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Abstract

In daily life, society needs to obtain usable energy at the lowest possible cost. Natural gas is one of
the main energy sources with oil and coal. Natural gas is a gas mixture composed almost entirely of
methane to which very small amounts of other gases are added, and is used daily in many households.
It has many uses and this type of energy source has many advantages. One of these advantages is
transportation, because gas is easily transported through underground pipelines and can be used for

various purposes.

This research project is dedicated to understanding the impact of surface loads on underground pipes
buried into sand, using finite element models. These models study the issues through several aspects:
first, consider a complex soil model to simulate soil/structure interactions that are more faithful to the

real sand behavior.

Three main analyses were performed. The first analysis consists in modelling the problem on a small
and large scale in order to obtain, once normalised, comparable results. The second type of analysis
involves studying the behavior of small-scale models during loading and unloading cycles to highlight
the effects of nonlinear soil behavior. Ultimately, the influence of pipe thickness on the overall

behavior of the soil/pipe structure was studied.

Performing this numerical analysis is to support future experimental activities. The experimental
campaign will include small-scale laboratory tests in a sand tank equipped with strain gauges and

miniaturised stress transducers.
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1. Introduction

In the distribution of essential services such as gas and water, buried pipes play a key role. They
represent almost the entire distribution network, from extraction to the end user, allowing transport
over long distances. Buried pipes are advantageous because they allow the transport of raw materials
at low cost. Many types of pipes are used in practice, with a wide range of materials, burial depth, or
diameters, the choice being done accordingly to the type of network (gas transportation, crude oil,

SeWers...).

This kind of network obviously has to interact with other structures, such as roads, railways or
embankments creating additional loading on the pipe. It is to be noted that in many cases, the surface
loading is applied after the construction of the pipeline (sometime decades), implying that the original
design of the pipe didn’t take into account this secondary loading (the first type loading being the
inner pressure of the transported gas, up to 6.7MPa). Protecting the pipe from the effect of surface
loading (by using reinforced concrete slabs) is an expensive practice, and should therefore be avoided
when possible; creating a need for more advanced tools of design and verifications (some currently
exists, but with strong assumptions, such as linear elastic behaviour of the soil with Boussinesq

distribution of the load).

In France, natural gas is used as a source of energy for heat and electricity production, and the
transportation is mainly done (~70%) using buried steel pipes with a network of total cumulated

length of more than 32.000km, capable of transporting more than 600TWh a year. (GRTgaz, 2018)

In Italy almost 70% of the electricity produced comes from thermoelectric power plants, which use

methane as fuel. Natural gas is also the only source of heat for most Italian homes (Voronin, 2016).

This research project is part of a PhD project funded by GRTgaz. GRTgaz owns and operates the

longest high-pressure natural gas transmission network in Europe.

It is involved in the management of networks in Germany. In Europe and worldwide, it provides
assessment and consulting services in the field of gas transmission. GRTgaz performs three main

roles:

— It transports natural gas on behalf of its customers, ensuring optimum safety, cost and

reliability.



— It delivers gas to recipients directly connected to the transmission network: major industrial
users, power plants that use natural gas to produce electricity, public distribution networks
and neighbouring transmission networks.

— It expands its transmission capacity in order to meet market demand and enhance security of

supply for France and Europe. (Source: http://www.grtgaz.com/)

Canalisations
au 31/12/2019

32927

Longueur totale du réseau
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die résaay principal .Eu mm
"’.IH"'-. |
I...l ':[__ '
|
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g 1200 mm

Figure 1.1: Some data about GRTgaz network (Essentiel GRTgaz, 2020)

As said before there are some tools for design and verifications of the network. GRTgaz uses a
software called RAMCES PLEIADE. This software is both a tool for calculating the stresses
generated on fluid transmission pipelines by different external stresses, a decision support tool for
work in the vicinity of buried transmission pipelines and a tool to assist in the design of buried
transmission pipelines. It thus provides decision support for the operator by enabling him to determine
whether or not a load is acceptable for a pipeline. (RICE GRTgaz, 2018) This software, as many
others, has some limitation (linear elastic soil model, etc) so the idea behind this research project is
to provide data from numerical analysis in order to better understand the soil/pipe interactions under

surface loading and improve the existing engineering practices.


http://www.grtgaz.com/

This work was carried out at the 3SR laboratory of the Université Grenoble Alpes (France) in

collaboration with GRTgaz.



2. Bibliography research

2.1. Literature

The problem of traffic or operational loads on buried pipes has been studied in different
configurations. One of the major problems that can be encountered with buried pipes is that the soil
pressure above pipes is influenced by the vertical settlement ratio between the pipe and the adjacent
soil. If the pipe is a rigid element, and its stiffness is higher than the stiffness of the soil, a differential
settlement would be created, since the lateral soil would be more compressible. The generation of this
settlement leads to a downward shear force acting along the sides of the soil and so the load on the
pipe becomes larger than the weight of the soil prism (negative arching effect). This concept was first
faced by Marston and Anderson (1913). They proposed the Marston’s earth pressure theory to
calculate the vertical earth load on buried rigid pipes and culverts (Figure 2.1). However, this closed-
form solution doesn’t consider the effect of the subsidence of the soil on both sides of culvert, and

the variation law of earth pressure coefficient is different from the real one (Marston, 1930).
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' v
L= X
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Figure 2.1: Marston's model (Tian et al.2015)

Also Terzaghi (1943) investigated the arching effect with the trapdoor experiment and he proposed a
theoretical approach for aching problems in sand under plane strain conditions. Terzaghi applied this

theory to tunnels and his approach is still widely used also in the case of pipelines, even if it has some
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limitations. First, the vertical stresses are assumed to be uniform and secondly the trapdoor is assumed
rigid.
After these initial studies, many researchers, like Spangler (1941), Heog (1968), Adams (1989) and

others, improved and developed formulae for the vertical earth load on rigid pipes.

Another important feature investigated is the burial depth of the pipe, in order to analyse the effect
that the depth, and so the soil, is the behaviour of the pipe. Moore (1987) studied the influence of the
depth of burial, but in this case, he especially considered the critical hoop forces into the pipe.
Different analytical solutions were proposed to investigate the elastic stability of shallow buried
tubes: subgrade reaction theory, elastic continuum theory and finite element solution. A comparison
between the methods was made and then a parametric study was performed. An important conclusion
of this study is that a shallow burial depth influences the stability of the tube, in fact it will increase
the risk of failure by buckling in the pipe. In this study the ratio between the stiffness of the pipe and
the stiffness of the soil goes from 107 to 10°. Considering the catalogue from GRTgaz, the cases that
will be illustrated in this work have a stiffness ratio around 1072, so they fell in the ratio considered

by Moore.

Fernando and Carter (1998) investigated the problem of buried pipes under surface patch loading.
This type of surcharge is used to approximate vehicular loading. They performed a parametric study
to assess the behaviour of buried pipes and to do this analysis they used an integral transformation

technique (Fourier transform).

a 2 # &0 ] 100 120 140 1ED 1Ed a w46 s Y
@ idagreas) # (degrees)

Figure 2.2: Typical in-plane forces and moments (Fernando and Carter, 1998)



The soil was idealized as a homogeneous linear elastic continuum and the buried pipe had a linear
elastic plate bending element. Three assumptions were made, first the soil was well compacted,
second no slip between pipe and soil, and third the soil is homogeneous (they omitted the stiffer
pavement). Different cases were considered and in conclusion they could say that the relative
thickness of the annular pipe has an important influence on the magnitude of forces and moments.
The stiffness is also relevant when we consider the ratio between stiffness of the pipe over stiffness

of the soil because it influences the magnitude of forces and moments (Figure 2.2).

More recent studies have been conducted comparing experimental and numerical investigations.
Mosadegh and Nikraz (2017) studied the changes in pipe deflection, soil surface settlement and
increase on earth pressure on pipe. The experimental tests were conducted in a rigid steel tank and
two types of soil were used, a trench soil and a granular soil (Figure 2.3). This particular configuration
is different from the one used in the experiments already performed in the 3SR lab, because, as it will

be shown in the following chapter, in these experiments just one type of soil was used.

I Loading

Loading plate

Pipe

Figure 2.3: Schematic representation of the test setup. (Mosadegh and Nikraz, 2017)

The pipe used by Mosadegh and Nikraz was a polyethylene pipe with a thickness of 6.8mm and a
diameter of 110mm. To record the pipe deflection and the pressure on the pipe strain gauges and
pressure cells were used, attached to the pipe, and also a LVDT was placed on top of the plate to
monitor the settlement. Numerical simulations were conducted, and a FE model based on the

laboratory setup was built (Figure 2.4). The mesh has been refined around the pipe and the boundary



conditions were fixed in one direction on the sidewalls. The soil model used was the Drucker-Prager

failure criterion and for the pipe a linear elastic behaviour was used.

Figure 2.4: Finite element discretization (Mosadegh and Nikraz, 2017)

The ultimate bearing capacity of soil and traffic load simulations were tested. They noticed a good
agreement between numerical simulation and experimental results, for example the bearing capacity
is similar in both tests. Traffic test results reveal that pipe burial depth has a significant effect on
surface settlement. Also increasing the surface pressure has a significant impact on increasing pipe

deflection, soil surface settlement and pressure on pipe as expected.

