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ABSTRACT
Based on finite strain theory and adaptive time stepping method, the numerical
procedures which can simulate the seabed pullout resistance are developed and then
validated by the model tests. In numerical simulations, two adaptive time stepping
methods are adopted. One is according to the velocity of convergence, named
heuristic stepping. The other is based on the truncation error estimation in temporal
discretization (ATSTE). In experiments, a simple device is designed to generate
different loading rate by the velocity of flowing water and to keep the sustaining
loading by the given water weight. Using the loading system, short term and long
term pullout tests are conducted. Then the seabed resistance and seabed suction force
are investigated by numerical simulations and experiments.
The results show that: Time step size influences the progress of the numerical
calculations. Larger time step size is easier to cause unconvergence and calculating
interruption, while shorter time step size can get accurate results but costs more
computation time. It is found that using two proposed adaptive time stepping methods
can arrange the time step size reasonably and improve calculation efficiency so well.
Through the proposed adaptive stepping method, the numerical results agree well with
the experimental results.
In the short term pullout, transient loading is applied. The peak pullout force
increases as the increase of the buried depth; the negative pore water pressure, which
is the main part of suction force and the main resistance force to the structure uplift
process. It is concentrated under the structure and diffuses to the distance. As the
increase of penetration depth, the depth of negative pore water pressure area increases,
which means that it can provide a larger suction force. The partial soil failure is found
to be around the edges of the structure.
In the long term pullout, sustaining force is applied. As the increase of sustaining
force magnitude, the vertical displacement increases more quickly, the pullout time
also gets shorter. The partial soil failure is found to be underneath the structure.
Through the study of permeability, it is found that it has a significant influence on
the long term pullout as it is a time dependent process. For short term pullout, the
I
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influence of permeability is not obvious to the peak resistance. the vertical
displacement behavior is almost same, therefore, undrained condition can be assumed.

Keywords: Pullout resistance; Adaptive stepping; Mobile platform; Negative pore
pressure
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NOTATION
Notation

Meaning
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Time step
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Pore water acceleration
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Mixture density
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Fluid phase density
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ρ sR

Solid phase intrinsic density
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ρ wR

Fluid phase intrinsic density
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n
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e

Void ratio
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σ

Total stress

Pa
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Effective stress

Pa
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Body force

N

δ ij

Kronecker symbol

X
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De

Hessian matrix
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Yield function
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Plastic potential function
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Critical stress ratio

κ

Swelling index

λ

Compression index
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Soil permeability coefficient
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Prescribed displacement at boundary

m
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Prescribed traction vector at the boundary
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Prescribed pore water pressure at the boundary
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Shape function
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Newmark -β parameter

β
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Absolute error
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ξu

Relative error
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u
ξ TOL

Error tolerance
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Old time step size
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New time step size

η

Time step adjustment factor

ηmin

Minimum of time step adjustment factor
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Maximum of time step adjustment factor
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Chapter 1 Introduction

CHAPTER 1
INTRODUCTION
1.1 Research background
As the development of marine resource exploration, various offshore facilities are
built to be at the service of humanity. The most important facility is the offshore
platform from the coastal to deep sea, which is designed depending on its purpose and
the working environment. At present, the platform can be broadly divided into several
categories: fixed platform, compliant towers, semi-submersible platform, jack-up
platform, drill-ships, floating production system and tension-leg platform. And many
new types of structures are extensively used in offshore engineering, such as mobile
platforms, suction caissons, anchors, spudcans and so on. For those offshore structures,
there are many challenges in geotechnical engineering, such as the site investigation,
interaction between structure and seabed soil and so on [1,2].

Fig. 1.1 A typical jack-up unit (Williams[3])
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Fig. 1.1 shows a typical three legged jack-up platform. It consists of a buoyant
hull and a number of movable legs. The buoyant hull enables transportation to a
desired location. The legs can penetrate into the seabed soil and support the upper
platform. When completing the work and moving to another location, it will drop the
platform body, pullout the legs and haul to place of delivery.
In this research, we will focus on a special jack-up platform, which is built to
serve for the construction of wind turbine farms located in the offshore seabed. It is
well known that the wind turbine is widely used in the world, which can translate the
wind power to electrical energy. Some wind turbines are built on the mountains while
others are built in the offshore seas to catch the high quality wind resource. The wind
turbine on the mountains is relatively easy to be built, however the wind turbine in the
offshore sea is difficult for the construction. Therefore, the professional mobile
installation platforms are needed. Fig. 1.2 shows a wind turbine installation platform,
with four legs and working for the wind farm service in Nantong city of China.

Fig. 1.2 Jack-up installation platform (Nantong city, China)

Jack-up platform is the most popular platform in the world. However, this kind of
platform can only be placed in relatively shallow water, generally less than 120m of
water. Jack-up platforms are generally of two types: fixed platforms are fixed at a
location and are therefore used for long-term exploration, whereas, mobile platforms,
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such as the wind turbine installation platform, can be moved and reutilized and are
therefore used for short-term work. As the technological progress and the concept of
energy conservation, the mobile platform is more and more favored and popular
worldwide. Their use involves many geotechnical engineering challenges such as, site
investigation and interaction between the structure and the seabed soil [4]. In this paper,
we will present a special platform which is mobile and working for offshore wind
turbine installation. Fig. 1.3 shows the working processes of a mobile jack up
construction platform.

Fig. 1.3 Working process of a mobile platform

There are three working processes.
(1) Penetration process:
When the jack-up platform arrives at the working location, the hull floating on the
water, the legs are jacked down to the sea floor. In the penetration process, the
buoyancy force Fb is smaller than the platform’s self-gravity G and the differential
force G-Fb is larger than the seabed resistance force, G-Fb > nFs , where n is the
number of the platform’s leg and Fs is the resistance force per leg , then the
platform’s leg is penetrated into the seabed.
(2) Operation process:
After pre-loading, the platform can stand on the seabed stably and operate safely.
In this process, the equilibrium expression is
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G+Ft = nFs

(1.1)

Where Ft is working load, which is external load on the platform. In this process,
the platform should be stable and reliable to overcome static and dynamic load, such
as the wind load, wave load and equipment vibrations.
(3) Pullout process.
When changing the work location, the platform should put down the hull to the
water surface and pullout the legs. The modern jacking system uses a rack and pinion
system. The pinion is driven by hydraulic or electric motors. In this process, the
buoyancy force Fb is larger than the platform’s self-weight. We can define the
pullout force is equal to Fb − G . It consists side friction force, bottom adhesion force
and base negative pore water pressure. As the increase of the buoyancy force, the
pullout force increases and overcomes the seabed resistance force nFs finally. When
the vertical force reach the peak capacity, the structure and the seabed soil will
separate, the downward resistance disappears in a short time. In that case, the large
impulse force will case huge damage to the structure and the equipment. This
phenomenon is called breakout phenomenon. According to this issue, some
researchers have done a lot of work in model tests, empirical prediction and numerical
simulations. We will discuss in the following part. After pullout the legs, the platform
will go to the next working place by tugboat or by itself.
The capacities of these structures during the penetration, operation and removal
processes are crucial issue for the engineers. Using the literature database “Web of
Science”, the relevant research about “Jack up platform” in searched and analyzed.
Fig. 1.4 shows the literature number published every year, and Fig. 1.5 shows the
literature number cited every year. It is found that the jack up platform is a hot topic in
the past twenty years with an increasing number of researchers who join in this
research area.
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Fig. 1.4 The literature number published every year

Fig. 1.5 The literature number cited every year

From the previous researches, many studies have focused on the penetration and
operation processes in complicated marine environments

[5-9]

. Lin

[10]

discussed the

wind load on the jack-up unit by wind tunnel test and numerical simulations. Qiu

[11]

performed numerical simulations on the spudcan penetration process using Coupled
Eulerian-Lagrangian method. The “punch-through” behavior is obviously presented
from three dimensional finite element analyses. However, relatively few studies have
focused on the pullout process. In the practical engineering, it has been recognized
that the forces needed to withdraw the objects from the sea bottom are greater than the
submerged weight of the bodies. Sometimes, it is difficult to pullout the platform’s leg
due to the holding resistance of the seabed soil. To bridge this gap, in this study, the
pullout resistance is investigated through model tests and numerical simulations.
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1.2 Reviews of the model tests and analytical equations
1.2.1 Field test
The most pioneer and famous field tests are performed by U.S Naval Civil
Engineering Laboratory (NCEL) at Port Hueneme, California during 1965-1968. The
purpose is to solve the problem in the operation and rescue of submarines and sunken
ships. From these field tests, Muga[12],Liu[13], Mei[14] analysis the data and simplify
the affecting parameters, proposed an empirical formula relating the breakout force
and breakout time. Liu[13] also suggested three possible mechanisms for breakout: (1)
Soil shear failure. When the soil interior shear stress exceeds the yield strength, a local
failure may occur, casing stress concentration in the vicinity of the failure point and a
crack line from the first failure spot; (2) Soil tension failure. When the top layer is fine
clay, the saturation diminishes the cohesive strength of the mud. (3) Failure of
adhesion between soil and the object. When the object surface is smooth or the top
soil is sandy.
Based on the field tests, Muga (1968)[12] assumed the soil to be elastic continuum
and reported a numerical theory which was aimed at the shear failure mechanism.
Vesic (1971)[15] discussed the effects of soil remolding, soil adhesion, the character
and the rate of the loading, soil liquidity and so on. The investigation of the influence
factor is important and useful, however, the insufficient is that the obtained
conclusions are qualitative.
Then, Lee (1972)[16] firstly separated the breakout problem into two sub-problems,
immediate breakout and long-term breakout. The immediate breakout is in undrained
loading conditions, the load is applied rapidly and the breakout happens in a short
time. Long-term breakout is corresponds to partially drained and shear creep loading.
Compare these two problems, long-term breakout is more economical just to apply a
small force and wait for a period of time. And immediate breakout always requires
large equipment to achieve.
Foda(1982)[17] based on Biot’s theory of poro-elasticity, gave us a time dependent
analytical solution using boundary-layer approximation. It was assumed to be a
problem with special boundary conditions and with a uniform gap between the object
and seabed. The disadvantage of this method is complicated for engineers.
Mei(1985)[14] modified Foda’s theory, proposed a more simple model that the seabed
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is porous and rigid, to deal with the loss of adhesion in the interface. And he also
extended the gap from uniform gap (in Foda’s model) to wedged gap.
1.2.2 Empirical and analytical equations
From the site and model test, the main conclusion is that the soil suction force
plays a main role to the pullout resistance. And many empirical and theoretical
equations are proposed to estimate the pullout force.
In Poinc’s book[18], he gave a very simple empirical equation to estimate the peak
pullout force F.

