behavior of the hardened cement paste can indeed be described
within the framework of the theory of porous media, i.e., the theoretical
foundation of the numerical analyses performed in section 3.1, 3.2 and 3.3.
Zhang et al. [60] performed a numerical analysis of the dynamic cement
paste deformation caused by hydration of a square shaped cube for the
time duration of 1-7-28 days. The intention was to investigate the failure
behavior due to fractures in the cement paste by cause of hydration and
they adopted an energy propagation principle similar to the one described
in section 3.2.

None of the investigations performed a dynamic deformation of cement
paste in the context of the downhole expansion process; compression and
shear load that result in double digits strain deformation (expansion ratio)
appears to be thus far unexplored territory in the literature. It is desired to
investigate a concentric fluid saturated cement sheath confined between an
expandable and host pipe configuration that is radially expanded outward.
Key points of interest for the investigation are;

1. the state of structural integrity of the cement sheath for different
types of radial expansion,

2. the fluid porosity of the cement sheath before and after expansion,

3. the preferential flow direction of cement paste, fluid slurry or fluid
expulsion and consequently quantify the expulsion.
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4.2.1 Conceptual design

The following section will provide a conceptual design for the cement de-
formation test where the aim is to investigate the effect of the degree of
cement sheath deformation while keeping in mind the key points of inter-
est, mentioned in the previous paragraph. Furthermore, a more detailed
overview is provided in appendix B with an additional scope of the test,
material overview, vision and sample preparation.

In chapter 3, section 3.1 attention was given to investigate the radial
direction of fluid transport across the cement sheath thickness in the ex-
pansion process. In section 3.2 the focus was on the failure behavior of the
cement sheath and the study of the effect of explicit radial deformation
of the confined cement sheath between expandable pipe and surrounding
formation. The design for the cement deformation test must allow investi-
gation of;

1. The state of structural integrity of the cement sheath for different
types of radial expansion. Fischer et al. [18] concluded that the in-
crease of the load rate duration would deteriorate the cement paste
strength. The type of cement deformation is therefore dedicated to
the degree of radial outward expansion, and the additional rate or
speed of expansion. In the evaluation of micro-fractures in the ce-
ment structure, Darwin et al. [12] pointed out that these fractures
have a typical surface density of 0.04 to 0.14 mm/mm2 and can be
observed with an optical microscope at magnifications below 50x,
that is to be adopted for the present investigation.

2. The total fluid porosity of the cement sheath before and after expan-
sion. One is able to determine the total fluid porosity by considera-
tion of a fluid saturated, yet arbitrary volume chunk of the cement
sheath, weigh it and vacuum oven dry the specimen in intervals un-
til a constant weight is obtained [20]. This result will indicate that all
fluid in the cement sheath internal structure has evaporated.

3. Determination of the preferential flow direction of cement paste,
fluid slurry or fluid expulsion in expansion and consequently quan-
tify the expulsion. In the numerical analysis performed in section
3.1 it was concluded that the fluid pressure gradient over the radial
thickness of the cement sheath is defined positive. In consideration
of Darcy’s law (26), the consequence was for fluid to move towards
the interior boundary of the domain, i.e., the expandable pipe which
is to be confirmed in the cement deformation test and is to be quan-
tified as a result.

These requirements have been assembled and are put together into a ce-
ment deformation test of which the conceptual design is shown in figure
22. Five major components of the test are shown, and numbered. The test
specimen (1.) is a confined layer of cement paste between an expandable
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and host pipe. The wedges (2.) are positioned on the bottom flange be-
tween test specimen and cone, and are sliced in vertical direction for a
distributed radial uniform expansion of the test specimen. On the inside
the wedges are oblique in the shape of the cone to make a fit, when the
cone (5.) will move downwards. A thin top disc (3.) is shown to position
the bolts together with drain/vent holes to determine the preferential di-
rection of fluid (slurry) expulsion and to quantify the amount of expulsion.
The last component, the thick bottom disc (4.), is required together with
the top disc to position the test specimen, to absorb the exerted load from
the cone, and to allow vertical displacement of the cone.

1. 2.

3.

4.

5.

Figure 22: An overview of the cement deformation test where l-r depicts a front view and
an isometric view, respectively. Shown is a hardened cone (5.) with a degree
of freedom in the vertical direction, a thinner- (3.) and thicker (4.) disc placed
on the top and bottom, respectively. The test specimen (1.) is positioned in-
between the top and bottom disc, and is expanded by the cone that is pushed
downward towards the adjacent wedges (2.) that are radially pushed outward
as a result.

4.2.2 Set-up

A down-to-earth and feasible design approach is considered in the devel-
opment of the conceptual design shown in figure 22. A ∅70 [mm] hard-
ened cone is embedded in the design that is, at due time of this report, in
the cement laboratory of Shell, Rijswijk and available for direct utilization.
The test specimens are cut-up slices of length 50 [mm] from the afore-
mentioned hydraulic bond strength test of section 4.1. Note that the test
specimen are thus already present, that includes the expandable and host
pipe, and the enclosed cured cement paste in-between, made according to
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the cement manufacturers recipe. The test schedule overview is provided
in table 5, where material dimensions are given, the estimated expansion
force, the degree of expansion, the expansion ratio and the axial cone dis-
placement speed per test are given.
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test inner pipe cement sheath outer pipe cone axial cone radial expansion force expansion ratio cone axial

ID [mm] WT [mm] OD [mm] WT [mm] disp. [mm] indent [mm] [kN] [%] speed [mm/min]

#1 112 21 188 15 22.95 2 119 3.57 70

#2 112 21 188 15 45.90 4 170 7.14 70

#3 112 21 188 15 68.86 6 220 10.71 70

#4 112 21 188 15 22.95 2 119 3.57 140

#5 112 21 188 15 45.90 4 170 7.14 140

#6 112 21 188 15 22.95 2 119 3.57 70

#7 112 21 188 15 45.90 4 170 7.14 70

#8 112 21 188 15 22.95 2 119 3.57 140

#9 112 21 188 15 45.90 4 170 7.14 140

#10 112 21 188 15 68.86 6 220 10.71 140

#11 112 21 188 15 22.95 2 119 3.57 70

#12 112 21 188 15 45.90 4 170 7.14 70

#13 112 21 188 15 22.95 2 119 3.57 210

#14 112 21 188 15 45.90 4 170 7.14 210

#15 112 21 188 15 68.86 6 220 10.71 210

Table 5: Test overview for the concentric cement deformation test. Three subdivisions are dedicated to clean cement, oil-mud polluted cement and water-mud polluted
cement, respectively. Estimation of the expansion force is done by evaluation of section D.5. The test samples are manufactured from the aforementioned
hydraulic bond strength test #1, #2 and #3 of table 4. System parameters; host pipe yield pressure = 58[MPa], host pipe diameter/WT ratio = 12.5[−], cement
paste compressive strength = 25[MPa].
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4.3 the small-scale expansion test

The expansion process will result in a compression and shear load of the
cement sheath. As the formation in the borehole is covered with a thin
layer of near impermeable mudcake, similar to the near impermeable ce-
ment sheath, a complication will arise that is related to the expulsion of
fluid due to the expansion process.

The cement sheath is a porous medium and compression load beyond
the yield point will collapse the pore structure. For a saturated permeable
porous matrix, collapse of the structure results in displacement of fluid.
However, as the present cement sheath is near impermeable, compression
of the porous structure would indeed collapse the pore structure but the
fluid could still be entrapped. In that case with fluid and cement particles
both incompressible, one may question the validity of the experimental
observation in figure 6, where fluid did accumulate at the interface of
cement sheath and expandable pipe. After all, in consideration of the anal-
ysis of section 3.1, the pressure gradient over the cement sheath thickness
is defined positive outward, implying fluid to move inward towards the
considered interface.

As mentioned above, in addition to the compression load imposed on
the cement sheath, there will be an active shear load because of circumfer-
ential expansion. Shear load will establish a tension mode in the cement
matrix. A cement matrix is to a high degree capable to withstand com-
pression load [3], but has little shear load resistance against tension. As
tension is most significant near the interface of the cement sheath and ex-
pandable pipe - contrary to cement sheath and formation - it is possible
that the cement structure would fracture as a result near the interface. A
fracture as discussed in section 3.2, is in terms of permeability an open
channel that allows fluid to pass through significantly easier than the near
impermeable porous structure. The situation is portrayed in figure 23.

Figure 23: An overview of the scenario that is regarded throughout the expansion pro-
cess. Left: An undeformed cement sheath with the presence of an annulus gap
at the interface due to natural shrinkage properties of cement [], the cement
structure is intact with a limited amount of fractures. Right: Throughout the
expansion process the cement sheath is compressed and sheared, that results
in pore structure collapse and local near interface fracturing of the porous ma-
trix, respectively. The consequence is that fluid is displaced from the interior
of the cement to the interface with the pipe.
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To investigate if an annulus channel indeed manifest itself between the
cement sheath and the expandable pipe, in the expansion process, the
small-scale expansion test is commenced. Key here is to locate and quan-
tify the amount of fluid accumulated throughout the process.

4.3.1 Conceptual design

The details of the small-scale expansion experiment and the test plan are
in appendix C. The parametric study of section 3.3 pointed out the impor-
tance of five parameters in specific that require experimental investigation.

In view of the results of the parametric study the small-scale expansion
test is to investigate the evolution of an annulus channel and map the
influence of the following parameters,

a. a variation of yield pressure of the host pipe,

b. a variation of the expansion ratio of the expandable pipe,

c. a variation of the cement sheath thickness,

d. a variation of the cement mixture with respect to porosity,

e. a variation of artificial permeability in the top-flange.

These parameters are illustrated in figure 24. It is important to point out
that when changes one parameter in the experimental setup an additional
parameter unwillingly be affected too as a result. However, the design is
set-up to minimize these effects, or when there is, a controlled one. Per
parameter three variations are suggested.

The yield pressure of the host pipe (44) is set as a variable (a.) to evalu-
ate the effect of the direction of cement displacement. The yield pressure
of the host pipe is compared to the unconfined compression strength of
cement. It is assumed that a yield pressure of the host pipe larger than
the unconfined compression strength of cement will result in the cement
to be crushed before the host pipe would start to yield. The consequence
would be that the cement is pushed forward, in the length direction. A
yield pressure lower than the unconfined compression strength that will
push the cement radially outward, and is assumed not to happen in the
downhole condition.

The size of the cone (b.) will determine the expansion ratio (43) of the
expandable pipe. It will determine the degree of cement deformation, ce-
ment displacement and the amount of fluid to be expelled upwards for a
given fluid porosity.
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Figure 24: An overview of the to be investigated parameters that follow from the para-
metric study of section 3.3 and showed to influence the imposed strain on
the expandable pipe significantly. From top- to bottom there is (a.) variation
of yield pressure for the host pipe or formation pipe, variation of (b.) the ex-
pansion ratio of expandable pipe, variation of (c.) the cement sheath thickness,
variation of (d.) the cement mixture (clean/water-mud/oil-mud) and final (e.)
the variation of artificial permeability of the top-flange.

Variation of the cement sheath thickness (c.) will change the quantity of
liquid present in the experiment. This will also effect the amount of fluid
to be expelled upwards for a given porosity.

The cement mixture (d.) is varied to investigate the effect of porosity on
the evolution of an annulus channel during the expansion process. How-
ever, as mentioned before, in this situation there will be a side-effect re-
lated to the bond strength of the cement to the expandable and to the host
pipe. Therefore, the results of the bond strength experiment presented in
section 5.1 are necessary to allow evaluation of the behavior for different
cement mixtures.
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The top-flange (e.) that will close of the system and confine the cement
sheath, is perforated to simulate a limited amount of formation perme-
ability. A permeability scales inversely proportional to the longitudinal
pressure gradient (26). That is relevant for potential depressurization in
the downhole oil well situation where cement permeability, formation per-
meability or required pressure gradient across the radial or longitudinal
cement sheath can release accumulated fluid.

An assembly of the requirements for the design of a small-scale expan-
sion test will result in the schematic overview shown in figure 25. Shown

Figure 25: A schematic of the small-scale expansion test. Shown is the core of the setup
that constitutes an expandable pipe, host pipe and cement sheath in between.
The cement sheath is pressurized by fluid with a pump from the left, and the
emerged fluid is captured in a reservoir on the right.

is a confined layer of cement between an expandable pipe and host pipe.
The system, downscaled to 25% of the field trial is expanded with a cone.
Through the host pipe holes are drilled that are equipped with fluid pres-
sure sensors to measure the fluid stress in the cement sheath. On the inside,
strain-gauges are attached to the expandable pipe to capture the position
of the forming annulus channel. In addition, on the opposite side, in the
host pipe and in between fluid pressure sensors, the radial displacement of
the host pipe is measured. That will provide information about the stress
state of the host pipe and an estimation of the cement stress state. The
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system is equipped with a bottom- and a top-flange, where the bottom
flange is only mounted and welded after an initial expansion to close of
the system and obtain a fixed-fixed position from bottom and top. The
latter will limit expandable or host pipe elongation similar to the field
situation where a bottom and top hole anchors are employed prior to ex-
pansion and moreover will make it comparable to the former performed
experimental work the small-cab test [24].

4.3.2 Set-up

For the design of the small-scale expansion test a standard 25% down-
scaled hardened 63.5[mm] cone is considered [24]. Pipe dimensions that
are selected are standard size expandables, available from a production
line [46]. The host pipe diameter over thickness ratio (D/t) is mimicked
and respected as much as possible from the full scale experimental setup
[57]. As for the type of cement, additives and type of pollution/impure ce-
ment is defined and given in appendix A. Finally, table 6 gives the planned
test overview where configuration #2 serves as a reference case.
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test IDhos[mm] ODhos[mm] wthos [mm] (D/t)hos wtcem[mm] ODcone[mm] αcone [%] kfla [%] sample F [kN]

#1 90 94.5 2.25 42.0 14.85 63.5 16.5 1.6 pure 135[kN]

#2 90 99 4.5 22.0 14.85 63.5 16.5 1.6 pure 149[kN]

#3 90 102.6 6.3 16.3 14.85 63.5 16.5 1.6 pure 162[kN]

#4 90 110.0 10 11.0 14.85 63.5 16.5 1.6 pure 188[kN]

#5 90 94.5 2.25 42.0 14.85 63.5 16.5 1.6 impure 122[kN]

#6 90 99.0 4.5 22.0 14.85 63.5 16.5 1.6 impure 135[kN]

#7 90 102.6 6.3 16.3 14.85 63.5 16.5 1.6 impure 147[kN]

#8 90 110.0 10 11.0 14.85 63.5 16.5 1.6 impure 171[kN]

#9 90 99.0 4.5 22.0 14.85 63.5 16.5 5.1 pure NA

#10 90 99.0 4.5 22.0 14.85 63.5 16.5 13.0 pure NA

#11 90 99.0 4.5 22.0 14.85 64.5 18.3 1.6 pure 157[kN]

#12 90 99.0 4.5 22.0 14.85 65.5 20.2 1.6 pure 164[kN]

#13 98 107 4.5 23.8 18.85 63.5 16.5 1.6 pure 126[kN]

#14 106 115 4.5 25.6 22.85 63.5 16.5 1.6 pure 108[kN]

#15 90 99 4.5 22.0 14.85 63.5 0 1.6 pre-perm NA

#16 90 99 4.5 22.0 10.35 63.5 0 1.6 post-perm NA

number host pipe host pipe host pipe ratio cement layer cone cone flange cement force (fig 36)

Table 6: Test overview of the experiments. The diameter/thickness ratio (D/t) of the host pipe in the full scale setup is 22.1, the aim is to get similar conditions in the
downscaled setup. Assumed is constant expandable pipe dimensions, given in appendix C. Presented in red is the variable that is to be investigated in the
experiment. The expansion force is estimated with a numerical computation D.5. The experiment written in bold letters, experiment #2, is the reference case.
Experiment #15 and #16 are no expansion tests, though permeability tests where one side is pressurized to consequentially measure leakage of fluid running
through the cement specimen, see section 5.1 for more details on permeability measurements.