Apart from the burial depth, it is also interesting to analyse the influence of soil saturation on the
behaviour of buried pipes since it can vary a lot during the life of a pipe. Even if this issue will not
be investigated in the following work, it is important to know the effect of soil saturation in order to
make the correct assumption to be in safety conditions during the analyses. Randeniya et al. (2020)
were interested in this subject and they performed large-scale experiments and numerical simulations.
For the experiments they used a box with plywood steel to support the soil fill and to apply the load
(internally and externally). A manual pressure pump and a hydraulic loading jack were used. The
traffic load was applied as a static one. An interesting difference from the previous study analysed is

the internal water pressure applied in this case in order to simulate a uniform pressure inside the pipe.
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To record the strain evolution, on and in the pipe, 12 strain gauges were used as well as some sensors
pads placed on the pipe. The pipe used for the experiments was a cast iron one with a diameter of 122
mm and a thickness of 11 mm. The soil was a lean clay with gravel. They performed 20 direct shear
tests to characterize the soil with different saturation levels. Also, numerical simulations of the
experimental setup were carried out with a FE software. The soil model used in this case was a
modified elastoplastic model with Mohr-Coulomb failure criterion that consider strain softening at
high strain. The most interesting conclusion of this study is that 20% and 85% of water saturation
degree conditions can cause larger pipe deformations compared to 65% of saturation degree under

simulated traffic loads (Figure 2.5).
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Figure 2.5: Deformation mechanism of pipe under traffic load (Randeniya et al., 2020)



It indicates that an intermediate degree of saturation of the soil can be favourable for the pipeline:
since in real conditions, this value is not likely to be known precisely (and there are no guarantees
that it will be sustained), considering what happen at more extreme values is at the safe side. With

this conclusion in mind the following work is conducted with a dry soil.

2.1.1. GIPIPE

The GIPIPE research project investigates the mechanical behaviour and structural integrity of buried
steel pipelines, subjected to severe ground-induced permanent action — including tectonic (quasi-
static) effects, slope movements, and liquefaction-induced displacements — using advanced

experimental techniques and high-performance numerical simulations. (European commission, 2015)

This study was carried out in pursuit of the objective of drawing up a comprehensive set of guidelines
for the design of underground pipelines. Another important objective of the EU commission was to
develop a list of operational recommendations for underground pipelines. As mentioned above, the

areas of analysis are areas where ground induced actions are very likely to occur.

The study was divided into three phases. The first phase consisted of an introductory work where
existing and previously used methodologies were analysed. Also, in this phase, models were analysed
to represent the soil in the models created to study the soil-pipe interaction under permanent ground-
induced actions. In the second phase, experimental studies were carried out to investigate the soil-
pipe interaction combined with finite element models. In the last phase of this study, the results of

the previous phases were collected to draw up guidelines for pipeline design.

The GIPIPE research project therefore studies the mechanical behaviour and structural integrity of
buried steel pipelines subjected to severe permanent soil-induced actions, using advanced

experimental techniques and high-performance numerical simulations.

The main result of this study is certainly to have drafted the set of guidelines researched, but in
addition important conclusions have been obtained. First of all, it was found that a very good overlap
can be obtained between results obtained from experiments and those obtained from numerical
models, even in the case of simplified models. With regard to pipelines, the tests indicated that the

formation of local buckling can lead to premature fracture and loss of pipe containment.

This study was very relevant at European level as it allowed the drafting of guidelines for the design

of buried pipelines, and although it is of relative interest to our field of analysis, as we do not deal
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with pipelines subject to severe ground-induced permanent action, it was interesting to analyse how

they investigated the problem and compared the experimental data with the numerical once.

2.2. Work already done in 3SR

From this literature review, it can be seen that many analyses have been made concerning buried
pipes, in different ways and considering different aspects of the problem. In addition to consulting
the literature, this project was also based on the work previously done on this topic. In fact, an
experimental and numerical campaign have been carried out in 2018 that inspired and influenced this

work. They will be presented right after.

2.2.1. Experimental work

An experimental campaign (Dano, 2019) was performed in the test tank of the 3SR Laboratory, called
VisuCuve. The dimensions of the tank are 2000mm*950mm*900mm, as depicted Figure 2.6. A
hydraulic jack, resting on a square steel loading plate (10*10 cm?), applies the loading and is
monitored by a 20kN force transducer. A dry Fontainebleau NE34 sand was used to fill the tank.
Several layers were done, each of them was compacted individually. Two different cover height (from
the surface to the top part of the pipe) were used for the pipe, 45cm and 30cm. A test with a buried
distributing plate was also performed. The pipe was modelled using a 6060-aluminium tube with a

diameter of 100mm and a thickness of 2mm.
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Figure 2.6: Visucuve scheme (dimensions in mm)
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This experiment was made at small (model) scale, with a similitude ratio of 3. This configuration is
the basis for the numerical models that will be presented in this report. Therefore, the reflexion about
this scaling laws will be discussed in the following chapter. The pipe was instrumented with 4 pairs
of strain gauges, placed on the outer surface of the pipe. The nature of the deformation measured by
each strain gauge is different, axial stain for odd numbers (J1, J3 J5, J7) and hoop strain for even
number (J2, J4, J6, J8) (Figure 2.7). Three trials were performed with two different cover heights and
in the third case by also adding a distribution plate. As in the studies illustrated before, the
experiments showed that a cover of 45cm induces a small amount of deformations on the pipe (Figure

2.7), so the cover of 30cm was more relevant in order to measure and draw conclusions.
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Figure 2.7: Evolution of deformation during loading (First trial with 45 cm cover) (Dano, 2019)

At 30cm of cover, the strain gauges showed that a flexion of the pipe due to the concentrated load

was involved, at the same time as the expected ovalisation of the pipe. This bending is a 3D
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phenomenon, so in this following 2D study it was not possible to capture completely this behaviour.
The last test performed with a distributing plate under the loading showed a limited impact of it: for
a given amount of surface stress, the plate does not change the amount of stress on the pipe but it

seems to have a “delaying” effect (Figures 2.8-2.9).

This experimental campaign was useful to set the basis of the upcoming work that need to be done,
such as an analysis of the pipe behaviour using FEM, or more experimental work using in-soil stress
transducers and adding an internal pressure in the pipe. The latter experimental part will be carried

out during a PhD project.
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Figure 2.8: Pipe deformation according to surface vertical applied stress second trial (cover height of 30 cm) (Dano, 2019)
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2.2.2. Numerical work

A numerical campaign was also carried out and the software used was PLAXIS 2D (Boulon, 2018).
The calculations concern again a reduced model of a tank filled with sand in which a pipe is buried
(Figure 2.10). The soil/structure model is supposed to operate under plane strain conditions, and it is
loaded with a vertical force on the axis of a steel rigid plate. The scaling laws that links the prototype
scale and the model scale chosen for this study was based on a geometrical scale, under the normal

gravity field, in this case 1/10.

Since the problem is symmetrical, just half of the tank and half of the pipe are modelled. The vertical
side are fixed for horizontal sliding and the bottom is totally fixed. The pipe model is based on an
aluminium pipe with a diameter of 50 mm and thickness of 0.5 mm, the behaviour of this material

was considered elastic (with a Young modulus E=69 GPa).

0.5m

Figure 2.10: Tank model including a buried pipe and loading through a metal plate (Boulon, 2018)

A dense Fontainebleau sand was used for the soil model, but the mechanical properties are strongly
dependent on the local level of average stress. The elasto-plastic Mohr-Coulomb model with constant
Young’s modulus was chosen for this study. The parameters used are reported below, as well as the

interface friction angle between the soil and the pipe (9):
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3

y=16kN/m , E=2901 kPa, v= 0.3, c = 0.1 kPa, ¢ =40°, y = 5°,

K, =0.3926, tan (3) = 2/3, tan (®) = 0,559 — 5 =29°

To have a more realistic simulation of the real behaviour of the sand in the following work a different

constitutive model will be used. The maximum load reached was 3.09 kN/m and the loading process

was divided in 82 steps.

- Phase 2 (ph2) = initial phase, put in place of the model

- Phase 3 (ph3) = laying of the distribution plate on the bed of sand

- Phase 4 (ph4) = loading up to 2kN/m
- Phase 5 (ph5) = limit loading up to 3.09 kN/m (Figure 2.11)
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Figure 2.11:Vertical stress profile below the load axis at several loading stages (Boulon, 2018)

By analysing the vertical stress, it was found that the pipe acts as a diffuser of this solicitation,

whereas, by considering the vertical displacement, it clearly appears that the pipe was compressed

along its vertical axis (Figure 2.11).
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Considering the distribution of horizontal stresses, it was noted that the installation of the surface
plate has a great influence on horizontal stresses leading to an increase of almost double at the borders.
An increase in horizontal stresses around the pipe has also been noted. In the horizontal direction
there is an outward displacement which increases as the loading increases. It can be also seen that the
deformation of the pipe under the effect of loading, including initial gravity, is not symmetrical with

respect to the horizontal direction (Figures 2.12-2.13).

The resulting tube ovalisation at the end of loading reaches a maximum shortening of 1.17% in
vertical direction, while the maximum lengthening is around 1.25% in vertical direction, instead the
diameters oriented in the range (50°, 55°) remain invariant. Regarding the stress in the pipe, the main
conclusion was that the influence of the normal force is marginal to that of the bending moment.
Boulon suggested that it could not be the case if the pipe was under internal pressure (but this is not

the most critical configuration in terms of pipe deformation.
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Figure 2.12: Profile of the horizontal stress at several loading stages (Boulon, 2018)
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Figure 2.13: Profile of the horizontal displacement along the horizontal axis of the pipe at several loading stages (Boulon, 2018)
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3. Context of the work

The general objective of this work is to investigate the behaviour of gas pipes buried in sand in order
to have results, still preliminary at this stage, which will be used for future PhD work. The ultimate
aim of this project will be to have an in-depth analysis of the behaviour of the pipes in order to
improve the design approach now used by GRTgaz. The Master research project was supposed to
provide data from both experiments and numerical analysis, but unfortunately due to 2020 special
circumstances, only the numerical analysis and a small portion of preliminary experimental work

were carried out.

3.1. Small scale laboratory model

The laboratory model on which the numerical analyses are based is presented here.