F= (1 + k p )G

(1.2)

Where G is structure weight, k p is the coefficient according to the seabed soil. For
coarse sand, k p =0.05-0.1, for fine sand, k p =0.15-0.20, for clay, k p =0.25-0.45. This
equation considers the soil type and the structure weight. Sometimes, it cannot
estimate the peak pullout accurately.
Muga’s equation [12] is shown as:
F= G′ + 0.81Aqu

(1.3)

Where, G′ is effective qu is soil bearing capacity.
Lee’s

[16]

analyzed the field test data and suggested a correlation between pullout

capacity Fb and compressive bearing capacity Fq , which is expressed as:

Fb =
1.5 A[(1 − 0.97e
5Su (1 + 0.2
Fq =

−2.75 D f / B

) Fq ] + G′

Df

B
)(1 + 0.2 )
B
L

(1.4)

(1.5)

Where, Su is soil undrained soil strength, B is the object width, L is the length of the
object, D f represents the embedment depth.
Finn and Byrne (1972)

[19]

also modified the foundation bearing capacity theory

and provided an equation to estimate rapid uplift force in undrained condition.
Fb =( Su N c − ρ ′D f ) A + G′

(1.6)

Where, N c is bearing capacity factor which depends on the shape of the foundation,

ρ ′ , the submerged unit weight.
7

Experimental and Numerical Studies of Seabed Pullout Resistance on Quadrate Foundation

Rapoport. V, Young. A (1985)[20] also modified the foundation bearing capacity
theory for immediate breakout.
qb =
K c cN c + Kγ γ ′BNγ − K qγ ′DN q

(1.7)

Where, K c、Kγ 、K q are shape coefficient, N c、N γ 、N q are bearing capacity
coefficient.
1.2.3 Model test
Except for the field tests, many 1g and ng centrifuge model tests were conducted.
Sawicki[21] did 1g test and proposed a theoretical model assuming the problem is one
dimensional, two phase medium and elastic. The breakout phenomenon was explained
as a sudden release of the object lying on the seabed.
In the reference

[22]

it shows the recent contributions of geotechnical centrifuge

test to understand the jack-up platform’s behaviors, including penetration, operation
and extraction processes. Craig 1990[23], summarize the past research and tested the
penetration and uplift behavior of jack-up foundations in centrifuge. From the
experiment, he presented the loading-displacement relationship and the pore water
pressure response. It is found that the undrained breakout force is related to the
penetration ratio and previous compressive loading history. The study firstly
demonstrated the presence of base suction wen extracting a spudcan, however, factors
affecting the base suction and its contribution to the breakout force were not discussed.
Purwana (2005)[24] did a series of centrifuge test to investigate the jack-up spudcan
extraction resistance, and discussed the influence of base suction. It is found that, pore
water pressure developed to negative at the spudcan base. The increase of breakout
resistance with longer operation periods is mainly due to the increase of base suction.
The suction force is related to the consolidation degree. In Purwana’s PhD thesis

[25]

,

he completely analyzed the subject of extraction process
The University of Western Australia Offshore Foundation Center conducted a
series of centrifuge tests on various offshore foundations, such as suction caissons,
spudcans, and skirt mudmats to test the pullout behavior of offshore structures.
Shallow skirted foundations are attractive for its excellent performance in overcoming
the overturning or buoyancy loadings. In this case, the bottom suction force is
beneficial to the offshore structures. Gourvenec (2009)[26] compared the transient and
sustained concentric loadings. Then, Acosta-Martinez[27-30] did a series model tests to
8
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study the uplift capacities of shallow skirted foundation in clay, considering different
situations such as compression and tension, eccentric loading, transient and sustained
uplift, cyclic uplift loading, the effect of gapping and so on. They found that for short
term loading, reverse end bearing capacity was suitable in uplift, although the uplift
capacity was found to be approximately 70% of the undrained compression capacity.
Under sustained uplift, a certain percentage of undrained capacity was applied and the
uplift force will maintained for weeks or for years without significance displacements.
The uplift with an eccentricity has been proved that it will case a detrimental effect on
the transient and sustained capacities, the pullout resistance will be reduced, therefore,
it should be considered carefully in the design. Besides that, Lehane (2008)[31] tested
the influence of loading rate and loading inclination on the vertical uplift capacity of
footings found in clay, it is found that high uplift resistance are mobilized at high
velocities, but these require a displacement of up to 10% of the footing width. Chen
(2012)[32] investigated the deep water mudmats uplift capacity, and found that for
undrained conditions the uplift resistance can be assessed using conventional bearing
capacity theory, for partial drained conditions, it may limited applications offshore
due to the longer time to achieve full removal. Consequently, an alternative method is
eccentric uplift to reduce the uplift resistance.
Furthermore, Gaudin(2011)[33] proposed a bottom water jetting system to ease the
suction force at the bottom of the foundation. Jetting system which is controlled by
jetting flow rate and jetting pressure is advanced for the jack-up platform. For the
undrained uplift situations, the jetting system can reduce the extraction resistance,
however, in partially drained conditions, jetting becomes inefficient.
From the previous model test studies, the pullout process can be distinguished as
a short term pullout or a long term pullout. For the short term pullout, it is also named
transient pullout or undrained pullout, which can be considered a reverse foundation
bearing capacity

[34]

or a breakout process

[24,35]

. For the long term pullout, it is also

named sustaining pullout or partial drained pullout, the pullout process can be
considered a seepage problem. The seabed resistance force can be defined as the
different force between the vertical pull force and the weight of the structure. For
special shapes, such as spudcan, the resistance force is considered to consist of the
upper overlying pressure and bottom suction

[24]

. On the other hand, for

semi-submersible rectangular legs, the resistance force is considered to consist of only
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the base suction and the side friction.
The pullout resistance is influenced by loading rate, loading inclination, buried
depth and so on. Besides, the test performed under load control or displacement
control is also important. In the past research, displacement control was in the
majority due to its easy to be implemented. In this thesis, the experimental tests are
also conducted, and a load control system is designed using the velocity of flowing
water. Using the loading system, transient and sustaining loading can be applied. To
ignore the upper soil resistance, a semi-submerged quadrate foundation is selected and
investigated to understand the base suction force.
1.3 Reviews of the numerical simulations
Many experimental and theoretical studies have aimed to explain the pullout
phenomenon. The pullout and breakout mechanisms are obtained in different uplift
conditions. Because the complexity of the breakout phenomenon, very few numerical
and analysis models can be found in the public domain. However same approximate
methods can be found.
Based on the pre-performed model tests, some researchers developed numerical
methods to simulate the breakout behavior. Al-shamrani[34] conducted the finite
analysis of breakout force, using a time-dependent bounding surface model and
nonlinear stress-strain material for the cohesive soils. The numerical results are upper
limit of the breakout force while assumed that no separation of the object and the
surrounding soil. The mechanism of the pullout is similar to the conversional bearing
capacity, but there are still some differences between them.
Hung[36] studied the lifting an object from rigid porous seabed using analytical
approach and Brinkman flow assumption. It is simplified to be a boundary value
problem and obtained the water flow in the porous seabed during the uplift process.
Sawicki and Mierczynski[35] suggested that the breakout process could be consist
of two stages, no-gape stage and with-gape stage. During the first stage, the object is
lying on the seabed without a gap between them. After soil effective stress is unloaded
to zero, a tiny gap exists between the object and the seabed soil. And a one
dimensional analysis model is proposed.
In Zhou’s Doctoral thesis [37], he summarized the past research and distinguish the
breakout analysis methods into without soil failure and with soil failure two categories.
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Then, Zhou (2008)

[38]

extended Sawicki and Mierczynski’s theory by using Biot’s

theory from one dimension to two dimension, and separated the breakout process into
three stages, no-gap stage, transition stage and with-gap stage. Assumed the elastic
porous seabed, established the governing equations for three stages. By solving a
consolidation problem subjected to interface boundary condition, simulate the
breakout process. Zhou (2009) [39] also analysis the pullout of the spudcans, assuming
small-strain in the finite element model and using the hybrid and enhanced finite
element methods with bi-linear interpolations, extended to Cam clay constitutive
model to simulate the kaolin clay in the seabed. The spudcan was assumed to be
“wished in place”. The finite element model was verified by back-analyzing the
centrifuge tests conducted by Purwana[24,25]. In his research, he found that during the
extraction, the resistance from the spudcan base was the domain resistance, and the
base resistance equaled to the suction force (downward) plus the effective force in the
soil (upward). So that the suction force greatly influenced the extraction of the
spudcan. The influence of waiting time was also presented that the breakout force
increased with the increase of waiting time, which is attributable mainly to increase of
base suction force.
Ahn

[40]

and Hung

[41]

used commercial software ABAQUS to simulate the

vertical holding capacities of bucket foundation and suction caisson respectively. The
soil was assumed as the undrained condition and the relationship between vertical
force and displacement was investigated. The holding resistance comes from the soil
bearing capacity and the base suction force is not considered in their research. But for
the complicated combined loads, the capacity envelop was obtained. For the spudcan
foundation , Martin

[42]

also conducted the combined loading ( V , M , H ) conditions.

For the anchors, the pullout resistance is also encountered in the coastal region.
The determination of suction force and the breakout force is very important in the
selection of lifting equipment in the salvage or deciding the size of the anchors. Many
researches can be found about the anchor pullout capacity. Dyvik[43] and Andersen[44]
presented four field test on the suction anchors, including static and cyclic loading
tests. Singh

[45,46]

investigated the effect of shape on hold capacity and discussed the

contribution of suction force to the undrained breakout capacity. Kumar

[47]

used

lower bound finite element limit analysis and determined the vertical uplift resistance
of a group of two coaxial trip anchor plates embedded in a cohesive frictional soil.
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From the reviews of numerical studies, the undrained condition is generally
assumed and the suction force is discussed but difficult to describe. In the thesis, the
numerical method is developed to simulate the base suction. We applied solid-fluid
theory and developed two adaptive time stepping methods to deal with the
non-convergence problems. Through the validation, the numerical results and the
experimental results are compared. Moreover, the mechanism of the seabed resistance
is studied.
1.2 The motivation of this research
The purpose of this paper is to estimate the resistance capacities of seabed soil
during the removal of shallow sea platforms. On the background of a wind turbine
installation platform, working states, a simple quadrate structure is studied trough
model test and numerical simulations to understand the pullout process of the
platform’s legs. From the previous researches, the suction force is the main resistance
acting on the platform’s legs. Therefore, the negative pore water pressure as well as
the vertical displacement and pullout time are concerned.
In the model test, a simple device was designed to realize short term and long
term pullout. Transient and sustaining force are generated by flowing water and
applied in short and long term pullout respectively. Three different penetration depths
are preset to investigate its influence to the depth of negative pore water pressure area
and the peak seabed resistance.
In the numerical simulation, solid-fluid coupled method is adopted to analysis the
saturated soil. Besides that, we developed two automatic time stepping methods which
can deal with the un-convergence problem and improve the computational efficiency.
One is heuristic time stepping, and the other one is based on the truncation error
estimation in temporal discretization. Through the proposed automatic time stepping
methods and elasto-plastic constitutive model, the nonlinear displacement response
can be presented effectively.
The comparison of model tests and numerical simulations is indispensable. From
the verification, the efficiency of numerical methods is verified. It can be used for
other more complicated foundations and pullout problems.
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1.3 Outline of Thesis
This thesis reports on the quadrate foundation pullout resistance from the seabed. It is
divided into six chapters.
Chapter 1 is the beginning of the thesis. We present the research background and
the state of the art. From the previous studies, the pullout capacities of the seabed
structure are reviewed from analytical theory, model test and the numerical method.
Furthermore, the motivation of this thesis is proposed in the last part of this chapter.
In chapter 2 we elucidate the solid-fluid porous media theory used in our
numerical simulation. The key governing equations are established from the mass and
momentum balance laws. In the derivation, the finite strain theory is adopted to
simulate the large deformation of the soil.
Chapter 3 establishes the automatic time stepping scheme for the solid-fluid
coupled analysis simulation. Two stepping methods are proposed, one is called
heuristic time stepping method which is conducted by the convergence rate and the
number of iteration steps. The other is based on the truncation error estimation and an
effective time stepping stratagem.
In Chapter 4, we focus on the experimental test of the seabed pullout resistance.
The model test system is designed according to the style of the pullout force. Short
term and long term pullout tests are conducted. In short term pullout, the object is
pulled out at a certain loading rate. The pullout force, vertical displacement and the
pore water pressure under the object is recorded by the computer. In the long term
pullout process, the pullout force is fixed in the whole pullout period and different in
different cases. The vertical displacement and the negative pore water pressure are
also recorded.
In Chapter 5, we conduct the numerical simulations and compare the results with
the experimental results. The pre-processing and the post-processing of the finite
element analysis are dealt with by the FEMAP software and main calculation is
operated by the program compiled from FORTRAN code. To compare with the
experimental results, short term and long term pullout are simulated.
The dissertation is concluded by reporting on the future work required to improve
the properties of the devices in Chapter 6.
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CHAPTER 2
SOLID-FLUID ANALYSIS METHOD
In this chapter, we developed a numerical method to simulate the seabed
resistance force and the seabed suction force. Firstly, we introduce the kinematics
motions of the solid skeleton described by Lagrangian coordinates while the pore
water is described by Eulerian coordinates. Secondly, the basic expressions of the
porous media are presented. Then we introduce the balance equations and the
constitutive equations. Finally, we derive the full formulation of the governing
equations and the simplified governing equations in terms of the solid skeleton
displacement u s and the pore water pressure p w .
To simulate the development of negative pore water pressure, we established
soil-fluid two-phase effective stress analysis procedure. The porous media theory
proposed by Biot