4.4 design deliverables 56

4.4 design deliverables

4.4.1 Prototype description

1. hydraulic bond strength test:

Design and realization of an experimental setup to investigate the
adhesive strength of cement to metal in a concentric expandable
and host pipe configuration with the confined cement in-between.
The experiment is set-up for different expandable pipe wall thick-
nesses and clean cement, or water-mud or oil-mud cement.

2. cement radial deformation test:

Design of an experimental setup to investigate the constitutive be-
havior of fluid saturated cement in between an expandable and
host pipe configuration that is expanded in pure radial direc-
tion. A cut-up slab of confined cement from the hydraulic bond
strength test is considered that is expanded to different- degrees
and distinct cone displacement speeds.

3. small-scale expansion test:

Design of an experimental setup to investigate the development
and evolution of the annulus channel or formation of the trav-
eled pressure wave that will manifest itself between the cement
sheath and the expandable pipe, and the fluid (pressure) accumu-
lation that will induce severe strain in radial inward direction of
the expandable pipe. The experiment is designed for five differ-
ent system parameters that originate from the parametric study
performed in section 3.3.

4.4.2 Techno-economic feasibility

In this subsection the impact of the to be developed technology is con-
sidered and is related to the potential economic gain for the petroleum
company. It is pointed out that this subsection is speculation, and the ar-
guments or discussed outcomes are questionable.

The primary goal, or desire, of the petroleum company, is to secure the
structural integrity of the foundation, that is the cement layer in between
the expandable pipe and the formation. Attainment of the former will
reduce the possibility of undesired external oil or gas leakage, and poten-
tial oilwell blowout due to accumulated leakage. The downhole expansion
process will introduce additional compression and shear strain on the ce-
ment sheath, that may compared to established technology involve risk
factors for the structural integrity of the cement sheath which need to be
controlled.

The primary need of the petroleum company is to investigate the ram-
ification effect of the downhole expansion process and the consequences
for the cement sheath. The notion of the techno-economic feasibility of the
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monobore well technology boils down to the competitiveness of the tech-
nology in terms of benefits. The notion is twofold where on the credit side
are the expenses already made, and are going to be made by the research
and development disciplinary field in the future to achieve the primary
goal. While on the debit side that should exceed the made expenses on the
credit side is the potential financial gain of the developed technology that
will allow access to new oil fields that once were unreachable and now are
open for exploration.

At this stage, and in sole consideration of the structural foundation, or
cement sheath, the petroleum company can go into a multitude of direc-
tions to develop the monobore well technology further, though a single
direction will be discussed below. Consider for the time being a general
overview, of the downhole expansion process and the repercussions it
holds for the cement sheath with in specific different type of parameters
that are involved. A combined compression and shear load of the cement
sheath with double digits expansion ratios will yield among others; (non-
)linear elastic/plastic behavior, a potential fractured cement structure with
non-continuum mechanics, and moreover solid and fluid particle interac-
tion in a near impermeable porous medium where even the strain rate
will affect the behavior of the cement sheath. To explain the behavior of a
detailed appearance in the problem as a whole is an interconnected para-
metric problem, where a single system parameter is related to a potential
second, third and �’th parameter. Division of the expansion process as
a whole is thus a prerequisite to tackle individual involved phenomena.
The hydraulic bond strength test, the cement radial deformation test and
the small-scale expansion test (downscaled geometric to 25% of in-field)
emerged as a necessity to investigate the problem as a whole. To carry out
the former individual experiments and fine-tune the numerical models de-
veloped in this report, sufficient knowledge is- and can be obtained to feed
and contribute to- and improve the original design of the monobore well
and the involved repercussions of the downhole expansion process.

4.4.3 Impact

In extension of the previous section the impact of successful techno-economic
implementation and realization will introduce the next generation oilwells
that can reach larger target depths with a smaller surface footprint. Thor-
ough analyses of the repercussions in the cement sheath due to the down-
hole expansion process will provide a wide range of perspectives to con-
sider, where one can limit the emergence of a potential blow out and other
safety hazards. An important factor here is the hydraulic strength bond of
cement. Determination of the adhesive strength of cement to the expand-
able pipe for different circumstances will contribute to an economical, safe
and stable production of a reservoir [43]. Despite the fact that more in-
formation would be acquired with respect to the hydraulic bond strength
of cement, leakage throughout some areas along the longitudinal length
of the well is not uncommon and thus erosion would be a phenomena
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that is to be considered too. Moreover, production of oil in the well will
result in wear of the cement bond to expandable pipe over time. Hence
to perform predictive and preventative maintenance on the oilwell is a ne-
cessity. For a typical oilwell in the Gulf of Mexico, US, the production is
about 50.000 barrels of oil equivalent per day at peak production [53]. A
typical maintenance procedure - sonic or ultrasonic probe logging - would
require per probe per well about a day to extract the necessary data [39].
To stop production due to maintenance is thus a rigorous situation that is
to be scheduled accurately according to preventative and predictive main-
tenance measures.

The theoretical and numerical models and the designs for experimental
setups done in this project aim to provide tools that contribute to safety,
and control.



5
E X P E R I M E N T S A N D E VA L U AT I O N

In this section the results of the hydraulic bond strength test are presented
and discussed. The experiment of the hydraulic bond strength, is a test
where one pressurizes with fluid the cement sheath in between the ex-
pandable and host pipe up to an extent where the cement sheath concedes.
At that point the cement sheath has failed, the fluid that surges through
the pores of the cement sheath will now in addition allow fluid to flow
through the fractures of the cement sheath. The result is a measurable
increase in fluid flow and thus a identifiable hydraulic bond pressure.

Section 5.1 will present the observations made at hindsight. Extension
to the general observations are made in section 5.1.1, where parameters
are introduced that describe fundamental flow behavior through the con-
fined cement sheath. A generic occurrence throughout the nine performed
measurements was an unstable flow path, in section 5.1.2 a possible expla-
nation will be projected.

5.1 observations in hydraulic bond test

Incremental increase of fluid pressure will result in an incremental in-
crease of fluid to be squeezed through the cement sheath, a typical result
for this development is shown in figure 26. The pressure profile in time
will adopt stepwise the shape of a staircase due to the maintained stabi-
lization sequence that will allow fluid to find a way through the porous
medium. Due to the near impermeability of the cement, this is a slow
process. An additional observation can be made in the figure, after a time-
frame of about 4 hours. Though the pressure increment attained a stable
value, the flow path is deemed to reveal unstable behavior. Despite a sec-
ond pressure increment, after the former time-frame observation, the flow
path cannot stabilize without support. A possible explanation for this be-
havior is bestowed in section 5.1.2, for now it appeared that a pressure
reset to a null value would restabilize the flow path. Figure 27 shows the
fluid pressure and the fluid flow through the cement sheath. The change
of slope is the position of the hydraulic bond strength. Two asymptotes
are visible in the figure at approximately a pressure drop of 45- and 115

[bar/m]. For a cement sheath with a length of 30 [cm] that will result
in a bond strength of roughly 15- and 34 [bar]. To surpass the threshold
value of the hydraulic bond, one will tear open a pathway for fluid to flow
through, the potential annulus at the interface of expandable pipe and
cement sheath.
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Figure 26: An imposed incremental increase of fluid pressure to investigate the point
where the bond between the cement sheath and expandable pipe initiates a
failure, observed with a sudden increase in fluid flow through the cement
sheath. Data points belong to test #2 from table 9.

5.1.1 Parameters in the bond strength test

For a given fluid - in the present case water at room temperature - one
is able to estimate the system permeability k that is related to the cement
sheath. In consideration of the former mentioned Darcy flux q (26) the
permeability is,

k = −
qµ

dp/dn
[m2], (40)

where q is the Darcy flux in [m/s], µ is the dynamic viscosity in [Pa·s]
and dp/dn is the pressure drop over the longitudinal length of the cement
sheath in [Pa/m].

With the estimated permeability the friction factor in a porous medium
can be determined. It can be expressed in terms of the permeability and
the pressure drop [5],

f =
−
(
dp
dn

)
k1/2

ρq2
[−]. (41)
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Figure 27: Data points belong to test #2 marked by circles (�) and test #8 marked by tri-
angles (4) from figure 9. The difference between the shown tests is the thick-
ness of the expandable pipe, and is 2 and 4 [mm], respectively. The asymptote
is approximately the hydraulic bond strength of the system [9].

The friction factor can be expressed in terms of the dimensionless Reynolds
number Re for a porous media, where Re = ρqk1/2/µ, when the Darcy flux
(40) is substituted in (41) to eliminate the pressure gradient. The result is
a friction factor inversely proportional to the Reynolds number f = 1/Re.

An overview of the considered parameters, the hydraulic bond strength,
the pre- and post; permeability, friction factor and porous Reynolds num-
ber for the nine performed tests is presented in table 7. The attained param-

test Bs [bar] kpre [mD] kpost [mD] (fpre/fpost) · 106 (Repre/Repost) · 10−9

#1 16.20 5.04 30.68 40/7 25/146

#2 11.96 3.36 27.91 118/7 8/139

#3 18.31 4.84 18.40 45/9 22/113

#4 28.10 3.74 48.83 43/6 23/183

#5 NA NA NA NA NA

#6 19.07 5.17 20.69 39/11 26/93

#7 28.03 1.74 NA 99/NA 10/NA

#8 32.05 2.17 16.46 94/9 11/107

#9 19.26 4.94 11.40 49/11 20/89

Table 7: An overview of the extracted parameters of the hydraulic bond strength test
results. From left- to right the following parameters are provided; bond strength
Bs, the pre-permeability kpre, the post-permeability kpost, the ratio of pre/post
friction factor f and the ratio of the pre/post Reynolds number for porous media
Re. Note that the permeability is given in mDarcy [mD] where 1D = 1 · 10e−
12[m2]. The cement sheath in test #7 collapsed such that pressurization was no
longer possible, secondary parameters are therefor ignored.

eters, and in specific the spread of the hydraulic bond strength parameter
from the experiment, emphasize the predicament to model the present
case study. A reference back to the numerical annulus model, the paramet-
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ric analysis performed in section 3.3, figure 19(A) showed the effect of a
variation in hydraulic bond strength. In table 7 it is apparent that addition
of oil-mud to a clean cement sample for identical expandable pipe wall
thickness can change the bond strength value up to 70[%]. This clearly
shows the importance of knowing the cement composition downhole at
the time of expansion.

5.1.2 Analysis of the expandable pipe deformation

In this section the unstable flow path observed in figure 26 is contemplated
and an explanation is projected. To demonstrate the unstable scrutinized
flow path, the data of the mounted strain gauges had to be utilized. Rea-
son for that is the possibility of expandable pipe compliance to have an af-
fect on the hydraulic bond strength test. The bond strength is an inherent
property of cement if, and only if poured in an encapsulated and infinitely
rigid system [9]. The expandable pipe, and even the over-dimensionalized
wall of the host pipe both are still flexible. The consequence is an over-
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Figure 28: The maximum and minimum radial displacement of the expandable pipe with
clean cement under the assumption of an axisymmetrical system. Compression
is positive, expansion negative, the symbols show the reference state. Shown
from l-r is the 2[mm] pipe at its respective bond strength pressure rate (4),
the 4 [mm] pipe at the same pressure rate (�) and the 4 [mm] pipe at its
respective bond strength pressure rate (×).

estimation of the hydraulic bond as the fluid pressure - imposed by the
pump - in between the expandable and host pipe will expand the clear-
ance area and create a flow path. In an attempt to correlate the compliance
of the expandable pipe and the bond strength, strain measurements have
been performed on the inside of the respective pipe. Figure 28 shows two
successful strain measurements that are expressed in terms of radial dis-
placement for an assumed axi-symmetrical deformation. The figure shows
the minimum and maximum measured radial displacement, where com-
pression is positive- and expansion is negative. The two measurements
are the oil-mud covered 2[mm] and 4[mm] expandable pipe. Note that
the figure gives three intervals, the left- (4) and right (×) give the state
of radial displacement at the estimated hydraulic bond of the 2[mm] and
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4[mm] oil-mud smeared expandable pipe, respectively. The central (�) in-
terval represents the state of radial displacement for the 4[mm] oil-mud
smeared expandable pipe at the hydraulic bond rate of the 2[mm] expand-
able pipe. The maximum compression (positive radial displacement) is ob-
served near the entrance, whereas maximum expansion (negative radial
displacement) is observed in the mid-section, see also figure 21 for the en-
trance and mid-section position of the strain gauges along the length of
the expandable pipe. Figure 28 shows the observation of both pipe com-
pression and non-intuitive pipe expansion for a compression load.

To display the former observation, the deformation of the pipe is visu-
alized with a cross-sectional overview of the hydraulic bond test, in figure
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Figure 29: A schematic view of the longitudinal cross-section of the hydraulic bond test
with the additional result of the strain gauges. The radial deformation due to
measured circumferential strain under the assumption of axi-symmetrical de-
formation. Top- and bottom are two time intervals at t = 0[hr] and t = 7[hr]
time-frame interval. Position of strain gauges are depicted with (×) symbols.
The feed pump is to pressurize the left side, such that fluid will emerge on the
right side. The dashed red-line is between the strain-gauges an interpolation,
while from the middle strain gauge to the right-end is an illustrative extrapo-
lation, provided for informative purposes only. Shown deformation path is for
test #2 from table 7.

29. Two time frames are given for t = 0[hr] and t = 7[hr] for top- and
bottom, respectively. Shown is a thick host pipe with a thin expandable
pipe and the gray cement layer in-between, the left and right white area
is dedicated space for the flanges. At the inlet of pressurized fluid it is
observed that compression of the expandable pipe will lead to radial in-
ward displacement, whereas radial outward expansion is observed at the
midsection of the expandable pipe. The consequence is the fluid flow path
to be obstructed at the midsection, also observed earlier in figure 26. The
observed behavior is non-intuitive, possible and not excluded due to the
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assumption of an axi-symmetrical system or faulty strain gauges. An in-
conclusive explanation is founded on the near impermeable cement sheath
that will not allow fluid to pass through at the imposed rate of fluid flow. A
consequence is fluid to accumulate at the pressure side, which will result
in an unknown locally distributed compression of the expandable pipe. As
pressurized fluid will flow through the cement sheath towards the atmo-
spheric pressure side, a pressure transition is expected to take place. Given

(A) Quadratic load distribution (B) Uniform load distribution
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(C) Radial displacement quadratic load
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(D) Radial displacement uniform load

Figure 30: Expandable pipe FEM deformation analysis for a 3D axisymmetrical
quadratic and uniform load distribution. Peak value for the pressure is set
at 40 [bar]. Radial deformation shown in subfigure (C) and (D) is the dis-
placement observed at the bottom of subfigure (A) and (B), respectively. Pipe
design is made in FreeCAD [47], mesh is generated in Abaqus/Gmsh [19] and
post-processing of data is done in GNU Octave [15].

two situations with distinct though assumed pressure transitions through
the cement sheath, both shown in figure 30, the radial deformation of the
expandable pipe is investigated with a FEM-analysis in an attempt to ex-
plain the radially outward expansion. On the left side there is a quadratic
pressure transition through the cement sheath, while on the right a concen-
trated pressure distribution. An intuitive observation is that compression
of the expandable pipe will result in a radial inward deformation of the
pipe (shown as a positive displacement in the figure). However, outside the
compression area, an end-effect is observed where an actual expansion is
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observed and a minor radial outward deformation is visible for the left-
and right subfigures. In combination with the supplemental elongation
of the pipe that will be limited and constraint with the top- and bottom
flanges, it is believed that the expansion will be reinforced and measurable
with strain gauges, as depicted in figure 28 and figure 29.