3.1.1. Presentation of the experimental setup

The experimental setup that was intended to be used is the same as the experimental campaign
previously illustrated (Dano, 2019) with some modifications and additions. The new experimental
campaign will be carried out during the PhD project. The new experimental setup that will be used

and on which the numerical models are based is illustrated thereafter.

The tank to be used is the VisuCuve in which the small-scale tests will be performed respecting the
similitude conditions with a scale factor A = 1/3. In the following section, more details on the scaling
laws will be given. The characteristics of this tank have already been presented. The load is applied
with a hydraulic jack, this condition will not be respected in the FE models since in reality traffic
loads are imposing directly a load on the soil (or pavement) and not imposing a displacement. The

pipe and the soil intended to be used are the same ones as in previous experiments.

In addition to the strain gauges glued on the pipe to measure the deformation and deduce the stresses
acting on the pipe, it was decided to use 20 miniature stress sensors, to be placed in the soil mass, in

order to detect the evolution of the stresses in the sand during the loading phases.

These stress sensors are extremely sensible to many factors like the cell installation and the
consequent ‘cell action’. This behaviour happens because there is a difference between the effective

stiffness of the cell and the one of the soils. So, to be able to use these sensors, they must be calibrated
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and the procedure that was used is illustrated in a study (Zhu et al., 2009) then adapted to this specific
work. To perform the calibration, the same soil as in the experiments, must be used and particular
attention must be paid to the boundary conditions because it is important to try to minimize the effect

of these on stress- non-uniformity in the sensor placement area.
A “tall oedometer” was used to perform the sensor calibration in different steps:

1. Connect the sensor to the signal

2. Fill the Oedometer with sand and compact it manually to reach a target density around the
one used in the VisuCuve in the experiments illustrated by Dano (2019). The density effect
on the calibration will be then studied.

3. Place the cell and continue to fill the sand

4. Apply pressure changes under automatic control to increase or decrease the vertical stress

From different tests found in literature (Zhu et al., 2009) it was shown that a standard depth of 90mm
was sufficiently deep to eliminate loading plate effects and allow cell action to develop fully avoiding

excessive wall friction losses.

3.1.2. Scaling laws

In some cases, it can be necessary to perform experiments at small scale, maybe because of size
limitation of the model, as in this case. So, there is the necessity to transpose the results obtained on
scale models into full-scale results (or prototype). In order to use the data obtained, care must be taken
to respect the conditions of similitude. If these conditions are not fulfilled, a distortion called scale
effect is generated. This can lead to errors in the interpretation of the results, so it is really important

to control and minimize this scale effect

In the field of geotechnical engineering, different tools have been developed to avoid the
consequences of scale effects, although it is not always possible to eliminate them completely. The
most common instruments used in the field of geotechnics are for example geotechnical centrifuges,
calibration chambers or hydraulic gradient models. When using a geotechnical centrifuge, the
literature on the laws of scale is very extensive, there are in fact many different scale factors

depending on the physical mechanism involved. (Dano, 2018)

A different approach has been chosen for this study; in fact, all the scaling laws, also called similitude

conditions, are based on the dimensional analysis. This theory is also called Pi-Theorem and was
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introduced by Buckingham (1914) among others and it states that given a physical process described
by an equation even indefinite (in its analytical form), the problem can be expressed with
adimensional terms. It is based on the use of n-terms relationship which describes the performance

of a system (physical variables), the prototype.
Ty = f (T3, 3, Ty, ..., Tg)

Every n-term is dimensionless, is independent from the other and represent primary quantities. The
same equation can be written for the model since it describes the same phenomena as the prototype.
So, if the fundamental quantities of these n n-terms are k (for example, mass, length, time in a purely
mechanical problem), then the problem can be expressed as a function of n-k adimensional groups.

The corresponding m-terms groups provide a set of design conditions in order to create the model.

So, Pi-theorem finally affirms: “If there are n variables in a problem and these variables contain m
primary dimensions (for example M, L, T) the equation relating all the variables will have (n-m)

dimensionless groups.” (Buckingham, 1914)

Given the similitude of behaviour, the model and prototype imply that there are constant relationships
(Scale factors):

A= model property /prototype property
The relationships between these scale factors would then be the basis on which the conditions of
similitude between the two scales are based.

In this study, therefore, the fundamental quantities involved are:

e The length L.
e The time T.
e The mass M.

Lmod

The geometric scale factor is A, = and following that, it is also possible to say that the scale

prot

factor on deformation Acis 1. All the experiments are conducted in a normal gravity field so, the scale
factor for gravity is 1 also. Following these considerations, all the other scale factors are derived and
here is reported a table (Table 3.1) with the list of the most important ones regarding a 2D case (plane

strain).
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Table 3.1: Scale factors (Dano, 2018)

Property Symbol Scale factor
Mass M AL’
Volumetric mass Ay 1
Time At A2
Stress Ao AL
Elastic modulus AE variable
Moment of inertia Al ALl
Linear force AF A2

For this study, the geometrical scale factor adopted is 1/3. The reason behind this decision lays in the
Young modulus of aluminium, in fact the ratio between the modulus of aluminium and the modulus
of steel (material used in reality) is exactly 1/3. This is a condition that it was important to fulfil for
the purpose of the investigation that is being done. Also, from the experimental point of view, with

this scale factor, a good range of pipes can be investigated.

In the next section, the scale factors applied to the various elements of the study under review are

presented with their dimensions and considerations.

— VisuCuve Characteristics: The cuve is at the “model” scale, so for numerical calculation, we
had to consider a “prototype” cuve as follows:
It is to be noted that the prototype dimensions will only be used for numerical modelling, it

doesn’t correspond to a physical experiment.
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Table 3.2:

Scale factors for the VisuCuve

Characteristic | Theoretical Model Ideal Actual Actual
ratio characteristic prototype prototype ratio
Length [mm)] 1 2000 6000 6000 l
Width [mm] 1 1950 5850 5850 1
A
Depth [mm] 1 900 2700 2700 1
A 3

Pipe characteristics: The prototype considered was a steel pipe of 300mm outer diameter and

6mm thickness, that correspond roughly to a DN250, cat.C pipe used by GRTgaz (273mm

diameter and 6.5mm of thickness). Hereby, it was proposed to use an aluminium pipe of

100mm outer diameter and 2mm thickness, which lead us to consider the following

parameters:

Table 3.3: Scale factors for the pipe

Characteristics | Theoretical Prototype Ideal Actual Actual
ratio characteristic model model ratio
Diameter 1 300 100 100 1
[mm] 3
Thickness 1 6 2 2 1
[mm] y) 3
Young 1 210 70 69.5 - l
Modulus 1 73
[GPa]
Moment of i 1.8x 1078 | 6.67 4.67 - i
Inertia [m*/ 213 x 10710 x 10710 Y
m]
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Characteristics | Theoretical Prototype Ideal Actual Actual
ratio characteristic model model ratio
Flexural l 3.78 4.67 4.63 x 1072 ~ i
rigidity EI 2 X 1072 81
[KN.m?/m]
Normal 1 1.26 x 106 | 1.40 1.39 x 10° 1
rigidity EA 12 X 105 T 9
[KN/m]

The “ideal model” correspond to what would be the “perfect” dimensions and characteristics
for the model pipe in respect to the scaling laws. The “actual model” correspond to the
dimensions and characteristics of the model pipe that have been used in reality (which could
be different, due to a various range of limitations). The theoretical ratio has been determined
accordingly to the recommendations made by Boulon and Dano (2018)
The agreement between the theoretical ratio and the actual ratio is really good, mainly due to
the fact that the aimed ratio of 3 allows to use a pipe of aluminium 6060 for the model pipe
(while the prototype one is in steel), which greatly helps to respect the similitude condition
on the flexural and normal rigidity, and to have a correct estimation of the hoop stress acting
on the pipe.

— Loading characteristics: The loading is also affected by the scaling of the problem. The
numerical model is piloted through a uniformly distributed loading, applied on a stiff pressure
plate. The pressure plate, as a geometrical object, will be affected by the geometrical scaling

conditions, as follows:

Table 3.4: Scale factor for the loading plate

Characteristic | Theoretical Prototype Ideal Actual Actual
ratio characteristic model model ratio
Length [mm] 1 30 10 10 1
3
Width [mm] 1 30 10 10 l
A 3
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Characteristic | Theoretical Prototype Ideal Actual Actual
ratio characteristic model model ratio
Thickness 1 2.82 0.94 0.94 l
[mm] 3

We know from Boulon and Dano (2018) that the scaling factor, in 2D plain strain, for a
distributed load is %2 . In our case, the load is distributed on a plate, with dimension that has
been affected by the scaling, so in order to respect the condition for the stress under the plate
(the scale factor for the stresses is % ), we need to use instead the factor % for the loading,

otherwise, the resulting stress would be A time too small.

We will see further on that this condition is not always fulfilled, especially when it comes to
failure.

Soil: The soil should also be modified in regard to the geometrical scaling of the model, since
its properties are affected. The main effect is on the stiffness, since it depends heavily on the
stress level acting in the media, stress level affected at the first order by the scaling. Since the
soil used at both scales remain the same, it realistically introduces a bias, that should be

quantified, to see if it remains acceptable.

3.2. Aim of numerical modelling

The aim of this project, in the beginning, was intended to use numerical models as a reference to

interpret the results obtained from the experiments conducted in parallel. However, considering that

it was not possible to perform experiments during this work, it was decided to expand the numerical

modelling campaign. The models thus realized are based on the experiments carried out in the

previous experimental campaign (Dano, 2019). The main objectives of this numerical study are first

of all to have access to a wide range of data that can be used as references for future campaign of

experiments. These results should cover the soil but also the tube and the interaction between the two

for different soil conditions. Another important result to be obtained is the influence of similarity

conditions on the results.
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4. Numerical model

In this section the numerical models are described. They were obtained using a FE software called

PLAXIS and they are all 2D plane strain models.