[48-50]

is the classical theory in the finite deformation analyses and

adopted in our method. In addition, we make the following simplifying assumptions:
(1) The solid particle is incompressible.
(2) There is no mass exchange between the solid and fluid constituents.
(3) The material time derivatives of the relative velocity of the pore ﬂuids to the solid
skeleton are small compared to the acceleration of the solid skeleton.
(4) The advection terms of the pore ﬂuids to the solid skeleton are small compared to
the acceleration of the solid skeleton.
To describe the solid nonlinear behavior in geometry and material, a Hyperelastic
Cam-Clay model is introduced and used for the seabed soil.
2.1 Kinematics of finite strain theory
2.1.1 The kinematic description
According to porous media theory and finite strain method

[51,52]

, the kinematics

relationships of finite strain analysis can be described as shown in Fig. 2.1. In the
definition, the superscript “ α ” means a phase, “s” means solid skeleton, “w” means
14
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the pore water, “ x ” means the current configuration, and “ X ” means the initial
configuration.

Fig. 2.1 Kinematics of two-phase porous continuum
The variables are described with respect to material point X α and time t . The
current spatial point xα is expressed as

xα =ϕ α（X α ,t）

(2.1)

where ϕ α is the motion of material point X α . Then, the current velocity vα is
defined as

vα =

∂xα ∂ϕ α（X α ,t）
=
∂t
∂t

(2.2)

The acceleration of the solid skeleton a s is given by the material time derivative
Ds  / D t

with respect to solid skeleton as

=
as

Ds v s ∂v s
=
+ (grad v s )v s
Dt
∂t

(2.3)

where, v s is the velocity of solid skeleton.
The acceleration of pore water a w can be expressed in terms of the material
time derivative Ds  / D t as:

Dw v w
Ds v w s
aw = =
as +
+ {grad( v s + v w s )}v w s
Dt
Dt
where, v w s is the relative velocity of pore water to the solid skeleton.
15
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2.1.2 The deformation gradient
We also use the deformation gradient F α to build the relationship between xα
and X α .

Fα =

d xα
d Xα

(2.5)

The material time derivative of F α is expressed by

Dα F α ∂vα
=
= Gradα vα
α
∂X
Dt

(2.6)

The volume change dV (described by the initial configuration) is

d V= d X 1 d X 2 d X 3

(2.7)

And, the volume change d v (described by the current configuration) is

=
d v= d x1 d x2 d x3 F=
d X 1F d X 2 F d X 3= det F [ d X 1 d X 2 d X 3 ] J d V

(2.8)

where, J = det F is the Jacobi matrix.
2.1.3 Strain
In the finite strain theory, the deformation is described by the current variables
and the initial variables.

d x1α d x2α − d X 1α d X 2α = ( F α d X 1α )
=
=
=
=

(d X
(d X

( F d X ) − (d X ) d X
) ( F ) F d X − (d X ) d X
) ( F ) F − I  d X

α T
1

T

α

α T

α T
1

α

α T

α

2

1

2

α

α T

α

2

1

2

α

α T

α

α

2

( d X ) C − I  d X
( d x )  I − ( b )  d x
α T

α

(2.9)

α

1

2

α −1

α T

1

α
2

In the numerical simulations, the right Cauchy Green strain tensor, left Cauchy
Green strain tensor and Lagrangian strain tensor is always used.
The right Cauchy Green strain tensor is expressed as

Cα = ( F α ) F α
T

(2.10)

The left Cauchy Green strain tensor is expressed as

bα = F α ( F α )
The Lagrangian strain tensor is expressed as
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=
Eα

1 α
(C − I )
2

(2.12)

2.2 Expressions of the porous media theory for solid-fluid mixture
The porous media theory is widely used for the analysis of saturated soil and
unsaturated soil since it is proposed by Biot

[48,49,53]

. This theory is based on a

representation of two or more species occupying the same space at the same time. In
Fig. 2.2, it shows the component of the solid-fluid mixture and the mixture’s density.

Fig. 2.2 The density of the mixture

In the expression, the porosity n for saturated soil is defined as

n( x,t )=

d vw
dv

(2.13)

where, d v w is the volume fluid phase in the current configuration and d v is the
overall volume of the porous media.
The solid phase’s density ρ s , the fluid phase’s density ρ w and the mixture’s
density

ρ are expressed as
ρ s = (1 − n ) ρ sR

(2.14)

ρ w = nρ wR

(2.15)

ρ =ρ s +ρ w =
(1 − n ) ρ sR + nρ wR

(2.16)

where, ρ sR and ρ wR are the intrinsic density of the solid skeleton and the pore
water.
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2.3 Governing equations
In this section, the governing equations are established based on the effective
stress theory, balance laws and the constitutive equations.
2.3.1 Effective stress theory
The effective stress theory for the saturated soil is firstly proposed by Terzaghi[54].
It gives the expression between the total stress and the effective stress, which is
described by

σ ij =σ ij′ +p wδ ij

(2.17)

where, σ ij is the total stress, p w , is the pore water pressure, and δ ij , is the
Kronecker delta function. We can also decompose the total stress into the stress on the
soil skeleton and the stress on the fluid. The total stress can be expressed by

σ ij =σ ijs +σ ijw

(2.18)

σ ijs =σ ij′ + (1 − n ) p wδ ij

(2.19)

σ ijw =np wδ ij

(2.20)

where, σ ij is the total stress tensor, σ ijs , the stress tensor on the soil skeleton, and

σ ijw , the stress tensor on the pore fluid.
2.3.2 Balance laws
The mass balance law for phase α in the current configuration can be written as

Dα ρ α
+ρ α div vα =mα
Dt

(2.21)

where mα is the mass exchange term for phase α . In this paper, we will not
consider the mass exchange, the ms =0 . However, we should note that the mass
exchange will play an important role in high-frequency dynamic processes, such as
soil blasting.
The momentum balance law for phase α in the current configuration is written
as

ρ α aα +mα vα = div σ α + ρ α bα + pˆ α

(2.22)

where σ α is the average Cauchy stress tensor for phase α , bα , the gravity
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acceleration vector for phase α , and pˆ α , the interaction force between phase α
and other phases. For the overall mixture, the assuming interaction force is constant,

∑ pˆ α = pˆ

s

+ pˆ w =0 . The interaction force between the fluid phase and the solid

skeleton is derived based on the thermodynamic studies [55,56].

pˆ w =p w grad n − μ w nv ws = − μ w nv ws
μw =

nρ wR g
I
kw

(2.23)
(2.24)

where k w is the permeability coefficient of pore water, g is the gravity
acceleration.
2.3.3 Governing equations
Adding the momentum balance equations (2.22) of three phases with the equation
(2.16), the momentum balance equation for the solid-fluid mixture is obtained as

 D sv ws

+ v ws {grad( v s + v ws )} = div {σ ′ + p w I } + ρ b
 Dt


ρ as +ρ w 

(2.25)

where b is the mixture body force, b= bs + b w .
Substituting equations (2.4), (2.15), (2.20), (2.23) into the equation (2.22), the
momentum balance equation of pore water is obtained as


Ds v w s
nρ wR  as +
+ {grad( v s + v w s )}v w s  +m w v w
Dt


wR
nρ g ws
= − n grad p w + nρ wR b w −
nv
kw

(2.26)

Substituting equation (2.14) into the mass balance equation of solid skeleton
(2.21), it is obtained that

ρ

sR

D s (1 − n )
D s ρ sR
+ (1 − n )
+ (1 − n ) ρ sR div v s =0
Dt
Dt

(2.27)

Similarly, substituting (2.15) into the mass balance equation of pore water (2.21),
it is obtained that

ρ wR

D sn
D s ρ wR
+n
+nρ wR div ( v s +v ws ) =0
Dt
Dt

(2.28)

By (2.27) ×ρ wR / ρ sR + (2.28), the material time derivative of n can be vanished and
a new equation is obtained as
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ρ sR (1 − n ) D s ρ sR
D s ρ wR
(2.29)
0
n
+
+ ρ wR div v s + ρ wR div nv ws =
wR
Dt
Dt
ρ
The second item of equation (2.29) can be derived according to the constitutive
law for the compressibility of pore water.

n

ρ wR D s p w
D s ρ wR
=n w
Dt
K
Dt

(2.30)

where K w is the bulk modulus of pore water.
The fourth item of equation (2.29) can be derived according to the Darcy’s laws.

 kw

ρ wR div
nv ws ρ wR div 
=

ρ

wR

{− grad p
g

w


+ ρ wR ( b w − as ) 


}

(2.31)

The equation (2.29) can be derived and the continuity equation for the pore water
is obtained as

ρ sR (1 − n ) D s ρ sR nρ wR D s p w
+
+ ρ wR div v s
wR
w
Dt
K
Dt
ρ
 kw

0
+ ρ wR div  wR − grad p w + ρ wR ( b w − as )  =
ρ g


{

}

(2.32)

Equations (2.25), (2.26) and (2.32) are governing equations in the full formulations
w
s
s
s
with the primary variables of a，
v，
u，
v ws and p .