6
C O N C L U S I O N A N D F U T U R E W O R K

In the monobore downhole expansion process the structural foundation,
the cement sheath, is exposed to significant compression and shear load.
In this design study experimental setups have been designed to study the
influence of the cement sheath parameters and the cement sheath behavior.
The most important findings are presented here in their respective chrono-
logical order of report appearance.

Theory and numerical application

First to identify the possibly most relevant parameters a theoretical and
numerical study was done. The resulting model can be used as a design
tool.

In consideration of the one-dimensional dynamic poroelastic saturated ce-
ment sheath response it is demonstrated that the fluid in the poroelastic
cement - for a compression load due to cone indentation - will move to-
wards the area of force exertion. With the coordinate origin set at the in-
terface of expandable pipe and cement sheath, the radial cone indentation
would result in a positive defined fluid pressure gradient pointing radi-
ally outward. Darcy’s law would dictate in that case, that the fluid from
the pore structure of the cement sheath would move towards the interface
of the expandable pipe and cement sheath, which showed to be in qualita-
tive agreement with earlier experimental work.

In the probabilistic failure prediction model the cement sheath is inves-
tigated for a variation in the extent of radial expansion and for a different
type of surrounding formation, a relative flexible one, and an opposite
stiff one. For cement sheath expansion in a flexible formation, the cement
sheath failed already after a minor expansion rate, while for expansion in
the stiff formation the cement sheath could resist almost double of the re-
spective rate until failure occurred. For the present non- or low permeable
cement structure an intact cement sheath would be unable to allow liquid
to pass through towards the formation. However, in the case where flow of
fluid towards the formation is permitted - through fractures in the cement
sheath - a beneficial interface depressurization will occur.

A numerical prediction tool for the expansion process was developed -
the annulus model - that is aimed at investigation of the cement response
during expansion and annulus growth. Among others it considers; the
cone position as a function of time, accumulation of fluid at the interface
of cement sheath and expandable pipe, a two-phase conditioned cement
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sheath and the inherent near-impermeable characteristic of the cement
sheath. The developed numerical prediction tool permitted a parametric
study of the expansion process. It was shown that the hydraulic bond
strength parameter, a measure for the cement adherence to metal, had a
significant impact on the cement sheath stress state and evolution of the
annulus channel. A firm bond will suspend longitudinal annulus expan-
sion, and instead it will force the accumulated fluid at the interface to
inflate the existing channel radially outward. The result is an increased
interface stress imposed on the expandable pipe until either the annulus
expands in length or alternatively the expandable pipe fails.

Methodology for experimental design

The poroelastic cement response model demonstrated that compression
of the fluid saturated cement sheath will result in an escape of fluid from
the pores of the interior domain. In a close to impermeable cement sheath
the vulnerable area where fluid might migrate to is the interface of the ex-
pandable pipe and the cement. The parameter that allows this fluid flow
towards the interface is the hydraulic bond strength of the cement sheath,
where the significance of this parameter is emphasized in the parametric
study of the annulus model. To investigate the adherence capacity of the
cement to a metal pipe, a laboratory experiment was designed and built,
the so-called hydraulic bond strength test. A total of nine different tests
have been done to determine the hydraulic bond strength for a variable
expandable pipe wall thickness, and a variable composition of the cement
mixture by comparison with a reference clean cement sample to polluted
ones.

The constitutive behavior of radially compressed concentrically confined
cement beyond the yield point is to be investigated. A design is set-up for
a concentric confined cement dynamic deformation test where the cement
sheath structure is to be exposed to different degrees of expansion and
cone displacement speed. A total of twelve different tests have been iden-
tified that constitute four different degrees of expansion rates and three
different cone displacement speeds. Information obtained from the experi-
ment will illuminate the type of modeling that is permitted to analyze the
expansion process. It will determine the effect of the degree of expansion
on the internal pore structure of the cement sheath or porosity. Moreover,
it will determine the radial preferential flow direction of the fluid in the
cement sheath.

A small-scale expansion test was designed to investigate the evolution of
the annulus channel that is expected to form between the cement sheath
and the expandable pipe, in the expansion process and the consequen-
tial built-up of fluid pressure at the interface. The design is aligned with
former performed experimental work and the numerical annulus model.
The parametric study pointed out five different parameters to be inves-
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tigated in a compilation of sixteen different tests. The former hydraulic
bond strength test, the cement deformation test and earlier performed ex-
perimental effort are buildingblocks giving input for the small-scale ex-
pansion test in order to identify the influence of certain parameters in the
expansion process.

Experiments and evaluation

Nine hydraulic strength test measurements have been performed that var-
ied in expandable pipe wall thickness and cement composition where ei-
ther a clean cement sample was considered, an oil-mud sample or a water-
mud sample. In a more rigid system the clean cement sample was able
to maintain its structural integrity for a longer time, as opposed to the
oil- and water-mud samples, while the opposite was true for a compliant
system. In consideration of the hydraulic bond strength and permeabil-
ity, the oil-mud cement composition samples seem to be approximately
unaffected by an increase in expandable pipe wall thickness. Once the hy-
draulic bond strength is broken, the water-mud cement samples demon-
strated to be most permeable.

In general, a single measurement would last - on average - for about
10-14 [hrs] where at some point a structural unstable flow path would
manifest itself in the cement sheath. After evaluation of the strain gauges
it appeared that the expandable pipe would get compressed at the flow
path entrance and expanded halfway the flow path, such that the flow
path through the cement sheath was obstructed. After assessment of the
pipe deformation with a FEA the expansion was to occur due to local
end-effects outside of the compressed area and emphasized by constraint
elongation of the pipe, that resulted in unstable flow.

Future work

The potential of the annulus prediction model is thus far unexplored. The
foundation of the model hinges on the principles of mass conservation,
(semi-) analytical expressions and the throughout literature accepted fun-
damental theory of poromechanics. Dedicated experimental research will
have to dictate the accuracy of the model, and validation will have to be a
requirement prior to enactment of the prediction model.

An alternative to the hydraulic bond strength test is the so-called shear
test. The scrutinized unstable flow path amid hydraulic bond strength
measurements pointed out the problem with expandable pipe compliance.
The shear test would be an alternative to overcome expandable pipe com-
pliance. In the literature one will be able to find a correlation with the
hydraulic bond strength parameter, and the shear strength parameter.

The poroelastic cement response model, and the numerical annulus model
both consider continuum mechanics with linear elastic behavior of the
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porous medium. However the exhibition of non-linear behavior, plastic
deformation, the time effect of loading and the effect of loading on the in-
ternal porous structure could affect the outcome of the developed models
with its current assumptions. For that reason it is recommended to per-
form the cement deformation test, prior to the small-scale expansion test
and verify the constitutive behavior of the fluid saturated and concentric
confined cement.



A
T E S T P L A N H Y D R A U L I C B O N D

This appendix is an extent of what is treated in section 4.1, which is a
brief overview of what is given here. Additional information is dedicated
towards the test plan of the hydraulic bond experiment, sample specifica-
tion and sample preparation due for testing.

A.1 scope of test

Investigate the bonding strength of cement attached to an expandable pipe
in an expandable pipe, cement sheath and host pipe configuration, for a
set of different wall thicknesses of the expandable pipe, and where the
configuration has;

• no pollution of the cement composition,

• pollution of the cement composition by means of water based mud,

• pollution of the cement composition by means of oil based mud.

Acknowledgement:
The framework for the bonding strength experiment [17].

A.2 material overview

outer pipe / test vessel / V-100 / host pipe

material ss s355 outer diameter 188.0 [mm]

manufacturer Shell inner diameter 158.0 [mm]

type custom made wall thickness 15.0 [mm]

design temperature amb length 480.0 [mm]

design pressure 115 [barg]

inner pipe / test subject / expandable pipe

material ss s355 outer diameter 116.0 [mm]

inner diameter variable length 480.0 [mm]

wall thickness variable
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feed fluid pump / P-010

material ss s355 design temperature 40.0 [oC]

manufacturer Teledyne Isco design pressure 695 [barg]

type 100DM volume/capacity 30.0 [ml/min]

feed vessel / V-010 / reservoir

material plastic volume/capacity 1.0 [dm3]

type bottle

manufacturer Teledyne Isco

design temperature amb

design pressure atm

collector vessel / V-300 / leak tray

material transparent volume/capacity 1.0 [dm3]

type bottle

design temperature amb

design pressure atm

mold

type custom made outer diameter leg 158.0 [mm]

manufacturer Shell inner diameter leg 116.0 [mm]

length leg 90.0 [mm]

A.3 vision

The expansion process in the monobore well will throughout expansion of
the expandable pipe compress the cement sheath. As the cement sheath
at time of expansion is in a fluid saturated state the compression of the
cement will result in an escape of fluid from the pores. In a close to imper-
meable cement sheath the vulnerable area where fluid might mitigate to
is the interface of expandable pipe and cement. The parameter that deter-
mines this escape of fluid towards the interface is the so-called hydraulic
bond or bond strength of the expandable pipe and cement as a whole and
is to be investigated here.

A.4 objective

1. Determine the hydraulic bond strength parameter at the interface of
cement sheath and expandable (inner) pipe, the strength of cement
adherence to the inner pipe.

2. Determine the friction factor, or through a porous medium inverse
related porous Reynolds number.

3. Measure an approximate permeability of the system, the measured
resistance of the porous cement structure for a feed pump to squeeze
fluid through.
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A.5 sample set

Set of pipes in the assembly are to be sandblasted and if required prior to
the experiment the cemented surface of the inner pipe is to be wetted with
water/oil based mud similar to the in-field situation. The cement samples
are made according to the recipe of the supplier, or cement lab technician
and are to be cured and kept saturated in a liquid filled vessel for a period of 7

days in an oven at 80o degrees centigrades [26]. An overview of the cement
mixture is provided in table 10, with the additional mass percentages for
a mixture of 3 [kg].

A.5.1 brief overview explanation

A detailed overview of the variables to be tested and the experiments to be
performed is provided below in table 9. A schematic workdrawing of the
setup is given in figure 32. Herein six major relevant sections are visible;

1. An outer pipe that for safety issues is 15 [mm] thick that encom-
passes the total of the to be tested system. It is expected the over-
dimensionalization of the outer pipe will overestimate the bonding
strength.

2. An inner pipe that is the test subject and that is changed every exper-
iment to investigate the effect of the compliance of the pipe on the
bonding strength of the system.

3. A cement layer in between the inner and outer pipe that moreover is
90 [mm] removed from either top end of the respective pipes to limit
influence of the both ends when the system is pressurized.

4. A feed pump that will pressurize the system with a liquid feed where
the volume flow is increased in intervals to increase the degree of
pressurization.

5. A collector vessel where a continuous outflow of fluid is to be mea-
sured. An initial outflow will represent a system permeability, with
the limitation of the compliance of the inner tube, and a secondary
increase of fluid outflow will represent a bonding strength character-
istic.

6. A mold that is a tool to manufacture the collective test units in an
equal fashion, to prevent production errors and to allow equal com-
parison of result.

A workdrawing for the collective test unit, the expandable pipe, the ce-
ment sheath and the host pipe configuration with all required dimensions
is presented in figure 33.
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A.5.2 sample preparation

A stepwise procedure of sample preparation will be presented below, that
is to be read parallel with the information provided of the total set of
experiments in table 9;

1. The inner pipe is placed on the mold that will create a required
clearance of cement on the bottom end, grease is put unto the contact
area of pipe and mold to prevent a cement bond.

2. The inner pipe is pre-treated with mud spray if necessary and water
or oil according to the experiment outline in table 9.

3. The outer pipe is placed on the mold that will create a void in be-
tween the inner and outer pipe, again grease is put unto the contact
area of pipe and mold, mark outer pipe according to table 9.

4. A cement mixture is made according to the recipe, see table 10, or
the cement lab technician, and is poured inside the created void of
step (3.) up to the design level pointed out in figure 33, both top ends
need to have a clearance of 90 [mm] without cement, the sample is
consequently closed off with the top-mold.

5. The made sample is to be put in an heated oven of approximately 80
o

degrees centigrade for a period of 7 days, solidification of the cement
structure will occur in the first 24 hours. After cement is cured the
molds can be removed, but is to be kept fluid saturated.

6. The process is repeated for the total of 9 tests and is to be stored in
a liquid filled container for the time being until the experiment is
performed.

A.5.3 single experiment methodology

The test methodology is explained below in a stepwise procedure that is
to be honored for all individual test samples. A prepared sample is a host
pipe, with an expandable pipe that is equipped with strain gauges on the
inside, while the outside of the expandable is either a clean or a polluted
cement sheath see table 9. After the former is embedded the following
procedure below is adopted;

1. A cured, fluid saturated and marked sample is to be assembled for
the experimental run, the length of the cement sheath is to be verified
and measured.

2. close off the test sample with top and bottom flange,

3. the feed pump system, strain gauges and data acquisition equipment
is to be connected and mounted on the test sample,

4. feed fluid into the top clearance area of the test sample until no more
air is present in the clearance area, close off the release-air nozzle,



A.5 sample set 74

5. the experiment is initiated with a pressurization of the system of 1

[barg], which will additionally be set as a pressure increment,

6. time, pressure, strain and fluid inflow is to be recorded throughout
execution of the experiment, after the inflow of fluid is stabilized the
pressure increment is added,

7. the increment increase explained in item (5.) is to be repeated until
a sudden increase in outflow is measured or a strain energy release
is observed as shown in figure 31, at that time the bonding strength
is broken. At this point it is best to attain 4 or 5 more data points
before abortion of the experiment. If a new test sample is available
the above process is repeated from item (1.).
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test number inner pipe outer pipe length description strain gauges

of samples OD [mm] ID [mm] WT [mm] OD [mm] ID [mm] WT [mm] [mm]

#1 1 116 112 2 188 158 15 480 water-mud

#2 1 116 112 2 188 158 15 480 clean yes

#3 1 116 112 2 188 158 15 480 oil-mud yes

#4 1 116 110 3 188 158 15 480 water-mud

#5 1 116 110 3 188 158 15 480 clean

#6 1 116 110 3 188 158 15 480 oil-mud

#7 1 116 108 4 188 158 15 480 water-mud

#8 1 116 108 4 188 158 15 480 clean yes

#9 1 116 108 4 188 158 15 480 oil-mud yes

Table 9: Test overview of a total of 9 experiments. In test #2, #3, #8 and #9 strain gauges are present to estimate the deformation imposed on the inner pipe due to the
presence of a fluid filled annulus in the cement layer. Variation in the different tests are related to the wall thickness of the expandable pipe, and the state of
the cement where it is clean, polluted with water based mud, or polluted with oil based mud. The total length of the specimen is constant at 480[mm] and the
length of the cement sheath is constant at 300[mm].
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Name Composition Purpose Mass percentage [%]

TXI lightweight portland cement, crystalline silica quartz cement 100

Field fresh water water hydrate activation 49

EZ flo II acetic acid, ethylene glycol flow enhancer 0.21

D-air 5000 calcium sulfate, gypsum, calcium carbonate, crystalline silica quartz defoamer 0.4

KCl barium sulfate, potassium chloride, polyalkylene glycol, crystalline silica quartz water based drilling fluid 2.0

Halad 344exp hydrotreated light petroleum distillate fluid loss additive 0.9

SA 640L paraffin based petroleum oil suspending agent 0.17

SCR 100L no hazardous substances retarder 1.7

oil-mud water, oil, emulsifier, bentonite pollution

water-mud water, bentonite pollution

Table 10: Halliburton cement recipe for application in the Gulf of Mexico, Broussard [26]. Provided mass percentages are corrected and applicable for specified cement
only and a total cement quantity of 3 [kg] (= 100%).
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Figure 31: The pump will feed the system continuously with a fluid, due to the porous structure a continuous outflow of fluid will be measured that represents a system
permeability. Due to an interval pressure increase, at some point the pressure present in the fluid will exceed the bonding strength of the system and an
increased rate of outflow of fluid will be measured where the asymptot represents the bonding strength of the system.
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Figure 32: A downscaled work drawing that provides an overview of the bonding strength experimental setup. Shown is an expandablePipe/cementSheath/hostPipe
configuration with a feed pump on one side, and a collector vessel on the other side. The feed pump pressurizes the system with liquid and with the collector
vessel an outflow of liquid is measured that represent the permeability and bonding strength of the system.
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SECTION A-A
PIPE THICKNESS 8 mm

SECTION B-B
PIPE THICKNESS 6 mm

SECTION C-C
PIPE THICKNESS 4 mm
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Figure 33: A work drawing that provides an overview of the collective test unit and the required dimensions of the experimental setup. Shown is an expandablePipe/ce-
mentSheath/hostPipe configuration with the set of equipment that is to be applied in the assembly.
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T E S T P L A N C E M E N T D E F O R M AT O N

This appendix is an extent of what is treated in section 4.2, which is a
brief overview of what is given here. Additional information is dedicated
towards the test plan of the cement deformation experiment, sample spec-
ification and sample preparation due for testing.