4.1. General presentation of the numerical model

4.1.1. Presentation of the software

PLAXIS (Plane strain and axial symmetry, indicating the geometric types handled in the original
code) is a powerful and user-friendly finite element software, used all around the world for
geotechnical engineering and design. This program is developed for the analysis of deformation,

stability and groundwater flow in geotechnical field and rock mechanics (PLAXIS manual, 2019).

This software is intended to provide a tool for practical analysis to be used by geotechnical engineers.
The problems that often arises with finite element programs are the long computational time and the
complexity in the usage. But PLAXIS is developed to be easy to use since its interface is logical and

friendly for designing robust models.

PLAXIS proposes advanced constitutive models for the simulation of non-linear, time dependent and
anisotropic behaviour of soil and/or rocks. In particular for this project, it was used PLAXIS 2D
which is a package intended for two-dimensional analysis in many applications range from
excavations, embankment and foundations to tunnelling mining and reservoir geomechanics.
PLAXIS 2D abilities can be extended with three additional modules: Dynamics, Plaxflow and

Thermal, but in this project, these extensions were not necessary.

4.1.2. Geometry of the model

The aim of this study, as explained in detail before, is to show preliminary results about the behaviour

of a model pipeline buried into a sand bed that receives a surface loading.

In this study, different configurations have been tested. First, two different scales were considered
(model and prototype); then, at model scale, three different thicknesses for the pipe were also

considered. These comparisons were always made in two different soil conditions, in fact a loose
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sand and a dense sand were considered. The sand in both states was used because, in the experiments,
a compaction will be done but since it’s not easy to have a perfect uniform compaction in the entire
VisuCuve, considering also the presence of the pipe, there will probably be both sand states in the
same model. For this reason, it was decided to explore the behaviour of the Fontainebleau sand in

both conditions.

As mentioned above, sand in two different states of compaction was used as a reference, they will be
referred to as loose sand and dense sand during the discussion. In reality, observing the degree of
compaction, it can be seen that they are a medium dense and a dense sand. The notation has been
simplified to avoid confusion. In fact, during the experiments, the sand used is never in a "loose"
state, but even in the less compacted areas, such as around the pipe, it will be at least moderately
dense. Since the tank is symmetric and only centred surface load is first considered, for sake of
simplicity and to have faster calculations (less computation time), on PLAXIS just half of VisuCuve
was represented. In Figure 4.1 are shown the half-models at model scale performed on Plaxis 2D with
the two different sand conditions. The dimensions are the one of the VisuCuve but in 2D: 1m (length)

x 0.75m (height).
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Figure 4.1: Plaxis model at model scale (dimensions in m)
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Figure 4.2: Plaxis model at prototype scale (dimensions in m)

Instead in Figure 4.2 are shown the half-models at prototype scale again with the two different sands.
The dimensions of the models respect the scaling laws, the scale factor between the two

representations is 1/3. So, the dimensions of the prototype model are 3m (length) x 2.25m (height).

4.1.3. Elements of the model

The models are made up of different elements of different nature. The first analysed here is the soil.
In order to properly simulate the behaviour of the sand, the soil model used in this study is the
Hardening Soil Model with Small Strain (HSsmall) (Benz, 2007). This model has been chosen for its
capability of taking into account the complex behaviour of the soil better than other simpler model
like, for example, a linear elastic and perfectly plastic model with a Mohr-Coulomb (MC) criterion.
In fact, the HSsmall model considers the soil non-linear response, and complex plastic mechanism in
the soil. The model also responds for the stress dependency of the different stiffness moduli. The
drawback of this better prediction capability is the increase in input parameters, and the higher

attention needed to evaluate the response of the model on real tests. Later in the report the parameters
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calibration will be illustrated. The model walls have been assigned the following boundaries

conditions:

e Bottom: totally fixed

e Lateral boundaries: Horizontally fixed
The bottom of the tank must be fixed because during the loading process, it doesn’t move. Instead
the lateral boundaries have to be just horizontally fixed since they are rigid, and they don’t allow
horizontal deformations during the phases. The pipes on PLAXIS are modelled by using a plate
(structural element available in PLAXIS), considering, as reference, the catalogue from GRTgaz
where are reported the dimensions of the pipes used for their gas network in France. Here the analysed

ones are reported.

Table 4.1: Extracted from "Canalisations réelles et modéles" (GRTgaz)

DN250 DN250 DN250
External diameter (mm) 273 273 273
Steel quality TUE360 | TUE360 | TUE360
Young’s modulus (GPa) 210 210 210
Thickness (mm) 6.5 4.3 3.6
Elastic Limit (GPa) 360 360 360
Failure Limit (GPa) 480 480 480

The first type of pipe used, as reference, at model scale is the one used in the experiments previously
conducted and illustrated in the report “Expérimentation sur tube creux en cuve a sable” (Dano, 2019)
which refers to the first type of pipe reported from the GRT gaz’s catalogue but scaled with a scale
ratio of about 1/3. The experimental pipeline used was a 6060-aluminium tube, 100mm outside
diameter, with a wall thickness 2mm and length 0.935m. Its mechanical properties are: Young's

modulus E = 69.5 GPa, Poisson’s coefficient, v = 0.33.
The parameters used to define the material at model scale in the software are:
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— EA=normal rigidity = E * h
3
— El=annular flexural rigidity = E * %

— v=Poisson’s coefficient

where:

— A =Dbxh, but since we are in 2D plain strain, b does not appear in the formula

h3 . . . . .
- I=bx ey but, again, since we are in 2D plain strain, b does not appear in the formula

In Figure 4.2 are presented some diagrams which present the terms associated to the pipe. These

formulas are referred to view A-A which can be seen in Figure 4.3.

h $ = —

Vertical cross section of the tube Unit longitudinal segment of the tube

Figure 4.3: Pipe representation

Table 4.2: Characteristics of the pipe at model scale

h

Thickness 0.002 m
EA 139*%10° kN/m
EI 0.04633 kN
m?/m
v 0.33

View A-A
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Instead at prototype scale the following parameters were used:

Table 4.3: Characteristics of the pipe at prototype scale

Thickness 0.006 m

EA 126*10* kN/m

EIl 3.78 kN m*/m

v 0.33

Two others pipe were considered in order to check the influence of the thickness on the behavior of

the pipe and their characteristics are here reported:

Table 4.4: Characteristics of other pipes at model scale

Thickness 0.00133 m Thickness 0.001 m
EA 92.435%10° EA 69.5%10° kN/m
kN/m
EIl 0.01363 kN El 0.00579 kN
m?/m m?/m
Y 0.33 v 0.33

At the contact between the pipe and the soil, an interface (assumed rough) has been placed, with an

. - 2 . -
interface friction angle of 3 . in order to materialize accurately the contact.

The load is applied on a stiff rectangular rigid plate which is modelled with an elastic plate element

with high stiffness and with transverse half-length of 0.05 m.
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4.1.4. Modelling

Since PLAXIS is a FE software, a mesh was created. 15-nodes triangular elements were used with a
general coarseness factor, which indicates the local refinement of the mesh at the geometric entity, of
1 with a refinement to a coarseness factor of 0.25 around the pipe and under the loading plate. This

mesh was used for all the models. (Figure 4.5)

The numerical model is loaded through a uniformly distributed loading, applied on the stiff plate
illustrated before. It was decided to use this load control mode, instead for example the displacement

control mode, because it more resembles the reality of a traffic loading.

The models, at both scales, were built and loaded by phases respecting the layer subdivision (Figure

4.4):
o Initial phase: 1 layer of sand
e 1% phase: pipe+2" layer of sand
e 2" phase: 3 layer of sand
e 3" phase: 4™ layer of sand

In these phases the sand is only subjected to the force of gravity and horizontal stresses are

computed with K¢=0.5

o 4™ phase: From this phase the loading procedure starts, and the actual loading is increased at

every phase.

Failure occurred at different loading phases either modelling loose or dense sand, because the latter

is stiffer, so higher bearing capacities were reached.
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Figure 4.4: Layer subdivision

Figure 4.5: Mesh of the model
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4.2. Numerical modelling of the soil behaviour

To represent the behaviour of granular media, it was proposed to use the Hardening Soil Model with
small strain. HSMsmall is a model well suited to model the behaviour of granular soil such as sand,
since it takes into account the effect of the plastic deformations occurring in the soil, even during the
early stages of the loading, something that models using an elastic-perfectly plastic behaviour are not
capable. The “small strain” variant of the HSM is designed to also take into account the fact that the

soil usually has a higher stiffness at small strains, that degrades with the increase of the strain level.

In this chapter, the analysis performed, and the assumptions made that best suit the case under study

are explained.

4.2.1. Hardening soil model (HSM)

To simulate the behaviour of a sandy soil, it was decided to use the Hardening Soil Model (HSM)
because this model is well adapted for granular soil under monotonic and limited unloading stress
path. In fact, by comparing it with other models, linear elastic and perfectly plastic model, which
assume a Mohr-Coulomb (MC) criterion, it was possible to notice that the MC model has some
intrinsic limitations like the bilinearity (constant E, v), unlimited dilation, isotropy and perfect
plasticity. In conclusion it can be stated that the HSM model is more appropriate since it still includes
the theory of plasticity and the soil dilatancy, as MC, but it introduces a yield cap and the elastic

modulus is stress dependent.