2.3.4 Simplified governing equations
The additional and following assumptions are used to the simplicity. And these
assumptions are acceptable in the low frequency problem, such as the static loading
and the earthquake vibrations[57].
(1) the material time derivatives of the relative velocity of the pore fluids to the solid
skeleton are ignored as compared to the acceleration of the solid skeleton.
(2) the advection terms of the pore fluid to the solid skeleton are ignored as compared
to the acceleration of the solid skeleton.
Neglect the primary variables v ws , the full formulation of the governing equations
(2.25), (2.26) and (2.32) are simplified with the variables of solid skeleton
displacement us and the pore water pressure p w . It is also called us − p w format.
The simplified momentum balance equation for the total mixture is obtained as

ρ as = div {σ ′ + p w I } + ρ b
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With the assumption that the solid particle is incompressible, the material time
derivative of the solid density is simplified as

D s ρ sR
=0
Dt

(2.34)

Then, the simplified mass and momentum balance equation for the pore water
pressure is obtained from the equation (2.32) as

kw

nρ wR D s p w
wR
s
div
v
div
0 (2.35)
+
ρ
+
− grad p w + ρ wR ( b w − as )  =

w
K
Dt
g



}

{

2.4 The finite element formulations
In this section, the finite element method is used for the spatial and temporal
discretizations.
2.4.1 The weak form
By using the conventional Galerkin method, the weak forms of equations (2.33)
and (2.35) are obtained as
s
s
s
w
s
s
s
δ ws =
∫ ρδ v ⋅ a dv+∫ δ d : σ ′dv − ∫ p div δ v dv − ∫ ρδ v ⋅ bdv − ∫ δ v ⋅ tda
Bs

Bs

Bs

Bs

∂Bts

(2.36)

=0

nρ wR D s p w
dv+∫ s δp w ρ wR div v sdv
B
B
K w Dt
ws
k
s 
w w
− ∫ s grad δp w ⋅  （− grad p w +ρ wR b − ρ wR a）
 dv+∫∂Bs δp q da
B
wq
 g


δw w =∫ s δp w

(2.37)

=0
s
where B s is the body area, ∂Bts and ∂Bwp
are natural boundaries, t is the

prescribed traction vector at ∂Bts , and q

w

is the prescribed mass flux on a unit at

s
∂Bwq
.

Solving the governing equations is to solve a boundary-value problem. Besides
the weak form of the governing equations, the following boundary conditions should
be mentioned.
s
u=
u s on ∂Bus

σ ⋅ n=

( σ ′ + p I ) ⋅ n=
w
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w
s
p=
p w on ∂Bwp

(2.40)

nρ wR v w s ⋅ n = q w ⋅ n = q w on ∂Bws q

(2.41)

where u s is the prescribed displacement vector of solid skeleton at ∂Bus , p w ,

the

s
prescribed pore water pressures at ∂Bwp
, t , the prescribed traction vector at ∂Bts ,
s
q w , is the prescribed mass flux on a unit at ∂Bwq
. The decomposed boundaries

satisfy
s
s
∂B s =
∂Bus  ∂Bts =
∂Bwp
 ∂Bwq

(2.42)

s
s
∂B s =
∂Bus  ∂Bts =
∂Bwp
 ∂Bwq

(2.43)

δ v s and δ p w should satisfy

δ v s = 0 on ∂Bus

(2.44)

δ p w = 0 on ∂Bws p

(2.45)

2.4.2 The spatial discretization
For two dimensional spatial discretization, 8 nodes and quadratic order shape
function are used for soil skeleton, 4 nodes and one order shape function is used for
pore water pressure, as shown in Fig. 2.3 (a). For three dimensional spatial
discretization, 20 nodes and quadratic order shape function are used for soil skeleton,
8 nodes and one order shape function are used for pore water pressure, as shown in
Fig. 2.3 (b).

(a) two dimensional element

(b) three dimensional element

Fig. 2.3 The element and its nodes
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The displacement, velocity and acceleration inner the element are expressed as
n

us =∑ N αs uαs

(2.46)

α

n

v s =∑ N αs vαs

(2.47)

α
n

as =∑ N αs aαs

(2.48)

α

where n is the number of nodes for soil skeleton, n=8 for two dimensional
problems, while n=20 for three dimensional problems, N αs is the sharp function of
the soli skeleton, uαs is the displacement at the element node α .
Then, the pore water pressure inner the element is expressed as
m

p w =∑ N αw pαw

(2.49)

α

where m is the number of nodes for pore water pressure, m=4 for two dimensional
problems, while m=8 for three dimensional problems, N αw is the sharp function of
the pore water pressure, pαw is the value of pore water pressure at the element node

α.
The gradient of soil skeleton velocity can be expressed as
  vαs x 

s
s
s






N
N
N
∂
∂
∂
α
α
N αs vαs ∑ ( vαs ⊗ grad=
N αs ) ∑   vαs y   α
grad v s =∑ grad =

∂x ∂y ∂z  
α
α
α 
 vs  

  αz 

n

n

n




n
n
n
 s s s
s
s s
s
s
vα ∑ ( vα ⋅ grad N=
div v =∑ div N α =
∑
α)
 {vα x vα y vα z
α
α
α





 ∂N αs
 ∂x
 s
}  ∂∂Nyα

 ∂N s
 α
 ∂z











(2.50)

(2.51)

The gradient of pore water pressure can be expressed as
m

grad p w ==
∑ grad Nαw pαw
α

( pαw grad Nαw )
∑=
m

α

 w  ∂N αw ∂N αw ∂N αw  

 { pα } 
∑
∂y
∂z  
α 
 ∂x
m

(2.52)

The weak form of the element e is inferred from equations (2.36) and (2.37).
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=
δ wes

∑
(∫
α

) (∫ (δ v ⊗ grad N ) : σ ′dv)
− ∑ ( ∫ p δ v ⋅ grad N dv ) − ∑ ( ∫ ρ N δ v ⋅ bdv ) − ∑ ( ∫ N δ v ⋅ tda )
∑{δ v } ( ∫ ρ N {a }dv ) + ∑{δ v } ( ∫ [σ ′]{∂xN }dv )
− ∑{δ v } ( ∫ p {∂xN }dv ) − ∑{δ v } ( ∫ ρ N {b} dv )
− ∑{δ v } ( ∫ N {t}da )
n

n

ρ Nαs δ vαs ⋅ asdv + ∑

Bes

α

n

n

α

n

α
n

α

s
α

n

w

α

s
α

Bes

Bes

s T
α

s

α

s T
α

s

α

α

s
α

Bes

Bes

α

Btse

α

Btse

α

s
α

s
α

s
α

Bes

s T
α

s

α

α

s T
α

s

n

w

s

α

Bes

n

s T

α

n

s

(2.53)

s
α

Bes

s
α

(

)

m

 m
nρ wR
δ wew = ∑  ∫ Nαwδ pαw w p w dv  + ∑ ∫ Nαwδ pαw ρ wR div v sdv
B
K
α 
 α B
m
 1 w

δ pα grad Nαw ⋅k ws ( − grad p w +ρ wR b − ρ wR as ) dv 
−∑  ∫
B g
α 

s
e

s
e

s
e

+ ∑ δ pαw  ∫ s N αs q w da 
 Bwqe

α
m

wR

 m
w nρ
w

δ
p
N
p
dv
+ ∑ δ pαw
∑
α  ∫Bs
α

w
K
α
 e
 α
m

w

(∫

Bes

Nα ρ
w

wR

s

div v dv

)

(2.54)

m
T
 1

− ∑ δ pαw  ∫ s {∂ x Nαw } ⋅  k ws  − {∂ x p w }+ρ wR {b − a s } dv 
α
 Be g


(

)

+ ∑ δ pαw  ∫ s Nαs q w da 
 Bwqe

α
m

2.4.3 The temporal discretization
In the temporal discretization, the Nemark time integration scheme is adopted for
the soil skeleton displacement.

vts+∆t =vts + (1 − γ )∆tats + γ∆tats+∆t

(2.55)

1
uts+∆t =uts + ∆tvts + ∆t 2 (1 − 2 β ) ats +β∆t 2ats+∆t
2

(2.56)

where γ and β are numerical parameters for Newmark scheme; ∆t is the time
increment; the subscript t+∆t denotes the variables at the current time and the
subscript t denotes the variables at the previous time. The variables at the previous
time t are known and constant during the Newton-Raphson iteration.
Similarly, we can establish the expressions for the pore water pressure.
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tw + γ∆tp
tw+∆t
p tw+∆t =p tw + (1 − γ )∆tp

(2.57)

1
ptw+∆t =ptw + ∆tp tw + ∆t 2 (1 − 2 β ) 
ptw +β∆t 2 
ptw+∆t
2

(2.58)

where ptw+∆t is the pore water pressure at the current time t+∆t , and ptw , the pore
water pressure at the previous time t .
For this pullout problem, we do not consider the dynamic response and conduct
quasi-static analyses in the numerical simulations. In this case, we neglect the
acceleration item and only the velocity components are considered. In the Newmark
scheme, the displacement and pore water pressure are expressed as

uts+∆t =uts + (1 − γ )∆tvts + γ∆tvts+∆t

(2.59)

ptw+∆t =ptw + (1 − γ ) ∆tp tw + γ∆tp tw+∆t

(2.60)

Here, γ is the parameter in quasi-static analysis. In the following analysis, it is set as

γ = 1.0, representing the forward difference.
2.5 The Newton-Raphson (N-R) method
From the expression of the weak form (2.53) and (2.54) are nonlinear equations.
It can be written as the following equations with respect to the primary variables as
and p w .
s
δ ws ( a，

p w ) =0

 w s w
p ) =0
δ w ( a，

(2.61)

Considering the directional derivative of the left-hand side terms of the equation
(2.61) with respect to the variables as and p w , the weak forms are linearized in the
Newton-Raphson scheme

Dδ ws [ ∆as ]+Dδ ws [ ∆p w ]= − δ wks

(2.62)

Dδ w w [ ∆as ]+Dδ w w [ ∆p w ]= − δ wkw

(2.63)

where Dδ ws [ ∆as ] means the directional derivative of δ ws with respect to ∆as ,
∆as and ∆p w are the variations at the current iterative step k+1 , δ wks and δ wkw

are the weak form residuals at the previous iterative step k .
The convergence criterion: in the N-R scheme, the equations (2.62) and (2.63) are
solved iteratively until the solution is accurate enough. In our procedures, the
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convergence judgment is that the residuals δ wks and δ wkw should be smaller than
the specified error tolerance, the iteration will stop if the following expression is
satisfied.

(δ w ) + (δ w )
s 2
k

w 2
k

≤ 1 × 10−7

(2.64)

The solutions at the current iterative step k+1 are calculated as

aks +1=aks + ∆as

(2.65)

p kw+1=p kw + ∆p w

(2.66)

For this pullout problem, we do not consider the dynamic response. Accordingly,
we neglect the acceleration item and use quasi-static analyses. In the Newmark
scheme, only the velocity components are considered. In the temporal domain
discretization, the displacement and pore water pressure are expressed as,

Here,

us =uts + (1 − γ )∆tvts + γ∆tv s

(2.67)

p w =ptw + (1 − γ ) ∆tp tw + γ∆tp w

(2.68)

γ is the parameter in quasi-static analysis. In the following analysis, it is set as

γ = 1.0, i.e., forward difference.
The flowchart of the program is shown in Fig. 2.4.
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Fig. 2.4 The flowchart of the program
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2.6 Constitutive equations
In this research, a Hyperelastic Cam-Clay model is used for the seabed soil. In
general, the fundamental description of the elasto-plastic constitutive model includes
the yield function, the hardening rule the flow rule. In the Modified Cam Clay model,
the yield function is expressed as

f=

Q2
+ P ( P − Pc )
M2

(2.69)

where M is the critical stress ration of the material, P , is the mean effective stress,
and Pc , the mean effective stress at the intersection of the normal consolidation
boundary surface.
The loading and unloading rules are expressed as the equation (2.70).



f <0

f = 0


f = 0


elastic
∂f
d σ ij ≤ 0
∂σ ij

unloading

∂f
d σ ij > 0
∂σ ij

loading

(2.70)

The hardening rule is expressed as

dpc =

1 + e0
pc d ε vp
λˆ − κˆ

(2.71)

where λ̂ and κˆ are compression index and swelling index described by Kirchhoff
stress. λ̂ and κˆ can be expressed by λ and κ which are described by Cauchy
stress.