B.1 scope of test

To investigate the constitutive behavior of fluid saturated cement in be-
tween an expandable- and host pipe configuration that is expanded in
pure radial direction. A cut-up slab of confined cement from the hydraulic
bond strength test is considered that,

• is expanded in four independent stages of magnitude,

• is expanded with three independent cone displacement speeds.

B.2 material overview

outer pipe / host pipe

material ss s355 outer diameter 188.0 [mm]

manufacturer custom made, Shell inner diameter 158.0 [mm]

wall thickness 15.0 [mm]

length 50.0 [mm]

inner pipe / expandable pipe

material ss s355 outer diameter 116.0 [mm]

lubricant RPSLF inner diameter 112.0 [mm]

wall thickness 2.0 [mm]

length 480.0 [mm]

top flange

material s355 J0 outer diameter 290.0 [mm]

wire tap holes 6xM16 inner diameter 112.0 [mm]

drain holes 2xM5 wall thickness 20.0 [mm]

bottom flange

material s355 J0 outer diameter 290.0 [mm]

wire tap holes 6xM16 inner diameter 90.0 [mm]

wall thickness 70.0 [mm]
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cone

material st52 max diameter 70.0 [mm]

lubricant RPSLF min diameter 45.0 [mm]

contact length 114.0 [mm]

B.3 vision

The investigation of a strict radial confined saturated cement sheath and
the dynamical outward expansion has thus far not been recorded in a sci-
entific experiment. The consequence is that the constitutive behavior of
the cement in the present framework is a rather unknown appearance.
The constitutive behavior is associated with the capacity of the cement
sheath to remain intact amid expansion, the characteristics of the porous
medium, as porosity and permeability, the preferential flow direction of
fluid dissolved in the cement and the application of (non-) continuum me-
chanics and linear elastic theory. The experiment will provide the required
information to consider and embed the essential behavior of the cement
throughout a radial outward expansion.

B.4 objective

1. Evaluation of the state of structural integrity of the cement sheath
for different types of radial expansion. Fischer et al. [18] concluded
in his research that the increase of the load rate duration would de-
teriorate the cement paste strength. The different types of imposed
expansion is therefore dedicated to the degree of radial outward ex-
pansion, and the additional rate or speed of expansion. Darwin et
al. [12] furthermore pointed out in his research the methodology of
evaluation of the micro-fractures present in the cement sheath that
have a surface density of 0.04 to 0.14 mm/mm2 and can be observed
with an optical microscope at magnifications below 50x, that is to be
adopted for the present investigation.

2. The total fluid porosity of the cement sheath before and after expan-
sion. One is able to determine the total fluid porosity by considera-
tion of a fluid saturated yet arbitrary volume chunk of the cement
sheath, weigh it and vacuum oven dry the specimen in intervals un-
til a constant weight is obtained [20]. The result would indicate that
the prior fluid saturated chunk of the cement sheath no longer holds
any fluid in its internal structure, as all fluid is evaporated.

3. Determination of the preference direction of cement paste, fluid slurry
or fluid expulsion amid expansion and consequently quantify the ex-
pulsion. In the numerical analysis performed in section 3.1 it got con-
cluded that the fluid pressure gradient over the radial thickness of
the cement sheath is defined positive. In consideration of Darcy’s law
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(26), the consequence was fluid to move towards the interior frontier
of the domain, i.e., the expandable pipe and is to be confirmed in the
cement deformation test and is to be quantified as a result.

B.5 sample set

Prepared cement samples from the hydraulic bond strength test, from ap-
pendix A, are recommended for the cement deformation test, as these are
ready for utilization. If new cement samples are to be made, the procedure
described in the hydraulic bond strength test appendix are to be respected.
A single sample from the hydraulic bond strength test is 480 [mm] long of
which approximately 300 [mm] is covered with cement. A single sample
for the cement deformation test is considered 50 [mm], thus a potential of
approximately 5-6 cement deformation test samples per hydraulic strength
test sample.

B.5.1 single experiment methodology

The test methodology is explained below in a stepwise procedure that
is to be honored for all individual test samples, as depicted in table 12.
A prepared sample is a host pipe, with an expandable pipe and fluid
saturated cement in between. After the former is embedded the following
procedure below is adopted;

1. The bottom flange is to be centered and positioned on a rigid test
bed. The thickness of the bottom flange is designed to withstand the
axial displacement for the desired radial expansion of the cement
sheath.

2. A labeled cement test sample with length 50 [mm] is to be mounted
on top of the bottom flange.

3. Prior- and post the labeled cement test sample is put in place, a (new)
gasket is to be positioned to limit uncontrollable leakage.

4. The top flange is to close off the cement test sample, and the six rods
and bolts are to hold together and seal off the system together with
the gaskets in between.

5. Through the top flange the wedges and cone are to be put in place on
top of the circumferential of the inner diameter of the bottom flange.

6. Data acquisition for expansion force, and axial displacement are to
be connected.

7. On top of the drain holes a dedicated and separate sponge for each
hole is positioned to drain fluid outflow amid expansion. The sponge
prior to the measurement is nulled and contains a reference value
with respect to the mass of the sponge, a sealed off - from the bottom
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plastic canister - is to be adopted for each drain hole, that from the
top can not pull vacuum.

8. If a new test sample is available the above process is repeated from
item (2.) where the specific details are elucidated in table 12.
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test inner pipe cement sheath outer pipe cone axial cone radial expansion force expansion ratio cone axial

ID [mm] WT [mm] OD [mm] WT [mm] disp. [mm] indent [mm] [kN] [%] speed [mm/min]

#1 112 21 188 15 22.95 2 119 3.57 70

#2 112 21 188 15 45.90 4 170 7.14 70

#3 112 21 188 15 68.86 6 220 10.71 70

#4 112 21 188 15 22.95 2 119 3.57 140

#5 112 21 188 15 45.90 4 170 7.14 140

#6 112 21 188 15 22.95 2 119 3.57 70

#7 112 21 188 15 45.90 4 170 7.14 70

#8 112 21 188 15 22.95 2 119 3.57 140

#9 112 21 188 15 45.90 4 170 7.14 140

#10 112 21 188 15 68.86 6 220 10.71 140

#11 112 21 188 15 22.95 2 119 3.57 70

#12 112 21 188 15 45.90 4 170 7.14 70

#13 112 21 188 15 22.95 2 119 3.57 210

#14 112 21 188 15 45.90 4 170 7.14 210

#15 112 21 188 15 68.86 6 220 10.71 210

Table 12: Test overview for the concentric cement deformation test. Three subdivisions are dedicated to clean cement, oil-mud polluted cement and water-mud polluted
cement, respectively. Estimation of the expansion force is done by evaluation of section D.5. The test samples are manufactured from the aforementioned
hydraulic bond strength test #1, #2 and #3 of table 4. System parameters; host pipe yield pressure = 58[MPa], host pipe diameter/WT ratio = 12.5[−], cement
paste compressive strength = 25[MPa].
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T E S T P L A N S M A L L - S C A L E E X PA N S I O N

This appendix is an extent of what is treated in section 4.3, which is a brief
overview of what is given here. Additional information is dedicated to-
wards the test plan of the small-scale expansion experiment, sample spec-
ification and sample preparation due for testing.

C.1 scope of test

Investigate the evolution of the annulus channel or formation of the traveled
pressure wave that will manifest itself in-between the cement sheath and
the expandable pipe - for;

1. different wall thicknesses of host pipe (wthos), and,

2. different artificial permeability (kfla) settings of top flange, and,

3. different expansion ratios (αcone) by virtue of variable cone size,
and,

4. different cement mixtures or compositions (pure or impure), and fi-
nally,

5. different cement sheath thicknesses (wtcem).

host pipe

tube grade/weight s355 outer diameter 99.0 [mm]

manufacturer železiarne pod. inner diameter 90 [mm]

internal coating RPSLF wall thickness 4.5 [mm]

YS/UTS [MPa] 355/560 (0.63) min length 2000 [mm]

(D/t) 22.0 yield pressure 32 [MPa]

expandable pipe

tube grade/weight st52 outer diameter 60.3 [mm]

manufacturer rohrwerk max. inner diameter 54.5 [mm]

internal coating gearkote wall thickness 2.9 [mm]

YS/UTS [MPa] 503/621 (0.81) min length 2000 [mm]

(D/t) 20.8 expansion ratio 16.5 [%]

cone assembly

cone code sverker 21 max diameter 63.5 [mm]

cone/stab/mand smooth length cone 80 [mm]
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cement, see figure 35

type cement lafarge compr. strength 25 [MPa]

comp. ratio sheath 31 [%]

tools and equipment

sensor type #1 fluid pressure mechanical press 400 [kN]

sensor type #2 expansion force expansion speed 70
1 [mm/min]

sensor type #3 radial disp. sensor type #4 strain gauges

C.2 vision

Evolution of the annulus channel in the cement sheath ahead of the cone
is an important feature inherently present in the expansion process and is
not well investigated in a laboratory setting thus far. Finding out the de-
velopment of this feature for different input parameters2 in the expansion
process will provide essential information that is to be used to set up a
strategy where accumulated fluid pressure in the cement sheath is to be
mitigated, and by that preventing a potential pipe collapse.

C.3 objective

1. For the duration of the expansion process measure the fluid pressure
in the cement sheath and radial displacement of host pipe, such that
the variables mentioned in Scope of Test and specified in table 14 can
be correlated to the evolution of the annulus 3 ahead of the cone in
the cement sheath.

2. Investigate the effect of a permeable/cracked formation, or incom-
plete cement job by means of a variable set of drain holes in the top
flange.

3. Investigate the effect of the cement unconfined compressive strength
(UCS) - that is a uniaxial cement characteristic - to the radial displace-
ment of the host pipe.

4. Validate the numerical annulus model of section 3.3, wherein the
expansion process is simulated, this is done by measurement of fluid
pressure in the cement layer and radial displacement of the host pipe.

5. Perform a permeability test to extract cement characteristics (poros-
ity, permeability) before and after expansion and to additionally val-

1 Consider two/multiple expansion speed options.
2 i.e., the host pipe wall thickness, artificial permeability, expansion ratio, the composition

of the cement and cement sheath thickness.
3 annulus formation, or likewise the traveled pressure wave length ahead of the cone
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idate an optic microscopical characterization method. And further-
more, after sample extraction perform an unconfined compressive
strength test to correlate objective point (3.) and (5.).

C.4 sample set

Set of pipes in the assembly are to be sandblasted and prior to expan-
sion the expansion surface of the expandable pipe is to be wetted with
water/oil based mud similar to the in-field situation. The cement samples
are made according to the recipe of the supplier, or cement lab technician
and is specified in appendix A. A detailed overview of the variables to
be tested and the experiments to be performed is provided below in table
14. Furthermore, a schematic overview of the setup is given in figure 37.
Herein three relevant sections are visible;

1. Initial expansion for a pipe-only expansion, to stabilize cone into
single pipe.

2. Initial expansion into the cement, to stabilize the cone into the system
and to set fixed-fixed conditions.

3. Steady state expansion with a preferable 2 [m] total stroke, see anal-
ysis section 3.3.2, of the annulus model.

In step (2.) above an additional flange is welded to the bottom to mimic
a fixed-fixed condition, that is similar to the bottom-hole anchor. To make
sure the cement will not bleed away in excessive amounts, the top an-
nulus section in figure 37 will be closed off with a perforated flange
that will control outflow of liquid/cement/slurry. Three configurations
for the top flange will be proposed that have a percentile permeability of
{1.6, 5.1, 13}[%] that are shown in figure 34.
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Figure 34: Top flange permeability configuration.
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C.6 analytical expressions

compression ratio of cement;

compression ratio = 1−
deformed wall thickness cement

undeformed wall thickness cement
. (42)

expansion ratio of expandable pipe;

expansion ratio =
cone diameter− inner diameter exandable

inner diameter exandable
. (43)

yield pressure host pipe [2];

yield pressure = 0.875 ·yield strength material ·
(
wall thickness pipe

outer radius pipe

)
.

(44)
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Figure 37: A schematic of the small-scale expansion test. Shown is the core of the setup
that constitutes an expandable pipe, host pipe and cement sheath in-between.

> 2 [m]

→ initial expansion pipe-only

→ stabilization expansion to

fixed-fixed conditions↘ pressure
sensor

↘ annulus
channel

↘ drain
holes, /w variable permeability
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quantity name ID[mm] OD[mm] wt [mm] comment

2x host pipe 90.0 94.5 2.25

8x host pipe 90.0 99.0 4.50

2x host pipe 90.0 102.6 6.30

2x host pipe 90.0 110.0 10.0

1x host pipe 98.0 107.6 4.50

1x host pipe 106.0 115.0 4.50

16x expandable pipe 54.5 60.3 2.9

10x fluid pressure sensor 50-900 [bar]

1x expansion force sensor 50-400 [kN]

10x radial displacement sensor 1-20 [mm]

48x strain gauges

1x cone/stabilizer/mandrel 63.5

1x cone/stabilizer/mandrel 64.5

1x cone/stabilizer/mandrel 65.5

1x cement mixture 0.075 [m3/mtrLength]

12x flange perm 1 60.3 90 kfla = 1.6[%]

1x flange perm 1 60.3 98 kfla = 1.6[%]

1x flange perm 1 60.3 106 kfla = 1.6[%]

1x flange perm 2 60.3 90 kfla = 5.1[%]

1x flange perm 3 60.3 90 kfla = 13.0[%]

16x solid bottom flange 63.3 90 kfla = 0[%]

Table 15: Indication of the required equipment in the small-scale expansion test.



D
D E TA I L S O F T H E I M P L E M E N T E D N U M E R I C A L
M O D E L S

D.1 cement response in poroelastic material

D.1.1 Implementation details of the numerical dynamic poroelastic model

In section 3.1.1 Biot’s poroelastic wave equations have been introduced. In
this section it is desirable to find a numerical solution for these equations.
The set of equations (3) - (6) form a coupled system and are rewritten into
a form that will allow a finite difference assessment. It can be shown that
the former mentioned equations can be written in the following form,[

1+ τ

{
1+

nρf
(1−n)ρs

}]
∂u

∂t
= ...