The major differences for the HSM is that the elastic domain isn’t fixed, but it does change, in fact it
can expand depending on the volumetric and deviatoric plastic strains and it comprises two distinct
mechanisms of yielding: one in shear and one in compression. (Figure 4.6) Shear hardening is used
to model irreversible strains due to primary deviatoric loading. Compression hardening is used to
model irreversible plastic strains due to primary compression in oedometer loading and isotropic

loading (Schanz et al., 1999).
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Figure 4.6: Yield surface and elastic range in the basic HS model (Cudny et al., 2020)

Another difference between the models is in the parameters, the elastic perfectly plastic Mohr-
Coulomb model is based on the friction angle o, the dilatancy angle v, the cohesion c, Poisson’s ratio

v and the stiffness E. In the case of HSM instead, a single parameter for the stiffness is not considered

but three:

. . . . t m
— The secant stiffness in standard drained triaxial test Esqg = E ;gf (%)

ref

m
— The tangent stiffness for primary oedometer loading E,.q = E, (w)

pTef +ccotg @

m
— The unloading/reloading stiffness E,,,, = E;if (%)

Where

m: power for stress-level dependency of stiffness

o p"¥ : reference mean effective stress; a usual value is 100 kPa

. E;gf : secant stiffness in standard drained triaxial test with reference to
p"¢f (Figure 4.2)

o FE g;’; : tangent stiffness for primary oedometer loading with reference to p™¢/
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o E;if : unloading/reloading stiffness from drained triaxial test with reference to

p"¢ (Figure 4.7)

This is because the HSM considers also the stress-dependency of stiffness moduli. In fact, it is
observed that stiffnesses increase with pressure, so these three parameters are related to a reference
stress. The result will be a stiffer response upon unloading/reloading compared to virgin loading since

this model also takes into account the overconsolidation.

As it is possible to notice that from the previous equations, all the stiffnesses depend on the power m

that is used to simulate a logarithmic stress dependency (Schanz et al., 1999)

In the situation under examination, the real important range of strain that we should take into account

is the interval concerning the small strains

Asymptote
g +-----fp-----f-----mmmmmmmmm-

qf - E, 1 (/J

‘l" > £]

Figure 4.7: Hyperbolic stress-strain relation in primary loading for a standard drained triaxial test (Schanz et al.,1999)

4.2.2. Hardening soil model with small-strain stiffness (HSsmall)

The HSS model is a development of the previous Hardening soil model (HS), incorporating specific
soil stiffness at small strains (Benz, 2007). The reason why this particular model was found necessary
is because HSM during unloading and reloading considers the soil as an elastic material, but as it was

said before, this is true just at small strains. If fact it is possible to notice that by plotting on a
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logarithmic scale the shear strain against the soil stiffness, it is obtained a S-shaped stiffness reduction
curve. (Figure 4.8)

Small-strain soil stiffness and its non-linear dependency on strain amplitude should be properly taken
into account. This can be easily noticed from Figure 4.2 where it turns out that that at the smallest

strain measurable with usual laboratory test soil stiffness is actually half of the initial one.

The major practical deference with this model is that it depends on two more parameters which are:

— The initial or very small-strain shear modulus Go

The shear strain level yo.7 at which the secant shear modulus Gsis reduced to about 70% of Go

These parameters are influenced by many factors, but mainly by the void ratio and by the material

actual state.
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Figure 4.8: Characteristic stiffness-strain behaviour of soil typical strain ranges for laboratory tests and structures (PLAXIS

manual, 2019 after Atkinson & Sallfors 1991)

4.2.3. HSsmall in the software

PLAXIS, as already illustrated in the previous chapter, is a computer programme that performs finite

element analyses in the geotechnical field, which is the software that was used for the numerical
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modelling of the problem under examination, because, in this software, is already implemented the

HSsmall model.

In PLAXIS, when a model must be created, it is required a soil material type. In this specific section,
it is possible to choose the model that better simulates the behaviour of the case under test. Practically
what PLAXIS requires is a set of parameters to define the soil, and this set depends on the model

chosen (MC, HSM, HSsmall, etc...).

In the case of HSsmall the required input parameters for defining the soil type are:

m: power for stress-level dependency of stiffness

- E Srgf : reference secant stiffness in standard drained triaxial test

- Egzd : reference tangent stiffness for primary oedometer loading

- Egﬁf : reference unloading/reloading stiffness from drained triaxial test
— vy, : Poisson’s ratio for unloading/reloading

- Gg °f . reference shear modulus at very small strains (e< 107©)

—  Yo.7: threshold shear strain at which Gs= 0.722 Go (PLAXIS manual, 2019)

The following chapter of this report will be dedicated to the model done with PLAXIS.

4.2.4. Calibration of soil model parameters

Before starting to model the soil, it was necessary to determine the parameters necessary to do so,

which are the one presented in the previous section.

The sand used in the experiments is the Fontainebleau NE34 sand and to calibrate the parameters, it
was considered a study “Caractérisation mécanique du sable de Fontainebleau NE34 a 1’appareil
triaxial sous cisaillement monotone” (Andria-Ntoanina et al., 2010). They provided a set of

experimental data from triaxial tests on Fontainebleau NE34 sand.

It was considered the four sets of results which consist in two sand specimens with different densities

at two different confinement pressures:

— Loose sand pq=1.537 g/cm? 63=50 kPa e=0.718
— Loose sand ps=1.542 g/cm? 63=100 kPa e=0.712
— Dense sand pa=1.676 g/cm® 53=50 kPa e=0.573
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— Dense sand pe=1.672 g/cm® 5=100 kPa e=0.579

It was considered these two sets of data (50 kPa and 100 kPa) because the parameters are stress
dependent so just one set wasn’t enough to determine parameters that can fit even at different stress
levels. This was necessary since by examining a previous study “Experimentation sur tube creux en
cuve a sable” (Dano, 2019), it was assumed that in the VisuCuve, the range of confinement pressure
is less than 50 kPa but it must be taken into account also the evolution of the mean stress during

loading (in particular below the loading plate).

A limitation of HSM is that it is not possible to have a single set of parameters to describe the same
soil at different levels of compaction. In fact, the parameters used to define the model vary with the

stress but do not depend on density.

To overcome the problem in this study, two sets of parameters were considered to describe the same
sand at two different levels of compaction (loose and dense). As stated in the paper “Loading tests on
buried flexible pipes to validate a new design model” (Crabb et al., 1985), the compaction of the soil
is a key parameter for the performance of buried pipes, and this statement is widely accepted in the

literature.

By starting from the first type, we computed all the parameters needed to define the soil material on

PLAXIS:

— Since Esrgf is the secant stiffness at 50% of maximum deviatoric stress, it was necessary to
determine the slope of the line passing through the exact point corresponding to half of q. First
it was found, in the data from the test, the maximum deviatoric stress, then it was computed
the 50% of this maximum value and so it was possible to establish the corresponding axial

strain. Once that these values were fixed, it was possible to compute the slope of the line, and
so the value of E;gf.

— For E® | as the software manual and the literature suggest, it was used an approximate value

oed °
of
= 1.5 * E¢.

— Since in this triaxial test were performed also some unloading and reloading cycles, it was

possible to compute the slope of these loading/unloading curves and an average value was

considered for E¢/ .
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— The value of GOT °f was computed using the following formula

Gy * € = 4.38 * p™® *°° [MPa]

Where e is the void ratio and p™®/ is the reference mean effective stress in kPa.

Table 4.5: First trial stiffnesses computed

ELef 159 | MPa
Eref, 23.85 | MPa
Eref 69.3 MPa
Gref 54.54 | MPa

The first test considered in this analysis is subjected to a confinement pressure of 50 kPa, but it was
decided to use p™® = 100 kPa, so using the formulas given before the starting values of the

stiffness were computed.

Table 4.6:Stiffnesses computed with prer=100 kPa

Esrgf 214 MPa
Eor:(/; 42.8 MPa
E;‘r?f 114 MPa
Goef 80.4 | MPa

Then by using the PLAXIS tool Soil test, it was simulated a triaxial test using the HSsmall model
with the previous values found, other data taken from the test and instead, some of the other

parameters needed were determined by consulting the literature. (Figure 4.9)
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The Soil test option in PLAXIS is a convenient procedure to check the behaviour of the selected soil
material model with the given material parameters. After entering the model parameters, the user can
quickly simulate several standard soil lab tests and compare the results against the results from actual

laboratory tests. (PLAXIS manual, 2019)

Parameter Value
Saturated weight density, ¥, (kN/m3) 18.5
Unsaturated weight density, Yynsar (kN/mB) 16.5
Friction angle, ¢’ (°) 33
Dilatancy angle, i (°) 8
Cohesion, ¢’ (kPa) 1.0
Coefficient of lateral earth pressure, K 0.5
Initial (small-strain) shear modulus, G, (MPa) 85
Shear strain corresponding to 0.7Gg, Yo7 4x107°
Tangent oedometric stiffness, E g™ (MPa) 18
Secant stiffness in drained triaxial test, E5,™" (MPa) 18
Unloading/reloading stiffness, £, (MPa) 45
Unloading/reloading Poisson’s ratio, v, 0.2
Reference pressure for stiffness, p,.¢ (kPa) 100
Power for stress-level dependency of stiffness, m 0.5
Interface strength reduction factor, Rjyrer 0.9

U ed™ set equal to Eso™ in the absence of an appropriate reference.

Figure 4.9: HSsmall parameters for Fontainebleau sand from Sheil et al. 2016.

Table 4.7:Other parameters necessary in the software to model the loose sand

Friction angle Qpeak 34 °
Dilatancy angle 1 4 ©
Weight density Y 15.5 kN/m?

Cohesion c 1 kPa
Unloading/reloading Poisson’s Vur 0.2 -
ratio
Power law m 0.5 -
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Coefficient of earth pressure at Ko 0.5 -
rest
Shear strain threshold Yo7 4%103 | -
Interface strength reduction R¢ 0.9 -
factor

Where the interface strength reduction factor is defined as the failure ratio qr/qa (see Figure 4.7), it is

not a soil property and it set by default equal to 0.9.