λ
λˆ =
1 − λ

(2.72)

κ
1 − κ

(2.73)

κˆ =

The associated flow rule is expressed as

=
ε ve ε ve(tr ) − d γ

∂f
∂P

(2.74)

ε de ε de( ) − d γ
=

∂f
∂Q

(2.75)

tr
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where d γ is a scalar parameter which represents the size of the plastic increment.
According

to

the

reference[58],

the

elastic

shear

modulus

µe

with

pressure-dependent is expressed as

 ε ve − ε ve 0 
µ =µ + α P0 

 κˆ 
e

e
0

(2.76)

The elastic shear modulus µ e contains a constant term µ0e and a term related to
the elastic volumetric strain ε ve and a coefficient α . In the above equation, µ0e and

α are the material parameters, κˆ is the swelling index.
For small strain analysis, the bulking modulus and shear modulus are expressed
as

1
P
κ
3 (1 − 2ν )
3 (1 − 2ν )  1 
G=
K=
 − P = − α P
2 (1+ν )
2 (1+ν )  κ 
K= −

(2.77)

The Hessian matrix  D e  is expressed as

 De
 D e  =  11e
 D21

 ∂P
e
D12e   ∂ε v
= 
D22e   ∂Q
 ∂ε e
 v

∂P 
∂ε de 

∂Q 
∂ε de 

(2.78)

In this Hyperelastic Cam-Clay model, there are 6 main parameters, compression
index λ̂ , tangent of elastoplastic ln υ − ln p ( υ is specific volume); swelling index

κˆ , tangent of elastic lnυ − ln p ; elastic shear modulus parameters µ0e , elastic shear
modulus parameters α ; critical stress ratio M and over-consolidation ratio OCR .
In this thesis, Hyperelastic Cam-Clay model is used to simulate the behavior of
seabed soil and Newton-Raphson iteration method is adopted to solve the local
governing equations for the constitutive model.
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CHAPTER 3
AUTOMATIC TIME STEPPING
SCHEME
According to the implicit solving scheme introduced in Chapter 2, the unknown
variables can be obtained through the Newton-Raphson iterations. Sometimes, it is
difficult to get the convergence and the accurate solutions. One important effect is the
selection of the time increment. If the time step is too large, it will need more
iterations to reach the convergence criteria, or the solution is divergent. On the
contrary, if the time step size is too small, the solving process is time consuming. In
the pullout analysis, the soil effective stress is found to be very low owing to
unloading to the soil skeleton. Therefore, it is difficult to achieve local and global
convergence. In other words, a smaller time step is required to continue the
calculation; however a small time step will cost greater computational time. In this
case, in the initial period of unloading, a larger time increment can be used and a
smaller time increment can be used in the breakout period. If the time step size was
arranged automatically and reasonable, the calculation will be economical and
accurate.
The automatic time stepping method belongs to the field of adaptive FEM, which
is an advanced finite element method attempting to improve the calculation efficiency
and accuracy. Zienkiewicz

[59]

firstly proposed a simple error estimator and adaptive

meshing procedure for practical engineering analysis. And then Zienkiewicz also
proposed a simple method to achieve adaptive time stepping[60]. In recent decades, the
automatic time stepping method is widely used in structure engineering[61], fluid
analysis[62-65] and geotechnical engineering[66-68] and it displays excellent features both
in dynamic and static problems, as well as in explicit and implicit solutions. In this
research, the implicit scheme is used in the solving of unknown variables. For the
implicit scheme, constant time step generally causes divergence or cost extremely
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computational time[69,70], therefore, the time step should be carefully evaluated. An
automatic time stepping algorithm is robust to solve the problem reasonably and
economically. In this part, we applied two automatic time stepping methods to solve
the unconvergence problem and improve the computational efficiency. We have
introduced these two methods in our published scientific paper[71]. One is heuristic
time stepping method which is based on the convergence velocity, and the other is
named ATSTE which is according to the truncation error estimation.

The

corresponding automatic time stepping procedures will be introduced in the following
parts.
3.1 Heuristic stepping method
The first automatic time stepping method is heuristic stepping method. It is based
on the convergence rate. The convergence rate is represented by the iteration number
required for each iteration to obtain convergence. This concept can be found from the
previous literatures [72-74] as well as the application in same commercial software, such
as ANSYS, ABAQUS and FLUENT.
Fan[75] introduced the time step modification stratagem embedded in ABAQUS,
the situation of time step increment: if the solutions reach the convergence criterion
within few iterations, for example the iteration number is less than 4 steps, it will be
recognized as fast convergence and time step will be increased by 50 % automatically.
The situation of time step decrement: if the iteration number exceeds the maximum
number, for example the iteration number is larger than 20 steps and the solution is
still divergent, the software ABAQUS will terminate the calculation and recalculate
the model using a quarter of current time step as the new time step. This method is
relatively easy to implement in the finite element analysis procedures and it cannot
cost extra computational time.
Kavetski[73,76-78] discussed the heuristic time stepping method and developed a
noniterative time stepping scheme. Then he applied this method in a mass
conservative numerical analysis of Richards Equation and in unsaturated fluid flow
analysis. In Younes’s research[74], he compared these two methods, controlled by
iteration number and controlled by the truncation error in the analysis of density
driven flow in porous media.
In this heuristic time stepping method, the time step in the next step is predicted
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according to the iteration number in the current step. The control procedure is divided
into non-convergence case and convergence case.
3.1.1 Non-convergence case
When the iteration number reaches the prescribed maximum value N max , the
solution is still unstable and divergent. This is indicated that the N-R iteration is
unconvergent. In this case, the current step will be interrupted a new calculation will
be started with a new time step, which is reduced by half, and the current step is
recalculated. The new time step size is expressed as

∆tn′ =

1
∆tn
2

(2.1)

Where ∆tn is the current time step and ∆tn′ is the new time step.
3.1.2 Convergence case
For convergence case, assumed that the convergence iteration number is N and
the current time step size is ∆tn . We want to evaluate the speed of convergence
according to the current iteration number N. Ideally, the suitable iteration number
should be between N lower and N upper .
If N ≤ N lower , the convergence speed is thought to be fast and the time step can
be increased. The next time step size is predicted by the following equation

∆tn+1 =∆tn × f inc

(2.2)

where f inc is an increment factor and f inc > 1.0 .
If N ≥ N upper , the convergence speed is thought to be slow and the time step
should be decreased. The next time step size is predicted by the following equation

∆tn+1 =∆tn × f dec

(2.3)

where f dec is a decrement factor and f dec < 1.0 .
If N is between N lower and N upper , the convergence speed is thought to be
appropriate. The next time step size will not be changed and predicted by

∆tn+1 =
∆t n

(2.4)

In this heuristic time stepping method, there are five control parameters: the
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prescribed maximum iteration number N max , the lower limit of appropriate iteration
number N lower , the upper limit of appropriate iteration number N upper , time step
decrease factor f dec and time step increase factor f inc . The flowchart of the
heuristic stepping method is shown in Fig. 3.1.
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START

Input the information of geometry, material and boundary

Setting the initial time step size ∆t =∆t0
And controlling parameters N max，N min，f inc，f dec

Time step
DO i=1, n_step

t =t +∆t
N-R iteration
DO j=1, max_iter

Solving the stress and strain

Make up the tangent stiffness matrix

Convergence Judgment
residual error < e _ tol

NO

Solving the linear equations

YSE
STOP N-R iteration

Output the calculation results
And
The iteration number N

Predict the next time step

IF N>N max , ∆t = ∆t ⋅ f dec
IF N<N min , ∆t = ∆t ⋅ finc
ELSE,

∆t = ∆t

结束

Fig. 3.1 The flowchart of the heuristic time stepping scheme
3.2 Automatic time stepping method based on the posterior truncation error
(ATSTE)
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The second automatic time stepping method is introduced in this part. This
method includes an error estimator and a time step adjustment strategy.
3.2.1 Truncation error estimator
In finite element analysis, the forward and backward difference has fist-order
accuracy, whereas the central difference has second-order accuracy. Some studies [63,74]
adopted different order accuracy solutions as the truncation error. In this study, we
consider the displacement response and compare the central difference solution and
the forward difference solution to obtain the truncation error. The forward difference
solution un1 is expressed as the equation (2.5) with one order accuracy, while the
central difference solution un2 is expressed as the equation (2.6) with second order
accuracy.

un1 =un-1 + ∆tvn

(2.5)

vn -1 + vn
2

(2.6)

un2 =un -1 + ∆t

The truncation error of the displacement is expressed as

e u = un2 − un1 =

vn − vn-1
∆t
2

(2.7)

In the numerical simulations, the relative error is widely used to represent the
magnitude of the numerical error. Here, the relative error is given by the absolute
error e u and the maximum displacement of the element’s nodes umax . It is expressed
as

ξ u=

eu
umax

(2.8)

For the whole calculation area, the average error is calculated by

ξ u=

1

∑ξ

ndofs i , j ,k

u
i, j

(2.9)

where, ndofs is the number of total degrees, ξiu, j is the displacement error of the i th
node and in the j th direction.
3.2.2 Time step adjustment
After truncation error estimation, the next step is adjusting the time step. A
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u
prescribed error tolerance ξ tol
should be given to obtain the adjustment factor, shown

in the following equation.

η=

ξ tolu
ξu

(2.10)

where, η is the adjustment factor, ξ tolu is the prescribed truncation error tolerance.
Then, the new time step size is expressed as

∆tnew =η ⋅ ∆told

(2.11)

To ensure that the step size changes smoothly, given a limitation range for η .

ηmin ≤ η ≤ ηmax

(2.12)

In this ATSTE method, there are five controlling parameters: initial time step ∆t0 ,
u
error tolerance ξ tol
, and the limitation of time step adjustment factor ηmin and ηmax .

The flowchart of ATSTE method is shown in Fig. 3.2.
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START

Input the information of geometry, material and boundary

Setting the initial time step size ∆t =∆t0
And controlling parameters
ξ tuol，f in，
c f dec

Time step
DO i=1, n_step

t =t +∆t
N-R iteration
DO j=1, max_iter

Solving the stress and strain

Make up the tangent stiffness matrix

Convergence Judgment
residual error < e _ tol

NO

Solving the linear equations

YSE
STOP N-R iteration
u
Calculating: u max，e，
ξu

Adjust the time step

∆tnew =∆told

Adjusting the time step size

ξ u > ξ tolu
NO
Output the current results

结束

Fig. 3.2 The flowchart of the ATSTE scheme
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CHAPTER 4
EXPERIMENTAL STUDY OF SEABED
RESISTANCE
In this chapter, the experimental procedures and results are presented. We
conducted a series of model test, one purpose is to investigate the seabed resistance to
the quadrate offshore platform foundation; the other one is to validate the reliability of
the proposed numerical method. From the previous studies, it has shown that the
spudcan extrication resistance consists of the base suction force and upper soil
resistance [24]. However, these forces are difficult to measure and distinguish, although
Lehane et al

[31]

defined the maximum suction as the difference between the peak

resistance in clay and that in sand. In our experiment, a structure with a simple square
section is used. In this case, we do not consider the upper soil resistance as well as the
side friction. Then, the bottom suction force can be easily defined as the difference
between the pullout load and the structure’s effective weight. In this case, the bottom
suction force can be recognized as the seabed resistance to the offshore foundation
during the pullout process.
To investigate the influence factor to the seabed resistance, the quadrate
foundation with different buried depth ratio (1/30, 1/10 and 1/6) and different loading
styles (transient pullout and sustaining pullout) are operated and compared. During
the whole pullout process, the vertical displacement, vertical loading and the
underneath pore water pressure are recorded by the pre-embedded sensors and the
data collection system.