... −
1

ρf

∂p

∂x
−
ng

k
(u− s) −

τ

(1−n)ρs

{
∂σ ′

∂x
+α

∂p

∂x

}
, (45)

∂s

∂t
+

nρf
(1−n)ρs

∂u

∂t
= −

1

(1−n)ρs

{
∂σ ′

∂x
+α

∂p

∂x

}
, (46)

∂p

∂t
= −

n

Sp

∂u

∂x
−
α−n

Sp

∂s

∂x
, (47)

∂σ ′

∂t
= −

1

mv

∂s

∂x
, (48)

where the permeability κ is replaced with the hydraulic conductivity k =

κρfg/µ. Furthermore use is made of equation (4) with respect to ∂s/∂t to
come up with the rewritten form of the conservation of fluid momentum
now given in equation (45). The remainder equations (46) - (48) are the
conservation of whole momentum, the storage equation and the constitu-
tive soil skeleton equation, respectively.
The set of scalar equations are written into a system of equations having
the following form 1,

∂Q
∂t

+
∂f(Q)

∂x
+ G = 0, (49)

where Q, f(Q) and G are used to denote,

Q =



(
1+ τ

{
1+ nρf

(1−n)ρs

})
u

s+
(

nρf
(1−n)ρs

)
u

p

σ ′

 , G =



(
ng
k

)
(u− s)

0

0

0

 , (50)

1 The values of these constants are given in the appendix, table 16.
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f(Q) =



(
1
ρf

+ ατ
(1−n)ρs

)
p+

(
τ

(1−n)ρs

)
σ ′(

1
(1−n)ρs

)
(σ ′ +αp)(

n
Sp

)
u+

(
α−n
Sp

)
s(

1
mv

)
s

 . (51)

The system given in (49) is one of a hyperbolic kind 2, the physical rele-
vance is these kind of systems have a preferential direction of propagation.
The vector f(Q) is written in a decoupled form by means of the Jacobian,
that will bring it to the following standard form,

Qt +AQx + G = 0, (52)

where AQ = f(Q)x = f ′(Q)Qx, A = f ′(Q), q ∈ R and A ∈ [m,m].

Space discretization

In this section the set of equations of (52) is to be discretized in space.
For space discretization the nonlinear limiter upwind scheme is adopted
[58]. The key motivation for consideration of a nonlinear higher resolution
scheme is the second order accuracy with a monotonicity characteristic,
due to the nonlinear limiter ~φ(~r) that will prevent the appearance of os-
cillations [27]. A discretization in space with an upwind scheme requires
evaluation of the flux ~f at the interfaces of an element i and its neighbors
[i− 1, i+ 1], as illustrated in figure 38.

ii− 1 i+ 1

Q+
RQ+

LQ−
RQ−

L

i+ 1
2i− 1

2

Figure 38: A schematic of the uniform grid that is considered in the computation. The
main element i and its neighbors [i− 1, i+ 1]. The flux f is interpolated at the
interfaces

[
i− 1

2 , i+ 1
2

]
.

For a uniform spaced grid xi = i∆x, i ∈ Z, the semi-discretization of the
set of equations (52) reads,

Qt +
1

∆x

(
~fi+ 1

2
− ~fi− 1

2

)
+ G = 0. (53)

The numerical flux is, as mentioned, evaluated at both the interfaces of
element i on the left and right side of each interface,

fi+1/2 =
A

2

(
Q+
R + Q+

L

)
−

|A|

2

(
Q+
R − Q+

L

)
, (54)

2 For a system to be hyperbolic, the system matrix A that decouples the system of (49) will
aggregate real eigenvalues <(λ).
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fi−1/2 =
A

2

(
Q−
R + Q−

L

)
−

|A|

2

(
Q−
R − Q−

L

)
. (55)

Next is to evaluate each flux on the left- and right side, separately. The
following nonlinear reconstructions that involve the neighboring elements
are considered for forward differences, at vertex i+ 1/2,

Q+
L = Qni + ~φ(~ri)/2

(
Qni+1 − Qni

)
, (56)

Q+
R = Qni+1 − ~φ(~ri+1)/2

(
Qni+2 − Qni+1

)
, (57)

On the other side of the element the same procedure is repeated, and for
vertex i− 1/2 the following can be written,

Q−
L = Qni−1 + ~φ(~ri−1)/2

(
Qni − Qni−1

)
, (58)

Q−
R = Qni − ~φ(~ri)/2

(
Qni+1 − Qni

)
, (59)

where ~φ is a limiter function and ~ri is the ratio of the forward differences,
given by [58],

~ri−1 =
Qni−1−Qni−2
Qni −Qni−1

, ~ri =
Qni −Qni−1
Qni+1−Qni

, ~ri+1 =
Qni+1−Qni

Qni+2−Qni+1
. (60)

The limiter function defines the nonlinear upwind scheme, for the present
work the MinMod limiter function is adopted [27],

~φ(~r) = max[0,min(1,~r)]. (61)

The product of ~φ(~r)∆Q is performed elementwise, i.e., ~φ(~r)∆Q = [φ1,1∆Q1,1; ...;φ4,1∆Q4,1].

Time discretization

For time integration, the Runge-Kutta IV algorithm is considered that
is third order accurate in time. The algorithm evaluates the state at the
present time interval k1, the proceeding time interval k4 and two predic-
tions half way the interval k2,3 . The expressions are given in equation (62)
and the correction is given in equation (63).

k1 = ∆tL (Qn, tn) ,

k2 = ∆tL (Qn − 0.5k1, tn + 0.5∆t) ,

k3 = ∆tL (Qn − 0.5k2, tn + 0.5∆t) ,

k4 = ∆tL (Qn − k3, tn +∆t) ,

(62)

Qn+1 = Qn −
1

6
(k1 + 2k2 + 2k3 + k4) (63)
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symbol property unit value

α biot coefficient [-] 1.000

Cf compressibility fluid [m2/N] 5e-10

Cs compressibility solid [m2/N] 0.000

mv compressibility soil [m2/N] 2e-10

ρf density fluid [kg/m3] 1000

ρs density solid [kg/m3] 2650

k permeability [m/s] 0.001

n porosity [-] 0.400

τ turtuosity [-] 0.000

q load [N/m2] 1.000

M velocity cone [mm/min] 500

L length domain [m] 1

Table 16: Property values for the fluid and solid phase that are used in the computation.
Example values are from a sandbed and have been adopted from [54].

D.1.2 Boundary conditions

The cone moving with a velocity vc is expanding an overlap part. In the
one-dimensional case, the expansion will impose a deformation of the ce-
ment sheath in radial direction only. The solid deformation at the interface,
given by f(t) is imposed by the cone and is modeled as a sine function,

f(0, t) =
L

2
(1− cos(πt/T)) , (64)

where T = Lc/vc and t is the time vector [0, T ]. The set of equations given
in (52) do not constitute a solid deformation. A solid particle velocity of
the matrix is implemented instead 3 and can easily be obtained by differ-
entiation,

s(0, t) =
df(0, t)
dt

=
πL

2T
sine(πt/T). (65)

The boundary condition imposed at x = 0 is shown in equation (64) - (65)
and is pointed out in figure 39 on the left- and rightside, respectively. The
boundary conditions are summarized as follows,

t > 0, x = 0 : s = s(t)→ eq: (65),

t > 0, x = L : s = 0

t > 0, x = L : σ ′ = 0,

t = 0, x = {0,L} : p = σ ′ = u = s = 0,

(66)

whereas the remainder are homogeneous Neumann boundary conditions
(d/dn = 0).

3 Intentionally done to prevent second order differential terms.
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Figure 39: The boundary condition for the solid matrix invoked by the moving cone. Due
to the geometry of the cone the cement matrix will be gradually indented
5[mm]. The prescribed indent f(0, t) in x-direction is given on the left, and
the implemented solid particle velocity s(0, t) is given on the right.

D.1.3 Strength and weakness of the model

The numerical model in its current state can simulate the evolution of sys-
tem parameters that constitute a porous matrix while a load is imposed
due to cone migration.
In the derivation of the governing equations it is assumed that interaction
for solid matrix deformation is proportional to the effective stress and by
that assuming linear elastic theory, disregarding stress history or plastic
deformation. Furthermore, an isothermal system is adopted, disregarding
the temperature effect and with that assuming only a pressure dependency.
Although the model shows a consistent result on grid-refinement (omitted
from the text), a quantitative validation is up to this point, lacking.
Classical consolidation theory that in particularly is of interest to the field
of civil engineering is the study of porous media where the fluid and solid
both are incompressible and is typically governed by large characteristic
time scales. The result is the elimination of higher order time derivatives
(acceleration terms) in the set of governing equations of (49). While many
commercial software packages describe the classical consolidation prob-
lem [21], it is evident that for the present situation of dynamical pipe
expansion, time dependency in particular is becoming paramount. The
classical consolidation theory for that reason is often considered to be the
predecessor of the poroelastic set of wave equations by Biot [54].
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D.2 cement failure prediction due to the expansion pro-
cess

D.2.1 Boundary conditions

When shear stress is neglected, an axi-symmetrical system is taken into ac-
count and moreover a plane strain analysis is assumed, then the governing
equations can be expressed as,

∂

∂r

(
k

γ

∂p

∂r

)
+
1

r

k

γ

∂p

∂r
+
1

r2
∂

∂θ

(
k

γ

∂p

∂θ

)
= 0, (67)

∂σ ′R
∂r

+
σ ′R − σ

′
θ

r
= 0, (68)

1

r

∂σ ′θ
∂θ

= 0, (69)

where k is the anisotropic permeability of the cement sheath and γ the
volumetric weight of the fluid. A numerical solution is sought for the fluid
pore pressure to incorporate the anisotropic permeability of the cement
sheath. While for the given assumptions, an analytical solution can be
obtained for the effective stress equilibrium of the cement sheath. The set
of equations are defined by the following boundary conditions,

0 < θ < π/2, p(r = RI) = ρwgyc, p(r = RO) = ρsgys,

0 < θ < π/2, ur(r = RI) = uI, ur(r = RO) = uo.

(70)

The fluid pore pressure at p(r = RI) is the hydrostatic pressure due to the
weight of the fluid inside the cement while the pore pressure at p(r = RO)
is a hydrostatic pressure within the stone formation. The evaluation height
for the hydrostatic pressure yc and ys is kept equal and the boundary
conditions at θ = 0 and θ = π/2 are symmetry conditions.

D.2.2 Fluid pore pressure in cement sheath

A central differences approach is adopted to approximate the fluid pore
pressure. It is confirmed 4 that the nature of the partial differential equa-
tion given in (67) is in fact of a Poisson nature that will permit the follow-
ing discretization of the problem. Considering a two dimensional cylindri-
cal coordinate system such that an approximate solution for the fluid pore
pressure p̃ is given in the discrete domain p̃ ∈ RΩ, where Ω = {r, θ}|RI <
ri < RO, 0 < θj < π/2 and i = 1, 2...Nr and j = 1, 2...Nθ. The approxima-
tion for the pore pressure p̃ is written in the form of,

L[p̃]p̃ = fp̃, (71)

4 If the determinant of the system matrix is a Laplace operator the nature of the equation is
said to be a Poisson related one.
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where fp̃ = 0 and L[p̃]p̃,

L[p̃]p̃ =
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∣∣
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∣∣
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 ,

where a central differences scheme is adopted to have a second order ac-
curate approximation for the fluid pore pressure. A Gauss-Seidel iterative
solver is adopted where the residual r̃ is obtained by calculation of the
following,

r̃k = fkp̃ − L[p̃
k]p̃k, (72)

where k is the iteration level. Having obtained the residual one can update
the approximation to level (k+ 1) by means of,

p̃k+1 = p̃k +ωδp̃, where δp̃ = r̃k/

[
∂L[p̃k]p̃k

∂p̃ki,j

]
(73)

where ω is a relaxation coefficient and p̃ki,j is the central node of the con-
sidered set of elements. When (72) is to have passed a threshold value a
numerical solution for the fluid pore pressure is obtained.

D.2.3 Effective stress in cement sheath

For effective stress equilibrium and the given assumptions it is possible
to obtain an analytical solution. Considering radial stress equilibrium (68)
in a plane strain analysis, one can integrate the equation with respect to r
and it can be shown that the following holds,

ur(r) =
R

RI

uI − uo
(
RO
RI

)
1−

(
RO
RI

)2
 ·(1−(RO

R

)2)
− uo

(
RO
R

)
, (74)

σ ′R(r) =
E

(1+ ν)(1− 2ν)

 1
RI

uI − uo
(
RO
RI

)
1−

(
RO
RI

)2
 ...

... ·

(
1+

(
RO
R

)2
· (1− 2ν)

)
−

(
uoRO
R2

)
(1− 2ν)

]
, (75)

σ ′θ(r) =
E

(1+ ν)(1− 2ν)

 1
RI

uI − uo
(
RO
RI

)
1−

(
RO
RI

)2
 ...

... ·

(
1−

(
RO
R

)2
· (1− 2ν)

)
+

(
uoRO
R2

)
(1− 2ν)

]
, (76)

where ur,E, and ν are the radial deformation, elastic modulus and Poisson
ratio of the cement matrix, respectively.
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D.2.4 Parametric voids

Little is known about the mechanical properties of the specific cement
material under investigation. Halliburton [31] provided two relevant pa-
rameters, an ultimate compression strength σuc and a unit weight γw
parameter. It is possible to relate the compression strength parameter to
the tensile strength σt of a brittle material by means of an empirical rela-
tion [8]. For a given ultimate compression strength, the tensile strength of
cement can be estimated by - among others - one of the following relations,

σt = 0.3 · σ2/3uc , σt = 0.2 · σ0.7
uc , σt = 0.12 · σ0.7

uc , (77)

that respectively are suggested by Raphael et al., Oluokun et al. and the
British code of practice BS 8007:1987.
The elastic modulus of cement sheath E is another parameter that is to
be estimated. Typical well operation conditions are at 80[oC] and 800[bar]
formation pressure. Odelson et al. [42] showed that the elastic modulus
at elevated temperatures is reduced significant with respect to the initial
elastic modulus. For elevated temperatures at 80[oC], i.e., the operating
condition [31], an averaged reduction of 10 to 20[%] of elastic capacity was
obtained for the different tested species in the laboratory. Noguchi et al.
[41] provided a practical relation for the the elastic modulus of cement as
a function of the compressive strength, unit weight, coarse aggregate and
cement admixtures,

E = 3.35 · 104k1k2
( γw
2400

)2 (σuc
60

)1/3
, (78)

where k1 and k2, both O(1), are determined by the cement aggregates
and admixtures, respectively, given in [41]. It is furthermore mentioned
that (78) can provide an estimation of the elastic modulus within 90[%]

certainty of the real value. Together with the temperature effect, there is
approximately a 75[%] certainty for the elastic modulus. It is pointed out
that the approximation does not include an estimation of the time to cure
the cement. The aforementioned empirical relations are given in SI-units,
where the stress is in [MPa] and the unit weight in [kg/m3].

D.2.5 Crack propagation algorithm

To break an atomic bond within the cement sheath, the following proce-
dure is adopted;

• a crack is defined, current crack position placed at r = RI and θ =

pi/4,

• expansion load is initiated, this is the result of the deformation of
the cone,

• the elastic stress equilibrium and fluid pore pressure is calculated
within the cement sheath, and as a result the total stress is deter-
mined,
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Figure 40: Four elements are considered in the vicinity of the crack tip. For a crack tip
present in the black element [i, j], the vicinity elements would be [i, j − 1],
[i, j+ 1] and [i+ 1, j].

σload

Cement sheath�

Evaluation of vicinity crack tip, see figure 40.

1. the stress intensity factor is determined in the vicinity of the crack
tip (19),

2. the strain energy is determined in the vicinity of the crack tip (21),

3. the bond energy is determined in the vicinity of the crack tip (22),

4. A residual stress for every element is determined in the vicinity of
the crack tip,

Eres = Es − Eb(1−n), (79)

5. Evaluate the maximum residual stress in the vicinity and either stag-
nate or propagate,

1 if E_res > 0

- Crack propagation to new position;

- Go back to step 1;

else

- break;

6 end

The porosity n is incorporated in the fourth step to deal explicitly with the
solid material present in the element. The residual stress is an introduced
parameter to deal with a potential fracture of a multitude of cells and
originates itself from the energy principle of Griffith [38]. When the fifth
step is rejected an equilibrium between the strain and atomic bond energy
is obtained and crack propagation is put to a stop.
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D.2.6 Grid Convergence

A grid convergence analysis is performed on a quasi-solid cylinder. A
quasi-solid cylinder is believed to be less sensitive for boundary effects.
For an identical deformation of the inner side of the cylinder nineteen sim-
ulations were performed, each for a different grid level. The elements in
the circumferential direction are set up with respect to the number of ra-
dial elements, such that the ratio of the length and width of the elements
are of O(1). The grid convergence is given in figure 41 and numerical val-
ues are given in table 17.
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Figure 41: The crack length for identical model settings except for the number of elements.
Nineteen different simulations have been performed up to Nr = 195 elements
in the radial direction.