This procedure was performed for both loose and dense sands, in order to find a unique set of
parameters that can represent the soil at both confinement pressures with a unique p”®/ of 100 kPa.

The final set of values is reported here:

Table 4.8:Final set of parameters in loose sand

ref
ELg 21 MPa
E;:g 42 MPa
Elef 110 MPa
Gref 65 MPa
\ 4.5 °

In the following Figures 4.10 and 4.11 are reported the curves resulting from the 2 triaxial tests
performed on loose sand compared with the ones obtained through the simulation done on PLAXIS

with the parameters illustrated before.
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Figure 4.11: Volumetric strain evolution curve with axial strain in loose sand
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By observing these graphs, it is possible to say that a good agreement was achieved, especially in the
small strains range, which is the area of interest in our analysis. So, this model can simulate the stress

dependency of the parameters with good approximation.

Then the parameters for the dense sands with 2 different confining stresses were examined. First the
friction angle, dilatancy angle and density have been changed, related to that also GEf had to be

changed since it depends on the void ratio.

Table 4.9: Other parameters necessary in the software to model the dense sand

Friction angle (Ppeak 41 °
Dilatancy angle ] 15 ©
Weight density Y 16.5 kN/m?
Shear modulus Gref 100.8 | MPa

The other parameters necessary for HSsmall on PLAXIS were the same values as before. By starting
from the stiffness parameters found for the loose sand, these values were adjusted to better fit the
triaxial data from both tests performed on dense sand. Here are reported the final values obtained
after the calibration process and the graph comparing the curves obtained from the tests and the curves

obtained from the simulation on PLAXIS. (Figure 4.12-13)

Table 4.10: Final set of parameters in dense sand

ELef 33 MPa
Eref, 45 MPa
Eref 110 MPa
Gref 100 MPa
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Figure 4.13 Volumetric strain evolution curve with axial strain in dense sand
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In conclusion, we can say that the HSsmall model simulates the behaviour of the soil and the stress
dependency of the parameters that define it but just at small strains. At larger strains, the model
diverges from the real behaviour of the soil. In this problem, we are interested in small strains, so

even if we don’t have a perfect fit, the model was acceptable.

By observing Figure 4.12 and 4.13 as explained in the book “Geotechnical engineering” (Lancellotta,
2008) in both cases it is observed that, when sheared, the soil tends towards an ultimate (asymptotic)
or stationary condition, in which shearing can continue without changes of volume or effective
stresses. But in loose sand, by applying a deviatoric stress, the sand has a ductile behaviour with a
direct tendency to the stationary condition. Instead in the case of the dense sand, there is a volume
increase corresponding to the increase of deviatoric stress until the peak is reached. After this
maximum point, in a dense sand it is observed an unstable behaviour, softening, since with the
following strains there is also a reduction in the deviatoric stress until an asymptotic value is reached.
This specific behaviour, found in dense sand, is not simulated on PLAXIS, that’s why in Figure 4.6b
the curve from the simulated model is not perfectly following the same path as the one extrapolated

from the real triaxial test.

Here in table are summarized the parameters used to model the soil illustrated previously.

Table 4.11:Soil model parameters

Parameter Symbol —Deliuseand —Loﬁnd Unit
Weight density Y 16.5 15.5 kN/m?
Void ratio e 0.573 0.718 -
Friction angle (peak 41 34 degree
Cohesion c 1 1 kPa
Unloading/reloading 0.2
Poisson’s ratio Var 0.2 i
Power law m 0.5 0.5 -
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Dense sand Loose sand .
Parameter Symbol value value Unit
Coefficient of earth Ko 0.5 0.5 i
pressure at rest
Shear strain threshold Yor 4%1073 4%1073 -
Interface strength reduction R 0.9 0.9 i
factor
Reference secant stiffness 21
in standard drained triaxial | Eg¢/ 33 MPa
test
Reference tangent stiffness 42
for primary oedometer Egg{; 45 MPa
loading
Reference 110
unloading/reloading ref
stiffness from drained Eyr 10 MPa
triaxial test
Reference shear quulus at Gret 100 65 MPa
very small strains
Dilatancy angle ] 15 4.5 degree

4.3. Introduction to the numerical simulations performed

The problem under consideration has been analysed under different aspects. As already illustrated
above, first of all, the effect of the scale was investigated, so two models were realized, one at full
scale and one at the scale of the experiments. These initial models are of relevant importance for the
future experimental campaign, but there could be possible numerical scale effect coming from the

elastic moduli that are stress dependent.

In the small-scale model, it was also decided to investigate the influence of the pipe thickness on the
behaviour of the tube itself under the effect of a uniformly distributed static load. The behaviour of

the models at both scales undergoing a loading and unloading cycle was also investigated.
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In the following chapter, different kinds of results and outputs obtainable from the numerical
modelling process will be presented. The software allows to obtain different results in output at all
stages of construction and loading of the model. It was therefore decided to extract the output data at
specific loading (or unloading) phases, in which the amount of applied stress at both scales is
respecting the scaling factor of 1/3rd, in order for the results to be comparable (example, 10kN/m

model scale, 30kN/m at prototype).

Table 4.12:Loading steps selected for the analysis

Loading steps extracted in LOOSE SAND

Model scale

Prototype scale

0 kN/m 0 kN/m
10 kN/m 30 kN/m
20 kN/m 60 kN/m
40 kN/m
Unloading 20 kN/m Unloading 60 kN/m

Unloading 10 kN/m

Unloading 0 kN/m

Loading steps extracted in DENSE SAND

Model scale

Prototype scale

0 kN/m 0 kN/m
20 kN/m 60 kN/m
50 kN/m 150 kN/m
60 kN/m 180 kN/m
100 kN/m
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Unloading 100 kN/m

Unloading 60 kN/m Unloading 180 kN/m

Unloading 20 kN/m

Unloading 0 kN/m

In this way, the results are comparable at different scales showing at the same time the different
responses of the models to the increase (or decrease) of the load. These are all the phases extracted
but for the different analysis, just some of them are used. The details will be presented in the following

chapters before starting the discussion about the results.

In order to compare solicitations and stresses in the pipe that are expressed at different scales (i.e.,
model and prototype), it was decided to normalize them. Before going in details of the normalization,
it is interesting to discuss about which results that will examinated. First of all, two main solicitations
normal force Ng and bending moment My, where were extracted. The hoop stress is the stress which
is induced inside a vessel in the transverse direction (perpendicular direction of the longitudinal axis).
The resulting stress, acting in the pipe, is given by the combination of the normal force and the

bending moment. In case of earth load, the formula is the following:

Ny M
Og9g = —+—=-y [Hoeg, 1968; Moore, 2001]
S T,

In figure 4.14 is reported a scheme to help to understand how this solicitation are acting in the pipe

and to which section they are referred.

To do the normalization, the maximum admissible solicitation of the cross section was considered.
In this extent if it is the only solicitation acting, the maximum admissible solicitation is defined as
being the solicitation that would induce a stress equal to the yielding stress of the material. The normal

force has been normalized with regard to the maximum admissible normal force N, with:
Nr = Ok X h

oy, being the yield stress and / height of the section A-A.

— Yielding stress at model scale: 120 MPa
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— Yielding stress at prototype scale: 360 MPa

The bending moment has been normalized with regard to the maximum admissible bending moment

M, ,, calculated as follows:

(g% X Ig,zl

Mr,z =t y

with I, ,, the quadratics moment over the z’-axis, y half the pipe thickness, and oy, the yielding stress.

M M
section 5 section 5
"™
I\."llllfz- A L—»" Ton a
h | gt y. ;,N = h | >
44—

Ng - normal force
Mz : bending moment

T, : shear force

Figure 4.14: Tube internal forces and stresses

After definition of the maximum admissible solicitation, the ratio of acting and resisting solicitation
will be calculated, and the ratio at prototype and model scales can be directly compared one to one,

since it is an adimensional metric, freed from the similitude problematics.

Also the actions at the soil-pipe interface, normal stress and shear stress were extracted from the
software. To normalize these stresses, it was decided to divide them by the value of stress acting
under the loading plate for the phases considered for the comparison. So, for the case with the loose
sand it was considered 20 kN/m? at small scale and 60 kN/m? at full scale. For the dense sand, 60
kN/m? and 180 kN/m? were considered at small scale and full scale respectively. In this way,

adimensional stress ratios were obtained and the results at different scales are therefore comparable.
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5. Comparison of the numerical study at model and prototype scale

In this part, the results about the comparison of data extracted at different scales will be presented
and discussed. The goal is to discuss the match between the values at model scale and prototype scale.
To do so, the normalization method explained before had been used to make the results comparable

(the “raw” results are not directly comparable, since they are not at the same scale).

All the results concerning the pipe or the interface between pipe and soil are plotted with polar
coordinates in order to be more readable. In order to help locating on the pipe, the following

convention on angle was adopted (Figure 5.1):

+90°
+45°

0°

-45°

-90°

Figure 5.1:Angles convention

For the stresses, the convention of sign of continuum mechanic was assumed, with compression being

negative.

In the case of perfect similitude, the results should be, after all care given to make them comparable,
strictly identical. As seen in part 3.1.2, the scaling laws are not perfectly fulfilled when it comes to
the soil, introducing error that need to be assessed, in order to conclude on the validity of the design
choices. In the following discussion this problem will be examinated, since the effected of this bias

will lead to difference between the results obtained at model scale and the ones at prototype scale.
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For this section all the plots have the same colours: BLUE for model scale and RED for prototype
scale. To have a more facilitated reading the same marker (*, o, +) between related loading phase has
been used (for example, 20 kN/m at model scale and 60 kN/m at prototype scale, etc...)).The loading

phases considered for this analysis are reported in Figure 5.2.