38

Chapter 4 Experimental study of seabed pullout resistance

4.1 Experimental systems
The experimental system is shown in Fig. 4.1. The structure is made by a square
organic glass box with a section of 30 cm×30 cm and weight of 103N, which is
shown in Fig. 4.2. The side surfaces are smooth and therefore, side friction on both
sides can be neglected. The pullout resistance is equivalent to bottom suction force,
which can be expressed by the negative pore water pressure under the structure’s
bottom. The vertical load is applied simply by a lever system, which can provide a
transient load and sustaining load by controlling the speed of flowing water and
keeping the constant weight of water. Through this loading system, we can do short
term pullout test and long term pullout test.
In this research, we focus on the pullout process, the penetration process is
assumed to be “wish-in-place” as mentioned in the reference

[39]

. The waiting time is

set as 24 h, therefore, the structure and the soil have a good connection. Obviously,
the soil is under consolidation, representing that the working process is short. In the
pullout process, the structure is pulled out from three different penetration depths. To
better understand the relation between the penetration depth and the structure width,
we used three ratios of penetration depth to width, d:B—1:30, 1:10, 1:6—separately
in short term pullout tests and long term pullout tests.

Fig. 4.1 The experimental system
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Fig. 4.2 The organic glass structure

In the short pullout test, it can provide a stable loading rate, 12N/s, indicating that
the vertical load is applied rapidly. Therefore, the structure will pullout in a short time
of the order of a few seconds or minutes. The pullout process can be considered as an
undrained process.
In the long term pullout, it will provide a sustain load with the magnitude of
0.4 Fu , 0.6 Fu , 0.8 Fu , where Fu is the maximum pullout resistance obtained in the
short term pullout test. In this case, the object will be pullout in a long time of the
order of tens of minutes or several hours. The pullout process should be considered as
a drained process.
The seabed resistance force is calculated as the difference force between the
pullout force and the structure’s self-weight expressed by

Fs = F − G ′
Where Fs

(4.1)

is seabed resistance force, F , vertical pullout force applied on the

structure, and G ′ , the structure’s effective weight.
During the entire process, the displacement, base pore water pressure, and the
pullout time is recorded by the sensors and the data collection box, shown in Fig. 4.3.
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(a) Load sensor

(b) Pore water pressure sensor

(c) Displacement sensor

(d) Data collection box

Fig. 4.3 Sensors and data collection box

During the pullout test, the model test equipment is shown in Fig. 4.4. The
vertical pull load is applied on the object by the bucket and lever. We control the
speed of water flowing into the bucket, which can generate different loading rate on
the object. For the short term pullout, the loading rate on the object is controlled in the
range of 12N/s ( ±1N ). For the long term pullout, the vertical load is firstly increased
from 0 to a prescribed value and then kept to be that constant value until the object is
pulled out from the seabed soil. The vertical load, vertical displacement time history
and the underneath pore water pressure time history is recorded by the data collecting
box and date collecting system. In the following parts, the short term pullout and long
term pullout behaviors will be discussed in detail.
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Fig. 4.4 Model test equipment

4.2 The property of the seabed soil
The soil sample used in the experiment is excavated from the seabed near Dafeng
City, China. The wind turbine farm will be built in sea area and corresponding wind
turbine construction platform should be designed to be stable and strong in that seabed.
One of the important problems is the pullout capacity and seabed resistance, therefore,
we excavated the seabed soil and did a series model test to investigate the seabed
resistance. Through soil basic experimental test, the plasticity index I p =16 and the
liquidity index I L =0.48 .The grain size distribution is shown in Fig. 4.5. The
uniformity coefficient Cu =

2
d 60
d
=9.4 , the curvature coefficient Cc = ( 30 ) =3.3 .
d10
d10d 60

According to the Unified Soil Classification System [79], the soil can be identified as
clay silt
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Fig. 4.5 Grain size distribution of the seabed soil

In the numerical simulations, Cam-Clay model is used to simulate the seabed soil
behaviors, therefore we did a series of trial axial tests to get the seabed soil’s
mechanical parameters. Fig. 4.6 shows the relationship between the axial strain and
the deviatoric stress in the triaxial test. And Fig. 4.7 shows the relationship between
the vertical stress and the shear stress. The internal friction angle ϕ and cohesion
force c are obtained as ϕ =35.810 , c =10.64 kPa .

σ3=100kPa
σ3=200kPa
σ3=300kPa

1200

σ1−σ3/ kPa

1000
800
600
400
200
0
0

5

10

εa/ %

15

20

Fig. 4.6 The curve of strain and stress in triaxial test
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Fig. 4.7 The relationship between vertical stress and shear stress
Through the compression and swelling tests, the compression index λ , swelling
index κ and the critical stress ration M

are obtained and shown in Fig. 4.8, Fig. 4.9

and Fig. 4.10, respectively.
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Fig. 4.8 Compression index test
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0.666
Swelling index test
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Fig. 4.9 Swelling index test
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Fig. 4.10 The relationship between the mean stress and the deviatoric stress

The fundamental and triaxial tests results of the seabed soil are summarized and
list in the Table 4.1.
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Table 4.1 Soil parameters
Soil parameters

Value

Porosity

n

0.42

Intrinsic density

ρ (t/m3)

2.73

Coefficient of permeability

k (m/s)

9.46 × 10-7

Compression index

λ

0.047

Swelling index

κ

0.0043

Critical stress ratio

M

1.587

Over-consolidation ratio

OCR

1.0

4.3 Short term pullout test
In the short term pullout tests, the loading rate is set as 12N/s, indicating that the
load is applied rapidly, the breakout time is short and undrained condition can be
assumed. Fig. 4.11 shows the object vertical displacement time history in different
penetration depths expressed as d:B=1:30, 1:10 and 1:6 . At the beginning, it is the
unloading process and the vertical displacement is very small. Then the vertical
displacement increase linearly. When the vertical load reaches the seabed maximum
resistance capacity, the object and the seabed will separate and the displacement
increase rapidly in a short time. Besides that, as the increase of penetration depth, the
seabed resistance capacity increase.

Fig. 4.11 Time history of object vertical displacement
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Fig. 4.12 shows the object bottom and the seabed soil after the breakout. It is
found that the object and the seabed soil have good connections in the interface. The
underneath soil has an obvious failure surface due to the tension force.

Fig. 4.12 Object bottom and seabed soil after the breakout

In this short term pullout, the pullout capacity can be considered as the reverse
downward bearing capacity, as shown in Fig. 4.13. For the downward pushing, the
equilibrium equation can be written as

Fdownward +G =qd ⋅ A

(4.2)

and for the upward pulling, the equilibrium equation can be written as

Fupward =G+qu ⋅ A

(4.3)

where qd is the strength of the seabed soil when the pushing load is applied, qu , the
soil strength when the pulling load is applied, A, the size of the object bottom.

Fig. 4.13 Downward and upward capacities

47

Experimental and Numerical Studies of Seabed Pullout Resistance on Quadrate Foundation

As the decrease of penetration depth, the failure surface, shown in Fig. 4.13, will
be enlarged, therefore, the downward bearing capacity and pullout capacity increase
as the increase of buried depth. That can explain the displacement time histories
shown in Fig. 4.11.
In the short term pullout, the pullout force is recorded as the maximum vertical
force applied on the object. After the breakout, the vertical force becomes an inertial
force and then the vertical force equals to the object’s weight. The peak pullout force
and the seabed resistance force are listed in Table 4.2. As the increase of the
penetration depth, the peak pullout force and seabed resistance increase.

Table 4.2 Peak pullout force and seabed pullout resistance
d:B

Self weight (N)

Peak pullout force (N)

Seabed resistance (N)

1:30

105

216

111

1:10

105

432

327

1:6

105

540

435

Fig. 4.14 shows the time history of pore water pressure in the underneath seabed
soil when the penetration depth ratio d:B equals to 1:30, 1:10 and 1:6 respectively.
During pulling the object, the underneath pore water pressure is negative, which is
called suction force. In other words, the suction force can be described by the negative
pore water pressure in our experiments and numerical simulations.

Fig. 4.14 Time history of pore water pressure in the underneath seabed soil
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When the object has a larger penetration depth, the underneath soil can maintain a
larger negative pore water pressure, as well as the negative pore water pressure area.
The pore water in the negative pore water area provides the suction force and the
resistance to the object. And the resistance force makes the platform’s foundation
difficult to escape from the seabed at the time of changing working place and recycle.
It is understood that the suction force is influenced by soil properties, shape and
interface of the object, loading style and so on. For instance, if the seabed soil is sand
with well permeability, the negative pore water pressure can dissipate quickly by the
supplement of pore water from the surround seabed. The seabed resistance is small
and the platform’s foundation is easy to be pulled out. However, for the clay seabed,
the permeability is low, and the suction force can be kept for a long time, the seabed
resistance is larger than the case penetrated in the sandy seabed.
4.4 Long term pullout test
In the long term pullout tests, the pullout force is sustaining force. The magnitude
of the pullout force is set as 0.4 Fu , 0.6 Fu and 0.8 Fu , respectively, where Fu is the
peak pullout force obtained in the short term pullout test. For the case d:B=1:10, the
vertical load time history is shown in Fig. 4.15. Fu =432 N , and 0.4 Fu =173 N ,
0.6 Fu =259 N and 0.8Fu =346 N .
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Fig. 4.15 Vertical load history in long term pullout when d:B=1:10
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Similarly, for the case of d:B = 1:30, The magnitude of the pullout force is set as
Fu =216 N , and 0.6 Fu =230 N and 0.8Fu =173 N .For the case of d:B = 1:6, The
magnitude of the pullout force is set as Fu =540 N , and 0.4 Fu =216 N , 0.6 Fu =324 N
and 0.8Fu =432 N .
For the case d:B=1:10, Fig. 4.16 shows the time history of object vertical
displacement in the long term pullout. At the beginning, the vertical displacement
increases rapidly as the vertical load is applied linearly with the loading rate 12N/s. In
the next period of time, about 10~60 minutes, the vertical displacement still increases,
although the vertical pull force is constant. As the increase of sustaining force
magnitude, the vertical displacement increase rate increases. It is drained process due
to the breakout time is longer than that in the short term pullout.
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Fig. 4.16 Time history of object vertical displacement in long term pullout (d:B=1:10)

When the surrounding soil reaches partial failure, shown in Fig. 4.17, the
breakout happens and the object will be separated from the underneath seabed. From
Fig. 4.16, the breakout phenomenon is obviously indicated by the rapid increase of
vertical displacement at the last moment. The pullout times are 462s, 1086s and 3249s
respectively for different sustaining forces 0.4 Fu , 0.6 Fu and 0.8 Fu .
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(a) Corner