D.2.7 Table for material and system properties

The values adopted for the cement failure prediction model are presented
in table 18.

D.2.8 Discussion of the crack propagation model

The propagation of a crack in the algorithm is aligned with the element
mesh size, which is a limitation of the model with regards to actual crack
growth and questionable at best. Perhaps more suitable terminology would
be probabilistic energy propagation through brittle material.
Extension of the model by a more advanced simulation of the formation.
Currently a linear elastic model is adopted, having the limitation that it
cannot simulate the situation where Ef � Ec. In literature provided by
Shell [23] an experiment is performed where the cement in its partially



D.2 cement failure prediction due to the expansion process 103

Nr x Nθ Crack length [mm] hr [mm] ∆L [mm]

15 x 136 0.4002 0.0179 [−]

25 x 232 0.3217 0.0104 0.0785

35 x 329 0.0971 0.0074 0.2246

45 x 426 0.0779 0.0057 0.0192

55 x 523 0.0694 0.0046 0.0085

65 x 620 0.0601 0.0039 0.0093

75 x 717 0.0495 0.0034 0.0106

85 x 814 0.0445 0.0030 0.0050

95 x 911 0.0169 0.0027 0.0276

105 x 1007 0.0171 0.0024 0.0002

115 x 1104 0.0156 0.0022 0.0015

125 x 1201 0.0293 0.0020 0.0137

135 x 1298 0.0132 0.0019 0.0161

145 x 1395 0.0117 0.0017 0.0015

155 x 1492 0.0103 0.0016 0.0014

165 x 1589 0.0128 0.0015 0.0025

175 x 1685 0.0101 0.0014 0.0027

185 x 1782 0.0103 0.0014 0.0002

195 x 1897 0.0091 0.0013 0.0012

Table 17: The crack length for identical model settings except for the number of elements.
Nineteen different simulations have been performed up to Nr = 195 elements
in the radial direction.

cured state had a compression strength that surpassed the strength of the
formation. A next step would be to explore the latter with the present
model.
Multiple stress intensity factors are found in the literature, a small col-
lection are documented in the following papers [33][38][59]. One of these
included the radius of the pore size, that is not present in the current state
of the model, but could potentially relax or amplify the stress intensity
factor and change the outcome of the presented results up to this point. A
stress concentration factor according to Griffith [22] that included the pore
radius is expressed as,

Kc = 1+ 2

√
c

ρ
, (80)

where c, ρ are a hole radius and hole curvature radius. The stress concen-
tration factor is to be coupled to a stress intensity factor.
A single crack is modeled, however in fact a multitude of cracks will
be present in the cement sheath. As a form of relaxation is considered
that is quadratic proportional to the cracklength in the definition of the
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symbol property unit value

σuc Compression strength∗ [MPa] 4.6

ν Poisson ratio cement [-] 0.15

ρw Density water [kg/m3] 1000

ρs Density formation [kg/m3] 2400

g Gravity acceleration [m2/s] 10

α Biot coefficient [-] 1

RI Inner radius [m] 0.28

RO Outer radius [m] 0.35

Table 18: Numerical values for the material properties utilized in the model. ∗ Adopted
from Halliburton [31].

atomic bond energy, a multitude of cracks will potentially relax the ce-
ment sheath more, and thus the published results are to some degree an
over-estimation of the real physical problem.



D.3 evolution of the annulus channel 105

D.3 evolution of the annulus channel

D.3.1 The compressed cement sheath

The compressed cement sheath is developed to quantify a fluid discharge
from the domain due to the cone indentation. The compressed cement
sheath is connected to the 2: porous cement sheath and 3: the annulus
channel, that both will consume the discharged fluid. If the fluid in the
domain is incompressible, the fluid porosity n is assumed, then according
to the cone geometry one will be able to determine the quantity of dis-
charged fluid, clarified in figure 42. The total undeformed surface So over

1.

Wc,∞
S0

1.

Wc,∞(1− e)
Sc

Figure 42: The compressed cement sheath section in its uncompressed state with area S0
(left) and compressed or deformed state with area Sc (right). As the cement
sheath is considered saturated with fluid, compression of the sheath will dis-
charge fluid from the interior domain.

time is given by,
So(t) =Wc,∞vct, (81)

where Wc,∞ is the original cement sheath thickness or width. As the cone
is migrating upwards with a velocity vc the total compressed surface Sc is
determined by,

Sc(t) = So(1− e), (82)

where e is the compression ratio of the cement. The compression ratio
of the cement is related to the undeformed and deformed cement sheath
thickness,

e = 1−
Wc

Wc,∞ , (83)

where Wc is the deformed cement sheath thickness. The deformed cement
thickness is a function of the type of formation and is to be estimated
accordingly, an example of how to determine this deformation is given in
appendix D.5. Having determined a compression ratio one can calculate
the resulting fluid expulsion that will escape from the compressed domain
and can be expressed according to the following expression,

ṁtot = ρfScn ·
(
1−

Sc

So

)
[kg/s/m]. (84)

If it is assumed that the majority of the fluid will be expelled towards the
path of least resistance than the massflow of fluid towards the annulus
channel and respectively the cement sheath is expressed by,

ṁa = rαṁtot, ṁc = (1− rα)ṁtot, (85)

where lim−→ rα → 1 and is the amount of fluid that is to proceed to the
annulus channel.
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D.3.2 The porous cement sheath

The porous cement sheath is positioned upstream of the cone, arranged
parallel to the annulus channel. The porous sheath is premeditated to
permit interaction from the annulus channel through the porous cement
sheath towards the formation. As the porous cement sheath is fluid satu-
rated, it will constitute a fluid and a solid phase. The significance is that
the total stress in the sheath is associated with an effective stress in the
solid phase, and a fluid pressure in the fluid pore space. The interaction
that will take place in the porous cement sheath is appointed by the ac-
cumulated fluid pressure from the annulus channel, and the discharge
of fluid from the compressed cement sheath, the situation is depicted in
figure 43.

2.

Figure 43: Diffusion of fluid into the porous domain is done with a quadratic velocity
inlet profile Vc(x), a cubic velocity expulsion profileUw(y) and a zero outflow
at the northern interface due to the impermeable nature of the porous medium.
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p(x)cont

p(x)cone

If a velocity field in the cement sheath is estimated with an analytical
expression as shown in appendix D.3.3, than the total stress can be calcu-
lated correspondingly. The effective stress will be calculated with a plane
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strain analysis, as done earlier in (68). Then what remains is the estimation
of the pore pressure that will be explained in the following section.

For a strict incompressible and smooth fluid particle traveling from one
point to another the energy conservation theorem of Bernoulli dictates,

1

ρf

(
p− ρf~gy+

ρfV
2

2

)
= constant, (86)

along a streamline. Here p/ρf is the enthalpy per unit mass, ~gy is the
gravitational energy per unit mass, V2/2 is the absolute kinetic energy V =√
u2 + v2 and ~g = [o,−g]. At this point it is desired to couple this to

describe viscous flow in a porous material. A common way to achieve that
is by application of a Darcy flux. Here it is recognized that the complexity
of fluid flow through porous material and the former two assumptions of a
Bernoulli flow and the combination with a Darcy flux may be considered
a rather bold one. The application throughout the literature is therefore
known as an approximate justification of Darcy’s law [32]. For a Darcy’s
flux the following Bernoulli relation is adopted [61],

q = −
k

µ

d

dn

(
p− ρf~gy+

ρfV
2

2

)
, (87)

where q is a volumetric flow per cross-sectional area [m/s], k is a perme-
ability [m2] and µ is a fluid viscosity [Pa · s]. A fluid mass conservation
principle across the surface of figure 43 can be shown to yield,

−

(
∂ρfqx

∂x
+
∂ρfqy

∂y

)
=
∂ρfn

∂t
. (88)

The horizontal and vertical Darcy flux, given in (87) can be shown to be
equal to,

qx = −
k

µ

∂

∂x

(
p+

ρfV
2

2

)
, qy = −

k

µ

∂

∂y

(
p− ρfgy+

ρfV
2

2

)
. (89)

Performing an individual chain rule for differentiation on each term of
(27) and substituting (88) it can be shown to yield after some calculus,

ρfn (Cn +Cf)
∂p

∂t︸ ︷︷ ︸
Compressibility

=
ρfk

µ

Cf

(
∂p

∂x

)2
+

(
∂p

∂y

)2
︸ ︷︷ ︸

Enthalpy energy

...

... +
∂p

∂x

∂kE
∂x

+
∂p

∂y

∂kE
∂y︸ ︷︷ ︸

Kinetic energy

+
∂p

∂y

∂

∂y
(−ρfgy)︸ ︷︷ ︸

Gravitational energy

 ...

... +
∂2p

∂x2
+
∂2p

∂y2︸ ︷︷ ︸
Enthalpy energy

+
∂2kE
∂x2

+
∂2kE
∂y2︸ ︷︷ ︸

Kinetic energy

+
∂2

∂y2
(−ρfgy)︸ ︷︷ ︸

Gravitational energy

 , (90)
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where kE = 1/2ρfV
2. The factors Cn and Cf represent a compressibility

of the solid and fluid, respectively and are defined by,

Cn =
1

n

∂n

∂p
, Cf =

1

ρf

∂ρf
∂p

. (91)

The expression given in (28) is the governing equation that describes tran-
sient physical flow of fluid through porous cement. There are two un-
known variables in the equation i.e., the pore fluid pressure p and the
fluid velocity V . If an analytical solution is sought for the velocity dis-
tribution throughout the porous cement given in appendix section D.3.3,
than (90) for the pore pressure can be adopted to compute the resulting
pressure field.

The pore pressure is defined by a set of boundary conditions, where
the porous sheath is to be coupled to the annulus domain. Furthermore,
empirical evidence points out that the pore pressure will incorporate (by
part) the behavior imposed by the cone in the expansion process [24][57].
The latter is a suggestion that emphasizes that the cement sheath is in a
saturated state in the course of the expansion process. To that end, the
pressure active in the fluid filled annulus channel will be transmitted as
the sum of the effective stress and fluid pore pressure across the boundary
of the cement sheath. The resulting boundary conditions for the porous
cement sheath are the following,

x = 0, 0 < y < H, p = σtot − σeff,

x =Wc,∞, 0 < y < H, p = p(y)cone, see eq: (126)

0 < x < Wc,∞, y = 0, p = p(x)cont, see eq: (93)

0 < x < Wc,∞, y = H, ∂p/∂y = 0,

(92)

where the total stress σtot will follow from the fluid pressure of the an-
nulus channel (domain #3) and σeff will follow from the a plane strain
solution of the cement sheath (domain #2) shown in (36). The boundary
condition at y = 0 will make sure there is a smooth transition of fluid pore
pressure along the interface of the annulus and the interaction effect of the
growing annulus. The continuity pressure is estimated with a third order
polynomial function and can be shown to appear like,

p(x)cont =
(
p(x = 0,y = 0) + 3∆p (x/Wc,∞)2 − 2∆p (x/Wc,∞)3) ,

∆p = p(x =Wc,∞,y = 0) − p(x = 0,y = 0). (93)

The boundary condition at y = H will for a Darcy flux claim there is no
fluid flux across that interface.

D.3.3 Velocity field in cement sheath

The present section is an extension of section 3.3.1.2 and will present an
assumption and derivation of a velocity field in the cement sheath. The
physical transport of fluid through porous media is analyzed analytically.
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In consideration of continuum theory, the porous medium is modeled as
an interconnected resistance throughout the computational domain. The
consequence is a relative slow moving fluid Re ∼ O(1), that will allow one
to adopt a linear and homogeneous two-dimensional Laplace equation to
prescribe steady state fluid flow and yields,

∂2V

∂x2
+
∂2V

∂y2
= 0, (94)

where V = f(x,y), x ∈ {0,Wc,∞} and y ∈ {0,H}. The porous medium is
depicted in figure 44 with the required boundary conditions applicable
to the porous domain. The problem given in (94) is defined by a set of

2.

Figure 44: Diffusion of fluid into the porous domain is done with a quadratic velocity
inlet profile Vs at the south interface and a cubic velocity expulsion profile
Vw at the west interface.

Vs(x) = V(x, 0)
Wc,∞

H

x
y

V(Wc,∞,y) = 0

Vw(y) = V(0,y)

V(x,H) = 0

non-homogeneous boundary conditions,

x = 0, y : V(0,y) = Vw(y),

x =Wc,∞, y : V(Wc,∞,y) = 0,

x, y = 0 : V(x, 0) = Vs(x),

x, y = H : V(x,H) = 0.

(95)
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A common solution method for the partial differential equation in (94) is
the separation of variables technique. The solution method however, re-
quires homogeneous boundary conditions creating a problem since three
out of the four boundary conditions are non-homogeneous. To circumvent
the problem a superposition principle is adopted where the analysis is
split up into three separate subproblems, where in each part all boundaries
are homogeneous with the exception of one non-homogeneous boundary.
The solution for V(x,y) of (94) eventually is the summation of all non-
homogeneous subproblems,

V(x,y) = V1(x,y) + V2(x,y). (96)

What follows is the application of the separation of variables method to
each subproblem. In the end the former superposition principle is adopted
and the velocity field is presented.

Two subproblems are defined, 1 : the velocity field due to the influx at
the southern wall and 2 : the velocity field due to the expulsion of fluid at
the western wall.

Velocity field BC through southern border

The problem formulation of (94) is adopted where V(x,y) is replaced by V1
and for the present case is defined by the following boundary conditions,

x = 0, y : V1(0,y) = 0,

x =Wc,∞, y : V1(Wc,∞,y) = 0,

x, y = 0 : V1(x, 0) = Vs(x),

x, y = H : V1(x,H) = 0.

(97)

The velocity V1(x,y) is split up into the following separate form V1(x,y) =
X(x)Y(y). Substitution into (94) will lead to,

X(x) ′′ − λX(x) = 0 Y(y) ′′ + λY(y) = 0,

X(0) = X(Wc,∞) = 0 Y(H) = 0.
(98)

The above formulation is incomplete and the sign of λ is of yet undeter-
mined. Considering X(x) it can be shown that λ 6 0 will lead to a zero
solution, and as such the eigenvalue λ > 0 and the corresponding general
solution is given by,

X(x) = Asin
(√
λx
)
+Bcos

(√
λx
)

. (99)

Substitution of the boundary conditions will show that there are an infinite
amount of solutions {1, 2, ...∞} in the following form,

X(x) = sin

(
πnx

Wc,∞
)

, λ =

(
πn

Wc,∞
)2

, n ∈ {1, 2, ...∞}. (100)
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Now the eigenvalue λ is determined, one can substitute the expression
into (98) to end up with,

Y(y) ′′ + (πn/Wc,∞)2 Y = 0,

Y(H) = 0.
(101)

As the eigenvalue is known and the only boundary condition is given at
y = H the following general solution is adopted,

Y(y) = Acosh

(
nπ(y−H)

Wc,∞
)
+Bsinh

(
nπ(y−H)

Wc,∞
)

. (102)

It can be shown that substitution of the boundary condition will lead to
the following half solution,

Y(y) = Bsinh

(
nπ(y−H)

Wc,∞
)

. (103)

The separation of variables technique can get one up to this point. The
derived solution to the partial differential equation (94) for V1(x,y) that
takes into account the three homogeneous boundary conditions is given
by,

V1(x,y) = X(x)Y(y) =
∞∑
n=1

B1,nsin

(
πnx

Wc,∞
)
sinh

(
nπ(y−H)

Wc,∞
)

, (104)

where the variable B1,n will incorporate the final non-homogeneous bound-
ary condition. Substitution of the final boundary condition V1(x, 0) =

Vc(x) into (104) will lead to,

V1(x, 0) = Vs(x) =
∞∑
n=1

B1,nsinh

(
nπ(−H)

Wc,∞
)

︸ ︷︷ ︸
Fourrier sine coefficient

sin

(
πnx

Wc,∞
)

. (105)

To adopt the boundary condition and calculate the value for B1,n a Four-
rier series theory is applied [13], where the former expression is written
as,

B1,nsinh

(
nπ(−H)

Wc,∞
)

=
2

Wc,∞
∫Wc,∞
0

Vs(x)sin

(
πnx

Wc,∞
)
dx. (106)

It turns out that (94) is honored by (97) when the value of Bn is equal to,

B1,n = −
2

Wc,∞sinh(nπHWc,∞
) ∫Wc,∞
0

Vs(x)sin

(
πnx

Wc,∞
)
dx. (107)
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Velocity field BC through western border

The problem formulation of (94) is adopted where V is replaced by V2 and
for the present case is defined by the following boundary conditions,

x = 0, y : V2(0,y) = Vw(y),

x =Wc,∞, y : V2(Wc,∞,y) = 0,

x, y = 0 : V2(x, 0) = 0,

x, y = H : V2(x,H) = 0.