60 kN/m,;, 180 kN/m
20 kN/m,, 60 kN/m,, 50 kN/my, 150 kN/m
10 KN/ 30 KN/ 20 kN/ma 60 kN/ma
Loading path at model and Loading path at model and
prototype scale prototype scale
Loose sand Dense sand

Figure 5.2: Loading path

5.1. Bearing capacity

The bearing capacity (or limit load qiim) represents the maximum pressure that a foundation can

transmit to the ground before it reaches rupture.

In strict respect to similitudes conditions, the maximum value of the distributed load applied to the
pipe should be 3 times higher at prototype scale than at model one. Actually, failure at model scale,
occurs for load that, once up scaled, is higher than the value reached at prototype scale. In the model
with the loose sand, failure happens for a maximum load of 60 kN/m but at prototype scale, failure
occurs at 80 kN/m, not at 180 kN/m as it should, considering the similitude conditions. The same
behaviour can be found in the model with dense sand where at model scale, failure occurs at 140

kN/m and at prototype scale at 200 kN/m of loading instead of 420 kN/m.

This is most likely due to the fact that the soil remains the same at both scales, and its properties

remains unchanged, the only thing that changes is the level of stress.

This is an issue inherent to the use of the same soil material at different scale, and its effect will need

to be taken into account.
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5.2. Solicitation and stresses in the pipe

The solicitation and the resulting stresses are probably the most important results to analyse in order
to assess the validity of the model. They are the relevant information that are interesting for
engineering practices, and ultimately for the design of the pipe, and compliance to regulation. It is
also proposed to study the action that are related to the hoop stress, the latter resulting from the
bending moment and the normal force. In order to be able to compare the results obtained at the
different scales, as illustrated before (section 4.3), it has been used a “solicitation ratio”, the ratio

between the acting solicitation, and the pipe maximum effort/stress that the pipe is able to withstand.

5.2.1. Normal force

Under normal operating conditions, the pipes are subjected to an internal pressure caused by gas. The
gas pressure is counteracting the earth pressure and opposing the deformations. Therefore, if we
consider this condition, the internal pressure of the pipe has a favourable impact on its overall
stability. The normal force caused by the weight of the ground and the surface load is therefore in
opposition to the internal pressure, therefore unfavourable when it comes to deformations. This work
focused on this situation (empty pipe) mainly because it is the most difficult to calculate (the only
acting load/pressure is the soil action, that becomes marginal when the pipe is internally loaded, and
the gas action is way easier to determine). Also, it is the situation where the deformations are
maximum (flexural deformation vs normal deformation), that can cause damage to the pipe. Since
the internal gas pressure is null, the normal force impact depends on the sign of the critical bending

moment.

The acting normal force N has been normalized with regard to the maximum admissible normal force

NT‘: O'th

— Admissible normal force at model scale= 240 [kN/m]

— Admissible normal force at prototype scale= 2160 [kN/m]

In Figure 5.3 and 5.4 are reported the results from the specific loading phases that were considered
for this analysis, respecting the scale factor. The normalized normal force in the model with loose

sand, at the various loading steps, is practically constant at the top and at the bottom of the pipe.
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Whereas, in the dense sand, it is possible to observe that there is a difference in the solicitation ratio
between the loading phases, at 6=+90°, especially between 20 kN/m and 60 kN/m. At 6=0°, in both
models, there is some variability in the values of the normalized normal force between loading phases.
The solicitation ratio tends to be higher (almost doubled, between the steps, for loose sand, even more
for dense sand) for higher loads. It can also be noted that there is variability between the loading steps
at different scales. One could therefore think that the scaled model is underestimating the effects of
the normal force stress, but by analysing these graphs, the soil scale effect must be taken into account.
The soil in fact remains unchanged between the two models and this affects the results. Considering
therefore the maximum capacity (N,, = 1 failure reached), it has been found that at both scales the

overall stress remains low.
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Figure 5.3: Normalized normal force (%) on the pipe in loose sand
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Figure 5.4: Normalized normal force (%) on the pipe in dense sand

5.2.2. Bending moment

The bending moment is the solicitation that generally creates the higher overall stress in pipeline,
after the inner pressure. This solicitation is highly sensitive to the ratio between the stiffness of the

pipe and the one from the soil (Moore, 1987).

The plots show the ratio between the acting bending moment Mg, and the maximal admissible bending

O X Ig,z

moment M, , = * ”

— Admissible bending moment at model scale= 0.08 [kNm/m]

— Admissible bending moment at prototype scale= 2,16 [kNm/m]

The bending moment in the pipe around the local axis z’ perpendicular to the plan of deformation is
reported in Figure 5.5 and 5.6 for the models with both sands. The bending moment has negative

values around 8=190°, so at top and bottom of the pipe, with null values around 6=145°.
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The qualitative agreement between both scales is rather good, but we still see some variation between
the prototype and model scale, with the same tendency already seen for the normal force. The model
scale seems to underestimate (in absolute value) the intensity of the solicitation due to bending

moment compared to the prototype scale.
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Figure 5.5: Normalized bending moment (%) on the pipe in loose sand
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Figure 5.6: Normalized bending moment (%) on the pipe in dense sand

5.2.3. Hoop stress

The hoop stress is the final object of interest, since the regulations are formulated accordingly to this
metric. It can be referred to the internal or external face of the pipe, were it reached its maximum
absolute value. In this case it was decided to consider the maximum value, in absolute, of the two,
since it is the most critical and interesting one. Again, the results are plotted in function of the angle
0 and the results plotted refer to the loading phases indicated before. In Figure 5.7 and 5.8 are reported
the results in normalized form. In this case, the values of the maximum hoop stresses are divided by

the yielding stresses of the pipe material.

At both scales and with both sand densities, the pattern is the same and mirrored between top and
bottom parts of the pipe. Since the normal force is always negative, the maximum resulting hoop
stress will be negative, i.e. compression. Around 6=+45° the values reach zero, this means that there

is a switch, first the outer part of the pipe is in compression that the inner and then again the outer.
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Again here the same behaviour can be found, in fact, the model scale underestimates the values from

prototype scale. Again, this behaviour can be caused by the scaling effect on the soil but we can still

say that the agreement seems correct, despite the lower values.
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Normalized hoop stress (%) on the pipe in loose sand
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Figure 5.8: Normalized hoop stress (%) on the pipe in dense sand

5.3. Actions at the soil/pipe interface

In this section is reported the evolution of the usual actions typical of the problem of the pipe buried
into sand, specially about what happens at the interface between pipe and soil. The values plotted in

the following figures are normalized according to the procedure illustrated in section 4.3.

—  Stress for normalization in loose sand at small scale= 20 kN/m?
— Stress for normalization in loose sand at full scale= 60 kN/m?
—  Stress for normalization in dense sand at small scale= 60 kN/m?

— Stress for normalization in dense sand at full scale =180 kN/m?
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5.3.1. Normal stress at interface

The normal stress in mechanics is the intensity of the net forces acting normal (perpendicular) to an
infinitely small area within an object per unit area. In figure 5.9 and 5.10 is presented the normalized
normal stress applied by the soil on the pipe at the different phases of loading of the model with the

two sands.

It can be noted that the normalized normal stress is almost constant for low loading apart from the
top and bottom of the pipe where an increase is registered. In the dense sand a change around 6=30°
is registered. Around this angle in fact it can be observed a sudden decrease of the stress, which is
more evident for higher loading. In the model with loose sand it can be observed that higher stresses

are reached, especially at top and bottom of the pipe.

It must be taken into account that the two sands configurations are normalized by different values of

stresses, as illustrated in paragraph 4.3. So, this can influence the final output.
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Figure 5.9: Normalized normal stress (%) at interface soil/pipe in loose sand
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Figure 5.10: Normalized normal stress (%) at interface soil/pipe in dense sand

5.3.2. Shear stress at interface

The shear stress is the intensity of the net forces acting parallel to an infinitely small area within an

object per unit area.
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Figure 5.11: Normalized shear stress (%) at interface soil/pipe in loose sand

In figures 5.11 and 5.12 the normalized shear stress at interface is presented, and it can be observed
that in both models, with different sand densities, the shear stress follows the same pattern. At higher
loading phases, a sudden change is more pronounced around 6=60°, instead with lower loading, this

behaviour is less visible.

As in the plot of the normalized normal stress, even the normalized shear stress in the model with
loose sand, shows higher values. In this case the difference is less visible but still present, and it is

again because by the different normalization between the models.
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Figure 5.12: Normalized shear stress (%) at interface soil/pipe in dense sand

5.3.3. Stress ratio at interface

the soil/pipe interface.

The stress ratio is the ratio between shear stress and normal stress. It is an interesting result because

it allows to check if there is sliding between the pipe and the soil. Here is analysed the stress ratio at

In this case the results plotted are not normalized since the stress ratio is already adimensional.

As cohesion is almost null; the limits are given by the tangent of the interface friction angle

(g <p)which is 22.67° for the loose sand and 27.33° for the dense sand.

This limit comes from the Mohr-Coulomb criteria:

2
T=c+o,*xtan (§<p)
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Since at interface the cohesion can be considered null, we can directly compare the ratio — with

on

tan (g (p). If the values of the ratio are equal to this limit, sliding would occur.

In this case (Figures 5.13-5.14) it can be observed that this behaviour occurs between 6=30° and

0=60° in both sands and also between 6=0° and 6=-60°.

There is a good agreement between the values of the stress ratio at different scales. It can be said that

this ratio is not affected by the scaling effect seen before in other plots.
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Figure 5.13: Stress ratio at interface soil/pipe in loose sand
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Figure 5.14: Stress ratio at interface soil/pipe in dense sand

5.4. Ovalisation of the pipe

Ovalisation 1s an important metric to be considered for pipeline, since a heavily deformed pipe may

no longer be suitable for its use, or maintenance operations.