(b) Bottom

Fig. 4.17 Soil failure area after breakout in long term pullout

The pullout time is related to the sustaining force, and we did a series of parallel
tests to investigate the relation between sustaining force and the pullout time. Fig.
4.18 shows a hyperbolic relationship between sustaining force and the pullout time.
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Fig. 4.18 The relation between sustaining force and the pullout time (d:B=1:10)

Fig. 4.19 shows the time history of negative pore water pressure underneath the
object for different sustaining forces 0.4 Fu , 0.6 Fu and 0.8 Fu , respectively. When a
smaller sustaining force 0.4 Fu is applied, it will need a longer time to breakout, and
a relative smaller negative pore water pressure is generated underneath the object.
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After the breakout, the negative pore water pressure is dissipated quickly to the initial
pore water pressure.
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Fig. 4.19 Time history of negative pore water pressure underneath the object
(d:B=1:10)

The magnitude of negative pore water pressure is related to the sustaining force.
As the increase of sustaining force, the negative pore water pressure increases, having
a nearly linear relationship as shown in Fig. 4.20. The negative pore water pressure is
generated underneath the object and the negative pore water pressure area will spread
to the surround soil due to the long time pullout and drained condition. The negative
pore water pressure at the bottom of the object is kept to be constant to balance the
vertical pull load. The pore water in the surround will flow into the interface between
the object and the seabed soil due to the pressure difference. Therefore, the object has
vertical displacement although the vertical load is not increased.
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Negative pore water pressure / kPa
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Fig. 4.20 The relation between sustaining force and the negative pore water pressure
(Long term pullout, d:B=1:10)

4.5 Summary
In this chapter, the model test procedure and the results are presented. Short term
pullout and long term pullout tests are conducted and compared. In the short term
pullout, the pullout time is short and the process can be considered as undrained
process. The pullout resistance is similar as the foundation bearing capacity. In the
long term pullout, the pullout time is long and the process can be considered as
drained process. The pore water in the surrounding soil will flow into the interface
between the object and the seabed soil, which makes the object having vertical
displacement.
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CHAPTER 5
NUMERICAL SIMULATIONS OF THE
QUADRATE FOUNDATION’S PULLOUT
PROCESS
In this chapter, the quadrate foundation’s pullout process is analyzed using
numerical method which is introduced in chapter 2 and chapter 3. To verify the
numerical method, we simulated the model test presented in chapter 4. Meanwhile,
short term pullout and long term pullout are simulated and compared with the results
obtained from the model tests.
In the numerical simulations, we applied the automatic time stepping method to
deal with the problems of unconvergence and lower calculation efficiency. Two
automatic time stepping methods are adopted, one is Heuristic method, the other is
ATSTE, which is based on the truncation error estimation. Using these two automatic
time stepping methods, the calculation efficiency is improved and the numerical
results are closer to the model test results. Through this chapter the feasibility and
reliability of this numerical method are illustrated. And it indicates that the numerical
method can be used for real case simulation and seabed resistance prediction.
5.1 Numerical model
A quarter of the quadrate foundation model is built and simulated. The object is
considered as a rigid body and the seabed soil, an elasto-plastic material. Two
symmetric boundaries are set shown in Fig. 5.1. To neglect the influence of friction
force on two sides of the structure, the two side boundaries are kept free in the vertical
direction and have the same displacement as soil nodes in the horizontal direction.
The structure’s bottom nodes are tied with the soil nodes to maintain the maximum
suction force. The vertical force is applied at the N1 node with a specific loading rate.
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The node N1 and the soil elements E1, E2, E3 at different depths are marked as
outputs.

Fig. 5.1 Finite mesh in three dimensions

In short and long term pullout simulations, three different time step control
strategies—fixed time stepping method, heuristic time stepping method, and ATSTE
stepping method—are applied and compared with the experimental results. The object
vertical displacements, underneath soil pore water pressures and calculation efficiency
with different cases are discussed in the following parts.
5.2 Short term pullout simulations
In short term pullout simulations, the vertical pull force F is applied with a
specific loading rate, the same as the model test, 12N/s. The object is assumed to be
“wished in place” mentioned in the reference [39]. The initial stress is obtained with the
static self-weight analyses under the above mentioned boundary conditions before
carrying out the pullout dynamic analyses with linear loading rate. The Hyperelastic
Cam-Clay model is used to simulate the seabed soil’s nonlinear behaviors, the
numerical parameters of the constitutive model is listed in Table 5.1.
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Table 5.1 Numerical parameters of seabed soil
Soil parameters

Value

Porosity

n0

0.42

Intrinsic density of seabed soil

ρ sR (t/m3)

2.73

Intrinsic density of pore water

ρ wR (t/m3)

1.0

Coefficient of permeability

k (m/s)

9.46 × 10-7

Pore water bulk modulus

K w (kN/m2)

2 × 106

Compression index, tangent of elastoplastic in ln υ − ln p

λ

0.0278

Swelling index tangent of elastic in ln υ − ln p

κ

0.00265

Elastic shear modulus parameter

µ0

20

Elastic shear modulus parameter

α

200

Reference elastic volumetric strain

e
ε v0

0

Reference mean effective stress

p0 (kPa)

-0.1

Critical stress ratio

M

1.587

Over-consolidation ratio

OCR

1.0

5.2.1 Vertical displacement behaviors
Fig. 5.2–Fig. 5.4 show the vertical displacement time histories using fixed time
steps dt of 0.5s, 0.2s, and 0.1s, respectively. Compared with the experimental results,
it is found that as dt decrease, the numerical results show better agreement with the
experimental data. When the time step size dt = 0.5 s, the calculation is interrupted
because of non-convergence in solving the governing equations and the numerical
results do not agree with the experimental ones. It is indicated that in numerical
simulations, the time increment is very important to obtain the convergence and the
accurate solutions. However, it is difficult to confirm the appropriate time step before
the calculation. Based on that, it is necessary to develop a procedure to determine or
modify the time step automatically during the calculation. In the following parts, it
will present the numerical results using automatic time stepping procedure.
Besides that, as d:B increase, the displacement incremental speeds decrease and
the structure become more difficult to extricate. The vertical displacement increases
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Vertical displacement / m

nonlinearly whereas the load increases at a fixed rate of 12N/s.
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Fig. 5.2 Time history of vertical displacement (dt = 0.5 s)
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Fig. 5.3 Time history of vertical displacement (dt = 0.2 s)
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Fig. 5.4 Time history of vertical displacement (dt = 0.1 s)
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Fig. 5.5 shows the displacement behaviours obtained using the heuristic time
stepping method. In the reference

[72,74]

, the controlling parameters are recommended

as finc = 1.1, fdec = 0.8 , N lower = 4 , and N upper = 8 . In this simulation, the same
parameters are used. It is found that the numerical lines match the experimental
results well and have the same trend as well as the numerical results using smaller

Vertical displacement / m

time step size.
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Fig. 5.5 Time history of vertical displacement (Heuristic stepping)

Fig. 5.6 shows the displacement behaviors using the ATSTE stepping method. In
u
this simulation, the controlling error tolerance is assumed to be ξ tol
= 1×10−5 . The
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numerical lines also math well with the experimental results.
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Fig. 5.6 Time history of vertical displacement (ATSTE, ξ tol
=1×10−5 )
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From Fig. 5.5 and Fig. 5.6, it is found that by using two adaptive time stepping
methods, the vertical displacement behavious show good agreement with the results
using small dt, meanwhile, with the experimental results. In this numerical procedure,
the implicit integration method is used. The main advantage of the implicit scheme is
without worrying the instability of the solutions caused by the large time step size.
However, it is easily interrupted due to the un-convergence caused by the larger time
step size. The proposed adaptive time stepping methods can automatically arrange the
time step size to avoid un-convergence problems. The heuristic method adjusts the
time step size according to the convergence rate, and the ATSTE method adjusts the
time step size according to the estimated truncation error.
5.2.2 Time step size and calculation efficiency
Fig. 5.7-Fig. 5.9 show the time step size histories using heuristic and ATSTE
methods when d:B = 1:30, d:B = 1:10, and d:B = 1:6 respectively. At the beginning of
pullout process, the soil is unloaded with small deformation, a large time step size can
be used. In the following period with large deformation and high nonlinearity, a small
time step size should be used to avoid the non-convergence problem. It is observed
that the time step size can be adjusted automatically using the Heuristic and ATSTE
methods, therefore, the calculations are pushed ahead and coincide with the
experimental results more closely.
Compared the time histories using heuristic and ATSTE methods, the difference is
that the heuristic method provides a relative rough prediction of the time step,
whereas the ATSTE method provides a smooth and conservative prediction. The
initial time steps are same and a smaller value is prescribed. In the subsequent process,
the time step size predicted by heuristic method is larger than that predicted by
ATSTE methods. From the performance of calculation efficiency, heuristic method is
better, and from the performance of stability, ATSTE method is more stable.
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Fig. 5.7 Time step size history using adaptive stepping methods when d:B = 1:30
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Fig. 5.9 Time step size history using different stepping method when d:B = 1:6
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The time step size influences the progress of the numerical calculations. With a
larger time increment, un-convergence may occur easily and interrupt the calculation,
whereas, with a shorter time increment, desired results can be obtained at the cost of
greater computational time. In this study, we want to reduce the computational time
through the proposed heuristic and ATSTE methods.
In this study, a hexahedron element with 20 nodes is used. The numerical model
has 22720 nodes and 4950 elements in total. All the simulations were performed using
a DELL Precision T5610 Intel® Xeon® 3.40 GHz server. Table 5.2 compares the
computational cost using different stepping methods. It shows that for fixed time
stepping, using smaller time step size, the calculation can be continued forward
consuming more time. Using heuristic and ATSTE methods can save computational
time and have the same consequence as the smaller time step size (dt=0.1s). The
automatic time stepping method can adjust the time step size appropriately. In the
beginning process, large time step is used and in the subsequent process, smaller time
step is predicted according to the current computation state.