(108)

The velocity V2(x,y) is split up into the following separate form V2(x,y) =
X(x)Y(y). Substitution into (94) will lead to,

X(x) ′′ − λX(x) = 0 Y(y) ′′ + λY(y) = 0,

X(Wc,∞) = 0 Y(0) = Y(H) = 0.
(109)

The above formulation is incomplete and the sign of λ is of yet undeter-
mined. Considering Y(y) it can be shown that λ 6 0 will lead to a zero
solution, and as such the eigenvalue λ > 0 and the corresponding general
solution is given by,

Y(y) = Asin
(√
λy
)
+Bcos

(√
λy
)

. (110)

Substitution of the boundary conditions will show that there are an infinite
amount of solutions {1, 2, ...∞} in the following form,

Y(y) = sin
(πny
H

)
, λ =

(πn
H

)2
, n ∈ {1, 2, ...∞}. (111)

Now the eigenvalue λ is determined, one can substitute the expression
into (109) to end up with,

X(x) ′′ − (πn/H)2 X = 0,

X(Wc,∞) = 0. (112)

As the eigenvalue is known and the only boundary condition is given at
x =Wc,∞ the following general solution is adopted,

X(x) = Acosh

(
nπ(x−Wc,∞)

H

)
+Bsinh

(
nπ(x−Wc,∞)

H

)
. (113)

It can be shown that substitution of the boundary condition will lead to
the following half solution,

X(x) = Bsinh

(
nπ(x−Wc,∞)

H

)
. (114)
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The separation of variables technique can get one up to this point. The
derived solution to the partial differential equation (94) for V2(x,y) that
takes into account the three homogeneous boundary conditions is given
by,

V2(x,y) = X(x)Y(y) =
∞∑
n=1

B2,nsinh

(
nπ(x−Wc,∞)

H

)
sin

(πny
H

)
, (115)

where the variable B2,n will incorporate the final non-homogeneous bound-
ary condition. Substitution of the final boundary condition V1(x, 0) =

Vc(x) into (115) will lead to,

V2(0,y) = Vw(y) =
∞∑
n=1

B2,nsinh

(
nπ(−Wc,∞)

H

)
︸ ︷︷ ︸

Fourrier sine coefficient

sin
(πny
H

)
. (116)

To adopt the boundary condition and calculate the value for B2,n a Four-
rier series theory is applied [13], where the former expression is written
as,

B2,nsinh

(
nπ(−Wc,∞)

H

)
=
2

H

∫H
0

Vw(y)sin
(πny
H

)
dy. (117)

It turns out that (94) is honored by (108) when the value of Bn is equal to,

B2,n = −
2

Hsinh
(
nπWc,∞
H

) ∫H
0

Vw(y)sin
(πny
H

)
dy. (118)

Velocity field solution

The velocity profile through the porous medium is a combination of the
subproblems treated so far. As mentioned before, one can adopt a superpo-
sition principle where one simple performs a summation of the subprob-
lems (96),

V(x,y) =
∞∑
n=1

{
B1,nsin

(
πnx

Wc,∞
)
sinh

(
nπ(y−H)

Wc,∞
)

...

... +B2,nsinh

(
nπ(x−Wc,∞)

H

)
sin

(πny
H

)}
(119)

B1,n = −2/(Wc,∞sinh (nπH/Wc,∞)) ∫Wc,∞
0 Vs(x)sin (πnx/Wc,∞)dx,

B2,n = −2/(Hsinh (nπWc,∞/H)) ∫H0 Vw(y)sin (πny/H)dy,
(120)

Note that (119) is defined in terms of Vs(x) and Vw(y). Additionally note
that this will create the flexibility necessary for a transient process e.g.,
cone migration. Although a steady state solution is sought to simulate
fluid flow, the expression in (119) is to be computed every time step due
to the transient behavior of the system. The flexible boundary conditions
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Figure 45: The velocity field for a given Vs(x) and Vw(y) in an early (left) and further
on (right) developed state of the velocity field. The state of the velocity field is
determined by the pressure built-up in the annulus.

will allow an evaluation of the velocity according to the state of the entire
system. A typical result for two different developed states have been given
in 45.
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D.3.4 Western BC velocity profile in cement sheath

The velocity profile at the Western interface of the cement sheath is im-
posed. Figure 13 indicates a cubical velocity profile. A cubic velocity profile
will provide the necessary flexibility to deal with the pressure gradient in
the annulus, adjacent to the Western boundary of the cement sheath. The
velocity profile imposed is written in terms of the incoming massflux ṁc
along the height H of the column,

Vw(y) =
ṁc

ρfH
(
A
2 + B

3 + C
4

) (A( y
H

)
+B

( y
H

)2
+C

( y
H

)3)
(121)

where ṁc is given in (24) and A,B and C are constants given by,

A =

(
2H− 3δ

δ

)(
H

H− δ

)2
,

B = −

(
2H2 − 3δ2

δ2

)(
H

H− δ

)2
,

C = H

(
H− 2δ

δ2

)(
H

H− δ

)2
, (122)

where {0 < δ < H} is the position of the extremity along the y−axis. For
δ = {1/2} the velocity profile Vw(y) reduces to a quadratic profile and
values δ < {1/3} and δ > {2/3} will allow backflow into the porous sheath.
For ṁc = 0, no flow of fluid will occur in the cement sheath and the kinetic
energy of (28) is reduced to a zero value.

D.3.5 Eastern BC pressure profile in cement sheath

In this section an approximation of the pressure magnitude of the Eastern
interface of the cement sheath, depicted in figure 13 is established and the
pressure profile is determined that is to be adopted as a boundary condi-
tion in the model of section 3.3.1.2. The pressure profile that is adopted
here has taken form after an analysis of former experimental performed
work [24], also treated in appendix section D.4.

An estimate of the pressure profile for prescription of the Eastern inter-
face of the cement layer is started with conservation of fluid momentum,
derived earlier in (45),[

1+ τ

{
1+

nρf
(1−n)ρs

}]
∂v

∂t
= ...

... −
1

ρf

∂p

∂x
−
ng

k
(v− s) −

τ

(1−n)ρs

{
∂σ ′

∂x
+α

∂p

∂x

}
. (123)
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It is required to obtain an estimate for the pore pressure adjacent to the
cone, though accros the cement layer at x = Wc,∞. For that the following
scaling parameters are adopted,

∆v ∼
ṁc

ρfWc,∞e , ∆t ∼
Wc,∞
vc

, ∆x ∼Wc,∞...

... ∆s ∼
Wc,∞e
∆t

, ∆σ ′ ∼ (σr(x =Wc,∞) − σr(x = 0)) , (124)

where ṁc is the massflow through the cement layer, ρf is the density of
fluid in the cement layer, Wc,∞ is the undeformed cement thickness, e is
the compression ratio, vc is the migration speed of the cone and σr is
the radial effective stress obtained in radial equilibrium. Equation (45) is
rewritten with respect to the pressure and scaled down according to the
parameters provided above in (124),

∆p

Wc,∞ ∼ −

(
1

1/ρf + τ/ρ̃s

)[(
1+ τ

{
1+

nρf
ρ̃s

})
∆v

Wc,∞+ ...

...
ng

k
(∆v−∆s) +

τ

ρ̃s

∆σ ′

Wc,∞
]

, (125)

where ρ̃s = (1− n)ρs. The pore pressure drop (increase) over the cement
thickness will determine the magnitude of the pore pressure at x = Wc,∞.
A result is given in figure 46 for four different lengths of the annulus. Two
curves are distinguished, a small constant curve determined by the cone
geometry and a larger variable curve determined by the annulus length.
The presented pore pressure profile is a result of an attempt to mimic the
experimental behavior of the pore pressure recorded in the SmallCabTest
[11]. The pressure profile that is to be imposed on the Eastern interface
provided in the SmallCabTest can be simulated according to a set of se-
quences. For a given total annulus length totalAnnulusLength;

pcone(y) =


fcone, for: y 6 Lc

fannulus, for: y > Lc

, (126)

where,

fcone = cM

[
1− sine

(
πy

2Lc

)2]
,

fannulus = aM

[
1− sine

(
πy

2Lff

)2]
. (127)

Here cM describes the fraction of the magnitude imposed by the cone, aM
is the remaining fraction of the pressure drop magnitude determined ear-
lier in (125), Lc is the length of the cone and Lff is the developed annulus
length determined by Lff = totalAnnulusLength− Lc. The boundary con-
dition is to be updated every time step, to include the continuous changing
annulus length and the pressure drop due to the accumulation of fluid at
the interface of expandable pipe and cement.
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Figure 46: The pore pressure boundary condition on the Western interface of the ce-
ment sheath. The pore pressure profile is given for an annulus length of
[0.35, 0.45, 0.55, 0.65] mtr., respectively. Note the increase of pressure that is
induced within the first 40[mm] of the frame due to the cone indent.

D.3.6 The fluid filled annulus channel

The fluid filled annulus channel is located upstream of the cone, in-between
the porous cement sheath and the expandable pipe. Development of the
annulus channel section will allow determination of the pressure state
throughout the channel, hence assessment of the load imposed on the
expandable pipe. The annulus channel will drain fluid from the 1: com-
pressed cement sheath, and a portion from the 2: porous cement sheath,
visualized in figure 14. The annulus channel will be able to expand in size
in radial (x-coordinate) and longitudinal (y-coordinate) direction. Expan-
sion in radial direction is determined by the fluid pressure in the annulus
channel, while expansion in longitudinal direction is determined by the
evaluation of the hydraulic bond strength and interface stress in the ce-
ment sheath, discussed in section 3.3.1.4.

For a given annulus geometry Ω ∈ {0 < x < w(y)}|{0 < y < H(t,pe)}
5 a general form of the Reynolds equation can be derived to approxi-
mate the fluid pressure in the channel. Here it is assumed that the initial
width/height (w/H) of the channel is in a similar order ∼ O(1), and an ad-
ditional creeping flow is considered Re ∼ O(1). The traditional Reynolds

5 The annulus height is determined by evaluation of pe, a pressure evaluation point that
will be covered below in section 3.3.1.5.
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Figure 47: A pre-existing fluid filled annulus channel between the interface of expandable
pipe and 2: porous cement sheath.

equation requires a solution for the velocity field ~v = {u, v}, wherein the
present case the flow direction is denoted by v (the longitudinal direction),
whereas the velocity component perpendicular to the flow direction is de-
noted by u (the radial direction),

∂u

∂x
+
∂v

∂y
= 0. (128)

For the given assumptions it can be shown that the velocity field ~v can be
approximated by Poisseulle flow approximations,

∂p

∂x
= µ

∂

∂x

(
∂u

∂x

)
,

∂p

∂y
= µ

∂

∂x

(
∂v

∂x

)
, (129)

and is defined by,

x = 0, y : u = ub, v = vb,

x = w(y), y : u = ut(y), v = vt,
(130)

where ut(y) is given in (122) and ub, vb and vt are constants defined
according to the compliance of the tube and migration speed of the cone,
respectively. Solution of these velocity components for u and v, can be
written as,

u(x,y) =
1

µ

[∫x
0

p(x,y)dx−
( x
w

) ∫w
0

p(x,y)dx
]

+
[
1−

( x
w

)]
ub +

( x
w

)
ut(y), (131)

v(x,y) =
1

µ

[∫x
0

fpy(x,y)dx−
( x
w

) ∫w
0

fwpy(x,y)dx
]

+
[
1−

( x
w

)]
vb +

( x
w

)
vt, (132)
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where fpy(x,y) =
∫x
0

(
∂p
∂y

)
dx and fwpy(x,y) =

∫w
0

(
∂p
∂y

)
dx. Substitution

of the velocity field into the continuity equation of (128) will lead to the
general Reynolds equation,

0 =
1

µ

[
p(x,y) −

1

w

∫w
0

p(x,y)dx

−
1

w

∫w
0

fwpy(x,y)dx · ∂x
∂y

− x

∫w
0

fwpy(x,y)dx · ∂
∂y

1

w

−
x

w

∂

∂y

∫w
0

fwpy(x,y)dx+
∂

∂y

∫x
0

fpy(x,y)dx
]

+

(
1

w

∂x

∂y
+ x

∂

∂y

1

w

)
(vt − vb) +

(
Ue(y) − ub

w

)
. (133)

The Reynolds equation is essentially an assembly of the velocity field to de-
termine the pressure distribution through a narrow channel. The Reynolds
equation will be solved with a numerical solver to determine the approxi-
mate pressure field. That would allow a semi-analytical determination of
the flow field with the equations (131) and (132). The Reynolds equation
(133) is defined with the mass conservation principle,

y = 0, x : ∂p/∂y
∣∣
y=0

= f(ṁa),

y = H(t,pe), x : ∂p/∂y
∣∣
y=H

= f(ṁa, ṁc),
(134)

and from a Poiseuille flow approximate solution of equation (129) the inlet
condition can be written according to,

∂p

∂y

∣∣∣∣∣
y=0

=
6µ

w20

[
(vb + vt) − 2

(
ṁa

ρfw0

)]
,

pi,j=1 = ∆y
∂p

∂y

∣∣∣∣∣
i,j=1

+ pi+1,j=1, (135)

where ṁa is the mass flow into the annulus domain, covered in section
3.3.1.1. The outlet condition is obtained by again a mass conservation prin-
ciple (ṁout,a = ṁa + ṁc),∫wL

0

v(y = H, x)dx =
∫w0
0

v(y = 0, x)dx+
∫H
0

u(y, x = w)dy. (136)

For the inlet a pressure gradient is calculated based on the massflow from
(85), while for the outlet the massflow is based upon (84) that includes di-
rect inflow from the compressed domain, and indirect lateral inflow from
the cement sheath domain. It can be shown that the following holds,

∂p

∂y

∣∣∣∣∣
y=H

=
6µ

w2H

[
(vb + vt) − 2

(
ṁa + ṁc
ρfwH

)]
,

pi,j=Ny+1 = H
∂p

∂y

∣∣∣∣∣
i,j=Ny+1

+ pi,j=Ny . (137)
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In these expressions w0 = w(x,y = 0) and wH = w(x,y = H), and thus
the fluid pressure is determined by the system configuration and material
properties that allow fluid to enter the annulus volume. The pressure mag-
nitude present in the fluid filled annulus channel is thus a pre-dominant
function of the deformation imposed by the cone and the interacting for-
mation, portrayed in section 3.3.1.2 and appendix D.3.5.

D.3.7 Annulus width due to elastic formation

An effective stress field for the cement sheath enclosed in between Ri and
Ro is calculated with a plane strain analysis. While the transmission of
fluid pore pressure is referred to earlier in appendix D.3.5. The resulting
stress equilibrium will give the radial displacement ur as a function of the
radius R. Even when the radial displacement at the outer interface is an
unknown quantity, it is known that the cement sheath is in contact with
the formation. There is a continuity that will imply at the East interface
ur(Ro) = ufo, pointed out in figure 15. Considering the latter, the radial
stress and the displacement field can be obtained with the following,

σr =
A

R2
+ 2C, ur =

1+ ν

Ec

[
−
A

R
+ 2(1− 2ν)CR

]
, (138)

with the boundary conditions,

σr(Ri) = σr,i, ur(Ro) = ufo, (139)

where σr,i is the imposed radial stress due to the fluid pressure active in
the annulus. The solution for the radial displacement field is given, the
radial stress is omitted from the text,

ur(R) = R

(
1+ ν

Ec

)

(
Ec
1+ν

)(
ufo
Ro

)
+
(
Ri
Ro

)2
σr,i

(1− 2ν) +
(
RI
Ro

)2


·

(
(1− 2ν) +

(
Ri
R

)2)
−

(
Ri
R

)2
σr,i

]
. (140)

The formation, modeled as an elastic spring-system with elastic modulus
Ef (formation), will deform as a result of the imposed load emanated from
the annulus domain. The deformation is proportional to the spring force
of the formation,

Ffo = kfoufo, (141)

where kfo is the spring stiffness of the formation. The spring stiffness is re-
lated to the dimensions of the cement sheath kfo = Ay/(Ro−Ri)Ef where
Ay is the circumferential surface area of the slice of formation interacting
with the cement sheath Ay = 2πRody. Although ufo is an unknown, it
is possible to estimate the deformation by means of a resultant force that
emanates from the annulus. Than in an iterative picard procedure an equi-
librium is established between the spring force and the resultant force on
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the cement sheath at Ro that will result in a radial displacement, obtained
by the routine,

radialDisplacement = guessValue;

while displacementDifference > thresHold

1: Determine radialStress;

2: Determine springDisplacement;

3: Determine displacementDifference;

4: Determine radialDisplacement = springDisplacement;

5: Determine counter = counter + 1;

end

where the thresHold value is set to 1e− 10. Note that the radius R will
increase with channel expansion.
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D.4 annulus model compared to "smallcabtest"

Performance of the annulus model as presented in section 3.3 is tested here
where it is compared to former performed experimental work, known by
the SmallCabTest [24].

The SmallCabTest is an experiment performed in Rijswijk to support
the development of the Cap and Pull system and to investigate the failure
mechanism associated with the system. The experiment is constructed af-
ter observation of high forces in the field trial of the Cameron TX test well.
In the SmallCabTest it was observed that for insufficient drainage of the
cement sheath at time of expansion a potential pipe collapse may occur.

The expansion process is performed with an expandable pipe surrounded
with cement, and the cement surrounded with a host pipe under so-called
fixed-fixed conditions. Thereupon the top of the uniaxial system is sealed
with a (drainable) flange and after an initial expansion the bottom of the
system is sealed with a impermeable flange. At a certain length of the
cement column Hy fluid pressure measurements have been performed in
the cement sheath as depicted in figure 48. Evaluation of figure 11 and

Figure 48: In former performed experimental work the pressure is measured in the out-
side of the cement sheath by means of pressure gauges that were positioned
at a certain length Hy of the cement column. And moreover, instead of an
experiment performed in a soil formation, the experiment is performed in a
host pipe as substitute for a soil formation.

Hy

likewise figure 48 will point out that that the SmallCabTest is not an ex-
pansion test with a soil formation, but with a host pipe as substitution
of a soil formation. The consequence for comparison of the SmallCabTest
with the numerical annulus model of section 3.3 is a minor adjustment to
incorporate a host pipe, instead of a soil formation.

The experiments eligible for comparison with the numerical annulus
model were those that had a cement sheath in between expandable pipe
and host pipe, contained drain holes that would allow fluid to be drained
and had pressure gauges installed to measure the pressure. A numerical
overview is given in table 19. Herein a radial cement strain is included
that will distinguish each experiment and is obtained by the following,

strain = 1−

(
innerRadiusHost− outerRadiusPostExp

undeformedCementThickness

)
. (142)

The corresponding graph is given in figure 49 for the four different per-
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name Hy [mm] p exp. [bar] p num. [bar] ∆ [%] strain [%]

test 7 400 279 506 81 27.86

test 9a 400 475 533 12 31.86

test 9b 200 470 546 16 31.36

test 11 400 765 796 4 42.25

Table 19: Numerical overview of the SmallCabTest for four different performed experi-
ments wherein the position of the pressure gauge is given, the experimental
and numerical response of the pressure gauge, the percentile difference of the
aforementioned pressures, and the radial cement strain.

formed experiments. An initial comparison of the SmallCabTest and the
numerical model will reveal that an overestimation (varies from 4-81%) is
visible for the performed experiments, although the numerical model is
able to predict the trend captured in the SmallCabTest.
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Figure 49: Performance of the numerical annulus model compared to the former per-
formed experimental SmallCabTest [24]. Shown is the fluid pressure measured
in the cement sheath where the experimental result is marked by the darker col-
ored symbols, and the numerical result marked by gray lighter colored symbols.
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D.5 estimation of the expansion force

It is desired to determine an estimate for the expansion force. The expan-
sion force is related to the radial load and contact force imposed by the
cone on the tube system. A situation sketch is given in figure 50. The
starting point is given in equation (36), whereas in the present case the
following boundary conditions are adopted,

ur(R = R1) = x1, ur(R = R2) = x2,

ur(R = R2) = x2, ur(R = R3) = x3,

ur(R = R3) = x3, ur(R = R4) = x4,

(143)

where the deformation at the interface at (R = R1) of the expandable pipe
will follow from the deformation imposed by the cone.
If each domain is considered separately, while for now the displacement
x1, x2, x3, and x4 at this point are considered known than a stress-displacement
solution for a single domain will suffice to predict the remainder. A solu-
tion in the following form is sought,

ur(R) = C1R+
C2
R

, (144)

than the following solution is found, for every respective domain,

ur(R) =

(
xoRo − xiRi

R2o − R
2
i

)
R+

(
Ri
R

)
xi...

... −
(

R2i
R2o − R

2
i

)(
xoRo − xiRi

R

)
, (145)

σr(R) =

(
xoRo − xiRi

R2o − R
2
i

)((
E

1− ν

)
+

(
E

1+ ν

)(
Ri
R

)2)
...

... −
(

E

1+ ν

)(
xiRi
R2

)
. (146)

Stress-deformation equilibrium given above is adopted in the expandable
pipe, the cement layer and the formation pipe.
Considering each respective domain, the system is a coupled system that is
simplified with respect to a mass or interface and spring system, depicted
in figure 51. The mass-spring system of figure 51 can be written in the
following mathmatical form,

k1 −k1 0 0

−k1 k1 + k2 −k2 0

0 −k2 k2 + k3 −k3

0 0 −k3 k3



x1

x2

x3

x4

 =


f1

f2

f3

f4

 , (147)
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Figure 50: Left side is shown the expandable tube surrounded by a layer of cement that
is surrounded by a formation or host pipe. Right side is shown the cone mov-
ing through the expandable liner and the force components relevant in this
problem.

k1 k2 k3
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Figure 51: The expandable pipe, cement layer and the formation pipe simplified to a mass-
spring system. The variables x1, x2, x3, and x4, refer to the displacement of
the inner radius expandable, outer radius expandable or inner radius cement,
outer radius cement or inner formation and outer formation radius, respec-
tively in [m]. The variables k1, k2 and k3 refer to the stiffness of the expand-
able pipe, cement sheath and formation pipe, respectively in [N/m].

where three resistances (k1,k2,k3) are considered that denote the expand-
able pipe (1), cement layer (2) and formation pipe (3). The material stiffness
is estimated with regards to the elastic moduli of the respective material,

k1 = 2π∆y

(
R2 − R1
R2

)
Ee, k2 = 2π∆y

(
R3 − R2
R3

)
Ec,

k3 = 2π∆y

(
R4 − R3
R4

)
Ef. (148)

Now it is desired to determine the displacement of every interface. Con-
sequently, the displacement variables in equation (146) are separated and
written towards a matrix notation with respect to the former determined
matrix (147),

f1

f2

f3

f4

 =


σ̂1,1A1 σ̂1,2A2 σ̂1,3A3 σ̂1,4A4

σ̂2,1A1 σ̂2,2A2 σ̂2,3A3 σ̂2,4A4

σ̂3,1A1 σ̂3,2A2 σ̂3,3A3 σ̂3,4A4

σ̂4,1A1 σ̂4,2A2 σ̂4,3A3 σ̂4,4A4



x1

x2

x3

x4

 , (149)
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Now equation (147) and equation (149) are equal and can be solved ac-
cordingly,

k1 − σ̂1,1A1 −k1 − σ̂1,2A2 −σ̂1,3A3 −σ̂1,4A4

−k1 − σ̂2,1A1 k1 + k2 − σ̂2,2A2 −k2 − σ̂2,3A3 −σ̂2,4A4

−σ̂3,1A1 −k2 − σ̂3,2A2 k2 + k3 − σ̂3,3A3 −k3 − σ̂3,4A4

−σ̂4,1A1 −σ̂4,2A2 −k3 − σ̂4,3A3 k3 − σ̂4,4A4



·


x1

x2

x3

x4

 = ~0, (150)

leading to a well defined system of equations. Once the displacement is
known the total radial force contribution can be determined subsequently
with a resulting force expression, given by,

Fr = −
(R1 + x1,∞) − (R4 + x4,∞)
Rexp + Rcem + Rform

(151)

where the resistances are given by,

Rexp =
1
2
([R2 + x2] + [R1 + x1])

2πk1(x2 − x1)∆y(R1/(R2 − R1))2
,

Rcem =
1
2
([R3 + x3] + [R2 + x2])

2πk2(x3 − x2)∆y(R2/(R3 − R2))2
,

Rform =
1
2
([R4 + x4] + [R3 + x3])

2πk3(x4 − x3)∆y(R3/(R4 − R3))2
. (152)

Inspection of figure 50 will reveal that once the radial load (Fr) is known
and where the contact force (Fc) is related to the expansion force (Fe),
than an expression can be obtained for the expansion force. To compute
the expansion force (Fe) the square of the considered forces will yield the
contact force (Fc),

F2c = F
2
r + F

2
e. (153)

The radial force follows from an expression of a resulting radial stress
(151), whereas the contact force will follow from the expansion force [37],

σc =
Fc

Ac
, σc =

Fe

Ae
, → Fe =

(
Ae

Ac

)
Fc. (154)

If the computation of the expansion is considered to be a discrete problem
divided into Ny smaller problems and the above expression is rewritten
with respect to the contact force (Fc) and substituted in (153) an expression
will follow for the expansion force (Fe), where

(
Fe =

∑Ny
j=1 Fe,j

)
,

Fe.j =

√√√√( F2r,j(
Ac,j/Ae,j

)2
− 1

)
. (155)
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and the contact surfaces Ac =
∑Ny
j=1Ac,j and expansion surfaces Ae =∑Ny

j=1Ae,j are defined by,

Ac,j = π(Rex,j+1 + Rex,j) ·
√
∆y2 + (Rex,j+1 − Rex,j)2,

Ae,j = π(R
2
ex,j+1 − R

2
ex,j) · (1+ µcot(αj)). (156)

Note that the former indicates that the cone is divided in Lc/∆y elements
Ny, where Lc is the length of the cone. The radii Rex,j denotes the cone
shape profile and the displacement of the expandable pipe as a result, that
is approximated with a second order polynomial function,

Rex,j = coneProfile(yj) +
1

2
(x1,j + x2,j). (157)

Furthermore µ is the friction coefficient set to 0.05, that originates from
Kupresan [37] and is related to the adopted lubricant in the expansion
process.
Approximate material property values shown in table 20 have been in-
cluded that feature the SmallCabTest, an earlier performed experiment. For

Variable Name Unit Value

Ec elastic modulus cement [GPa] 1.00

Ee elastic modulus expandable [GPa] 210.00

Ef elastic modulus formation [GPa] 100.00

Lc length cone [mm] 80.00

R1 inner radius expandable [mm] 30.15

R2 outer radius expandable [mm] 33.15

R3 outer radius cement [mm] [46.30,44.50,40.80]

R4 outer radius formation [mm] 50.80

WTe wall thickness expandable [mm] 3.00

WTf wall thickness formation [mm] [4.50,6.30,10.00]

µ friction coefficient [-] 0.05

ν poisson ratio [-] 0.15

Table 20: Dimensions and material property values that feature the SmallCabTest per-
formed earlier within Shell [24] that have been adopted for the present numeri-
cal model for expansion force computation.

the preset settings of table 20 the displacement [x1, x2, x3, x4] of the inter-
faces are obtained and are shown in figure 52. Note that the undashed lines
depict the undeformed state, wheras the dashed lines depict the deformed
state. With the displacements of the interfaces known, the radial force (Fr)

and as a result the expansion force (Fe) can be computed with (151) and
(155), respectively. Integration of the expansion force over each element
∆y will give an estimation of the total expansion force, that is to be com-
pared to the SmallCabTest experiment. Figure 53 presents the expansion
force measured in the SmallCabTest experiment [24] and the comparison
with the current expansionModel. Numerical data of figure 52 and figure 53
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Figure 52: A quarter of the cylindrical setup as shown earlier in figure 50. The original
setup cylindrical setting i.e., the expandable pipe, the cement layer and the
formation pipe is shown with the undashed black line. The maximum deformed
state with a WTf = 6.3[mm] is shown with the dashed lines.

is given in table 21. The table will provide additional values for the radial
force neccesary to make the expansion possible.
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Figure 53: The measured expansion forces from the SmallCabTest for the four applicable
and relevant tests; [test#7, test#9, test#9a, test#11]. These measured expan-
sion forces are compared to the computed expansion forces of the expansion-
Model. Corresponding numerical data is provided below in table format.

Variable Unit test #7 test #9 test #9a test #11

WTc [mm] 16.15 14.35 14.35 10.65

WTe [mm] 3.00 3.00 3.00 3.00

WTf [mm] 4.50 6.30 6.30 10.00

x1 [mm] 5.01 5.02 5.02 5.00

x2 [mm] 4.83 4.84 4.84 4.83

x3 [mm] 3.62 3.38 3.38 2.83

x4 [mm] 3.51 3.22 3.22 2.61

Fr [kN] 652.42 777.13 777.13 1164.69

Fe [kN] 136.78 163.48 163.48 244.92

Fe (SmallCabTest) [kN] 137.00 165.00 165.00 243.00

Table 21: Numerical data of figure 52 and figure 53 with additional values of the radial
force (Fr). The variables [x1..x4] refer to the interface displacement, and WTc
is the cement layer thickness. The expansion force (Fe) (SmallCabTest) is the
experimental result [24].
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P D E N G P R O G R A M

The following is an overview of the PDEng courses that are fulfilled as a
requirement for the program. The table covers 12 different items of which
item #1-#4 are obligatory courses, and the remainder are elective courses.
Additionally, item #7 is a capita selecta, that is a self-defined course accred-
ited by the PDEng supervisor and the content is an assembly of section 3.3
and section D.5 in the appendix.

N Course Credits Done Not done

#1 systems engineering 7.5 x

#2 design methodology 7.5 x

#3 failure mechanics and life pred. 6 x

#4 structural health and condition 6 x

#5 computational fluid dynamics 5 x

#6 programming in engineering 3 x

#7 capita selecta 13 x

#8 analytical storytelling 0.5 x

#9 presenting 1.0 x

#10 spanish one + two 2.0 x

#11 discrete particle interaction 1.0 x

#12 professional effectiveness 2.0 x

54.5 54.5 0.0

PDEng project 68 x

122.5 122.5 0.0

Table 22: An overview of courses in the PDEng program.
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