Table 5.2 Comparison of computational cost
d=1cm

Time
step size

d=3cm

d=5cm

Interruption computational Interruption Computational Interruption Computational

dt

time (s)

cost (minutes)

time (s)

cost (minutes)

time (s)

cost (minutes)

0.5 s

13.0

97

28.5

218

42.0

322

0.2 s

14.0

206

30.0

442

46.8

689

0.1 s

16.9

442

32.7

855

47.6

1245

Heuristic

17.6

246

33.2

556

47.5

740

ATSTE

17

380

33.1

790

46.8

1022

Table 5.3 shows the peak pullout force and seabed resistance in the experiments
and numerical simulations. It is found that the numerical results show good agreement
with the experimental ones. As the increase of penetration depth, the peak pullout
force and the seabed resistance increase.
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Table 5.3 Seabed pullout resistance
Self weight

d:B

Peak pullout force (N)

Seabed resistance (N)

(N)

Experiment

Simulation

Experiment

Simulation

1:30

105

216

208

111

103

1:10

105

432

393

327

288

1:6

105

540

562

435

457

5.2.3 Pore water pressure behaviors
Fig. 5.10 shows the time history of object base pore water pressure. With time,
the base pore water pressure changes from positive to negative. In other words, a
suction force is generated and it provides the vertical holding force to the structure. As
the increase of d:B, the negative pore water pressure develops to a smaller value,
which means a larger suction force exists and acts on the structure base. The
numerical and experimental results have the same trend and coincidence.
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Fig. 5.10 Time history of pore water pressure under the structure

Fig. 5.11 (a)-(c) show the pore water pressure with depth and time for
d:B=1:30,1:10 and 1:6. It is found that as the vertical pullout force increases, the pore
water pressure under the object decrease from the initial pore water pressure, the
negative pore water pressure area under the structure expands in the horizontal and
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vertical directions. For different cases: d:B=1:30,1:10 and 1:6, the maximum depths
of negative pore water pressure area are 0.12, 0.18 and 0.23 m, respectively shown in
Fig. 5.11 (a)-(c). We can get the conclusion that the larger the negative pore water
pressure area is, the larger base suction force is maintained. In the model tests and
numerical simulations, the water table is set at the surface of seabed soil. Therefore,
the negative pore water pressure is easy to be generated. In the practical, the water
table is high in deep sea and low in shallow sea. Sometimes, the negative pore water
pressure is not obvious; however, the difference of pore water pressure between the
structure base and the seabed will play a great role in the suction resistance to the
seabed structures during the pullout process.
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Fig. 5.11 Distribution of pore water pressure with depth and time

Fig. 5.12 (a)-(c) show the distribution of pore water pressure area when t=0s, 10s
and 30s for the case d:B=1:10, in which Fig. 5.12 (a) shows the initial hydrostatic
pore water pressure. The negative pore water pressure area under the structure is
obviously presented in Fig. 5.12 (b) and (c), as time goes on and vertical pull force
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increase, the negative pore water pressure area is enlarged.

(a) Initial pore water pressure (t=0s)

(b) Pore water pressure (t=10s)

(c) Pore water pressure (t=30s)
Fig. 5.12 Distribution of pore water pressure (d:B = 1:10; unit: kPa)
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5.2.4 Soil deformation
Fig. 5.13 shows the deviatoric strain when d:B=1:10 and t=30s in the numerical
simulation. It is found that the soil deformation mainly occurs around the structure’s
corners and edges. The large soil deformation is caused by the partial soil failure
during the pullout and upward loading to the seabed soil. The simulation results
suggest that at the first stage, the negative pore water pressure is generated to balance
the pullout force, and the negative pore water pressure couldn’t dissipate effectively
because of the rapid loading and the low permeability of the soil. Then the soil
skeleton loses the bearing capacity and structure has rapid displacement in the vertical
direction. Therefore, the holding capacity is from the combination of negative pore
water pressure and the soil skeleton capacities and makes the structure difficult to be
excavated from the seabed.

Fig. 5.13 Distribution of deviatoric strain (d:B = 1:10, t = 30 s)

5.2.5 Influence of seabed soil permeability
Fig. 5.14 shows the contour of vertical displacement for the case d:B = 1:10 and
the time t=30s. The structure has obvious upward displacement as well as its
underneath seabed soil. The surround soil has slight downward displacement, which
makes the failure area generated around the structure in the seabed soil.
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Fig. 5.14 Distribution of vertical displacement (d:B = 1:10, t = 30 s)

The short term pullout is known as the undrained process due to the short time of
the pullout process. In this case, the permeability of the seabed soil is not significant
to the pullout behavior. From this point, we conducted the simulations with different
coefficients of permeability and the vertical displacement time histories are shown in
Fig. 5.15. It is found that the vertical displacement behavior is almost same.
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Fig. 5.15 Influence of seabed permeability in short term pullout (d:B = 1:10)

67

Experimental and Numerical Studies of Seabed Pullout Resistance on Quadrate Foundation

5.3 Long term pullout results
In the long term pullout tests, the pullout force is sustaining force, with the
magnitude of 0.4 Fu , 0.6 Fu and 0.8 Fu , respectively, where Fu is the peak pullout
force obtained from model test. In the simulations, the case d:B=1:10 is conducted.
The vertical load time history can be found in Fig. 4.15, and the magnitude is set as
0.4 Fu =173 N , 0.6 Fu =259 N and 0.8Fu =346 N , respectively.
The ATSTE stepping method is applied and compared with the experimental
results. The vertical displacement, pore water pressure and calculation efficiency will
be described in the following parts.
5.3.1 Vertical displacement behaviors
Fig. 5.16 shows the response of structure vertical displacement in long term
pullout model test and numerical simulation. The numerical results and the model test
results have the same trend in time domain. For different cases, an increase in
displacement rate is observed with increasing of sustaining force. The initial
displacement is also different in the period of applying sustaining force.
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Fig. 5.16 Time history of structure vertical displacement in long term pullout (d:B =
1:10)

68

Chapter 5 Numerical Simulations Of The Quadrate Foundation’S Pullout Process
5.3.2 Time step size and calculation efficiency
Fig. 5.17-Fig. 5.19 show the time history of time step size in long term pullout for
F=0.4 F，
u 0.6 F，
u and 0.8 Fu respectively. It is a time consuming process for the long
term pullout due to the long time of total analysis time and the limitation of the time
step. Using the proposed ATSTE stepping method, the time step size can be adjusted
automatically. At the beginning and the period of failure, the time step is very small.
At the time of seepage, the time step is large.
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Fig. 5.17 Time history of time step size in long term pullout ( F=0.4 Fu )
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Fig. 5.18 Time history of time step size in long term pullout ( F=0.6 Fu )

69

Experimental and Numerical Studies of Seabed Pullout Resistance on Quadrate Foundation

6

Time step size / s

5
4
3
2
1

d:B=1:10; F=0.8Fu

0
-1
0

20

40

60

80

100

120

140

160

180

200

Time / s
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Fig. 5.20 shows the distribution of vertical displacement for the case F=0.4 Fu
and t=2743s. It is different with the result in the short term pullout, shown in Fig. 5.14.
The larger vertical displacement is located in the area under the structure, which is
induced by the flow of pore water from the surrounding to the bottom of the structure.

Fig. 5.20 Distribution of vertical displacement ( F=0.4 Fu , t=2743s)
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5.3.3 Pore water pressure behaviors
Fig. 5.21 shows the time history of underneath pore water pressure obtained from
model tests and numerical simulations. In the loading process, the pore water pressure
changes directly from positive to negative due to the fast loading rate, without
dissipation of pore water. In the sustaining process, the negative pore water pressure
keeps constant to balance the upward pull force. When the vertical loading is large
( F=0.8Fu ), the dissipation of pore water pressure is obvious in the numerical results.
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Fig. 5.21 Time history of undernearth pore water pressure in numerical simulation and
model test (d:B = 1:10)

It's important to note that Fig. 5.21 displays the results under the bottom of the
structure. In the deeper position, the negative pore water pressure is not constant as
the dissipation of pore water in the sustaining process. In the numerical case 0.8Fu ,
the dissipation of negative pore water pressure is obvious, while for case 0.4 Fu and
0.6 Fu , slight dissipation can be found.
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5.3.4 Soil deformation
Fig. 5.22 shows the distribution of deciatoric strain for the case F=0.4 Fu and
t=2743s. It is found that the area under the structure has large strain as well as large
vertical displacement shown in Fig. 5.20. The partial soil failure happens in that area
and the structure is pulled out after a long term sustaining force.

Fig. 5.22 Distribution of deviatoric strain ( F=0.4 Fu , t=2743s)

5.3.5 Influence of seabed soil permeability
For long term pullout, time effect and drained condition should be considered.
Therefore, the permeability of seabed soil is one of important factors, which
influences the pullout behaviors, especially the pullout time and vertical displacement
time history. In this research, different cases with different coefficients of permeability
are conducted to investigate the influence of seabed soil permeability. The vertical
displacement time histories are shown in Fig. 5.23. It is found that the vertical
displacement increase rates are completely different. As the increase of coefficient of
permeability, the vertical displacement increase faster and the pullout time is shorter.
Differently, for short term pullout, the permeability doesn’t have such influence, as
shown in Fig. 5.15.
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Fig. 5.23 Influence of seabed permeability in long term pullout (d:B = 1:10)

5.4 Summary
In this chapter, the numerical simulations of the short term pullout and long term
pullout are presented. And different breakout mechanisms are obtained from the
displacement, pore water pressure and partial soil failure area behaviors.
For the short term pullout, undrained condition can be assumed according to the
parameter study of permeability. The numerical results agree well with the model test
results both for short term and long term pullout. Using the proposed automatic time
stepping method, the computation can be pushed forward, which indicate that
displacement and holding force are closer the model test results. The depth of negative
pore water pressure area increases as the increase of penetration depth. The holding
capacity is mainly from the negative pore water pressure, and makes the structure
difficult to escape from the seabed soil.
For the long term pullout, drained condition should be considered according to
the study of the influence of seabed permeability. Using the automatic time stepping
method, the time step size is adjusted and arranged reasonable. In the load applying
and partial soil failure processes, smaller time step is used, while a larger time step is
used in the sustaining force applying process.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORKS
6.1. Summary and Conclusions
In this study, we conducted experiments and numerical simulations to estimate
the seabed pullout resistance to the offshore structures. Our results indicated that the
numerical method effectively models the pullout problem. The following conclusions
are summarized from this study.
(1) By using the adaptive time stepping methods, the time step size can be adjusted
automatically for a period of large soil deformation and high nonlinearity. Both the
heuristic and the ATSTE methods can deal with the un-convergence problems and
improve the calculation efficiency. The proposed numerical method shows good
agreement with the experimental results.
(2) For the transient pullout process, the negative pore water area is under the
structure, as the increase of the penetration depth, the depth of the negative pore water
pressure area increases, which indicate that the seabed can maintain larger suction
resistance. The soil failure area mainly occurs at the corner of the structure, resulting
in a rapid increase of vertical displacement and separation between the structure and
the seabed.
(3) For the sustaining pullout process, the vertical force is stable, however the vertical
displacement increases due to the flow of pore water from the higher pressure area to
the lower pressure area. In the loading process, the pore water pressure changes
directly from positive to negative due to the fast loading rate, without dissipation of
pore water. In the sustaining process, the negative pore water pressure keeps constant
to balance the upward pull force.
(4) The permeability of seabed soil has a great influence on the long term pullout, due
to the long-playing duration of pullout process. Differently, it has a slight influence on
the short term pullout, therefore, undrained condition can be assumed.
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6.2. Suggestion for future works
In this study, the pullout resistance of a simple quarate foudation on the seabed is
studied. The main purpose is to obtain the mechanism of short term pullout and long
term pullout, transient loading and sustaining loading. However, this is just a
beginning, more work should be done in the next study. In the last part of the thesis,
we give several suggestions briefly to help other researchers and encourage ourselves
to continue this research.
(1) In the experiments, a simple shape of the foundation is investigated, which is not
sufficient in the real case. In the future, different shapes with different seabed soil can
be performed and compared. Moreover, in the numerical simulations, large size and
more complicated models can be built to known the pullout behaviors for the real
cases.
(2) In the numerical simulations, two automatic time stepping methods are introduced
to deal with the nonconvergence problem. Maybe other methods also can be used for
this problem.
(3) In the thesis, 1g laboratory tests are conducted. As the development of centrifuge
test technique, ng tests can be performed to test the pullout resistance in the real stress
state.
(4) Combining with the actual engineering is more meaningful, especially obtaining
the real seabed suction force.
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