This behaviour occurs when the pipe is loaded, even only by the weight of the surrounding soil, it
tends to be deformed in an “oval” way. The deformed shape will no longer be a perfectly circular

ring. This effect becomes more important when the pipe is free from inner pressure.

The oriented ovalisation is defined as follow; such formulation allowing it to be determined for every

orientation of the pipe:

D(6) — Dy(6)
Do (6)

0(6) =

with Dy initial diameter and D diameter in the deformed state, at orientation.

The results are expressed in percentage of ovalisation.
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The agreement between the different scales is rather good, and it is to be noted that the overall
ovalisation remains low in those cases. In fact, by comparing it with the results obtained by Boulon
(2018), around 1%, it can be observed that the values in this case are lower around 0.1%. (Figures

5.15-5.16)

The main hypothesis can be related to the thickness of the pipe, Boulon used a different pipe with a

bigger diameter and a smaller thickness.

GRTgaz are interested in this result because it is rather important to be sure that during the life of the
pipe, it won’t deform too much. Some internal studies at GRTgaz research department, tend to show

that RAMCES is inaccurate when it comes to ovalisation with or without the pipe.
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Figure 5.15: Ovalisation of the pipe (%) with loose sand
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Figure 5.16: Ovalisation of the pipe (%) with dense sand
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6. Analysis of the behaviour of the model under loading-unloading cycle

In this chapter are presented the results from the FEM soil/pipe model during a loading-unloading

cycle.

It was decided to perform this analysis in order to investigate the nonlinear response of the soil and

the influence that this behaviour has on the pipe. This situation may occur in case of a storage area

where loads are first stored and then removed.

The loading steps considered for this analysis are reported in a scheme in figure 6.1
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Figure 6.1:Loading-unloading scheme

6.1. Comparison at different scales

5100 kN/m

itk
520 kN/m
\\

"0 kN/m

Loading/unloading path
Dense sand

The initial idea of this analysis was to perform again a comparison at different scales. While analysing

the plot for normalized bending moment (Figure 6.2-6.3) and normalized normal force (Figure 6.4-

6.5), in the pipe we conclude that this analysis would be affected by biases.

Table 6.1:Failure phases

Model scale failure | Prototype scale failure | Expected prototype
phase phase scale failure phase
Loose sand 60 kN/m 80 kN/m 180 kN/m
Dense sand 140 kN/m 200 kN/m 420 kN/m
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Figure 6.2:Normalized bending moment (%) in the pipe under loading-unloading cycle in loose sand
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Figure 6.3: Normalized bending moment (%) in the pipe under loading-unloading cycle in dense sand
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Figure 6.4: Normalized normal force (%) on the pipe under loading-unloading cycle in loose sand
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These models are not directly comparable because, due to the non-linear behaviour of the sand, we
have inconsistencies in the results of the bearing capacity. As we can see from the table 6.1, the load-

bearing capacity does not respect the conditions of similarity and is subject to the scale effect of soil.

As it can be seen from the figures, there is a big difference between the values resulting from the
loading and unloading phase at model scale. This occurs because there are other loading and
unloading phases in between, while at prototype scales they are directly in succession. So, for this
reason no conclusion can be extracted from this comparison. This behaviour is linked to the non-

linear behaviour of the sand that later will be analysed more in details.

For the future, to solve this problem, the same loading path could be respected in order to have

comparable results.

6.2. Solicitation and stresses in the pipe

The results presented in this section are just at model scale, for this reason they are “raw” data. The

normalization was not necessary because no comparison with results from other scale was done.

The solicitation analysed in this section are normal force and bending moment in the pipe, because,

as said before in paragraph 5.2, they are relevant information for engineering practices.

For this section, all the plots have the same colours: CYAN for loading phases and BLACK for
unloading phases. To have a more facilitated reading the same marker (*, o, +) between related

loading phase has been used. (for example, 20 kN/m at loading and 20 kN/m at unloading, etc.)

6.2.1. Normal force

As for the comparison between scales, for this analysis no inner pressure in the pipe was considered,

so the pipe is only subjected to the surface load and the action of the surrounding soil.

From Figure 6.6 and 6.7 it can be observed that the values of normal force, in the case of a loose sand,
are included between 0 kN/m and -1 kN/m and for each phase they remain quite constant around the
pipe. In the model with dense sand, a more important variability can be noted especially for higher

loading phases.
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In both models, greater stresses are recorded in the unloading path than the stresses recorded with the

same loads in the loading phase. This is much more pronounced in the model with dense sand.

Considering the complexity of the soil model there are several factors that can lead to this behaviour.
Surely its non-linear nature is the main cause and also the changes in the stiffness moduli that are

stress dependent.
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Figure 6.6: Normal force [kN/m] in the pipe under loading-unloading cycle in loose sand
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Figure 6.7: Normal force [kN/m] in the pipe under loading-unloading cycle in dense sand

6.2.2. Bending moment

The bending moment is the other important solicitation that was analysed, and the results obtained

are reported in figure 6.8 and 6.9.

By first analysing the loading path, it can be noted that at low loading steps (0 kN/m, 10 kN/m and 0
kN/m, 20 kN/m) the values of the bending moment are almost null. Instead for the last step of loading
and for all the unloading steps, the values are varying. At 6=190 the values are still positive, but

around 6=160 they become negative.

The values of the bending moment are low, they are almost always included in the interval between
0.01 kN m/m and -0.01 kN m/m and the maximum admissible value is 0.08 kN m/m. It can also be
observed that, apart from the last loading/unloading phase, there is quite a difference in the solicitation
between the two paths. The hypothesis to try to understand this behaviour is the same as for the

normal force and as before the pattern is more evident in the dense sand.
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Figure 6.8: Bending moment [kN m/m] in the pipe under loading-unloading cycle in loose sand
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6.3. Actions at the soil/pipe interface

In this section the action at the soil/pipe interface are analysed, in particular normal stress, shear stress
and the stress ratio. The same convention and colour code adopted in the chapter before will be

adopted for this section.

6.3.1. Normal stress at interface

The normal stress applied by the soil on the pipe at the different phases of loading and unloading is

presented in figure 6.10 and 6.11.
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Figure 6.10: Normal stress [kPa] at interface soil/pipe under loading-unloading cycle in loose sand
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Figure 6.11: Normal stress [kPa] at interface soil/pipe under loading-unloading cycle in dense sand

The values of the normal stress are always negative, i.e. the soil is applying compression on the pipe,
and quite constant for the initial phases of loading (0 kN/m and 10 kN/m for loose, 0 kN/m and 20
kN/m for dense). In the following phase of loading and in all the unloading phases, a variability in
the values is registered especially at the top and bottom of the pipe. Here, in fact, the values are higher
with respect to the initial phase and higher with respect to the values registered in the other parts of

the pipe.

Concerning the differences between loading and unloading, it can be noted that there is quite a good
agreement and less differences, as found for the solicitation. This is not true for points around 6=+90°
where the values are more scattered, this last behaviour is less evident in the model with loose sand,
but in the dense sand is more evident. It can be noted, then, that in the unloading phase the stresses

are higher.

Another area of variability is between 0=15° and 6=0° in the dense sand, where a sudden increase is

registered, for 100 kN/m of loading.
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6.3.2. Shear stress at interface

The other interesting action at interface extracted from the software is the shear stress (Figures 6.12-

6.13).

In this case, the pattern followed by loose and dense sand is quite the same for what concern the sign
of the values. They both present a shear stress at interface positive between 6=90° and 6=30° and
after that negative or almost null in the other points of the pipe. Concerning the differences between
loading and unloading, it can be noted that there are some differences between loading and unloading,
especially for low loadings. This behaviour is anyway less pronounced in the normal stress compared
to the bending moment and normal force plot. So also in this case it can be noted, then, that in the
unloading phase the stresses are higher. This is not true for points around 6=90° where the values are

inverted.
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Figure 6.12: Shear stress [kPa] at interface soil/pipe under loading-unloading cycle in loose sand
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Figure 6.13: Shear stress [kPa] at interface soil/pipe under loading-unloading cycle in dense sand

6.4. Evolution of the stresses near the pipe

In this section, the evolution of the ratio between horizontal effective stress o’y and vertical effective

stress G’y is presented.

Three interesting point are analysed -90°, 0° and 90° according to the convention expressed in figure

5.1.

In the following table 6.2, the loading-unloading path is reported according to the phase, in order to
make Figure 6.14, 6.15 and 6.16 where the ratio is plotted with the phases.

Table 6.2: Complete loading-unloading path

Loose sand Dense sand

Initial phase Phase 0 Initial phase Phase 0
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Loose sand Dense sand
Put in place 1 Phase 1 Put in place 1 Phase 1
Put in place 2 Phase 2 Put in place 2 Phase 2
Put in place 3 Phase 3 Put in place 3 Phase 3
10 kN/m Phase 4 20 kN/m Phase 4
20 kN/m Phase 5 40 kN/m Phase 5
25 kN/m Phase 6 50 kN/m Phase 6
40 kN/m Phase 7 60 kN/m Phase 7
45 kN/m Phase 8 80 kN/m Phase 8
U 40 kN/m Phase 9 100 kN/m Phase 9
U25 kN/m Phase 10 120 kN/m Phase 10
U 20 kN/m Phase 11 130 kN/m Phase 11
U 10 kN/m Phase 12 U 120 kN/m Phase 12
U 0 kN/m Phase 13 U 100 kN/m Phase 13
U 80 kN/m Phase 14
U 60 kN/m Phase 15
U 40 kN/m Phase 16
U 20 kN/m Phase 17
U 0 kN/m Phase 18

The initial value of KO is set to 0.5 in both models. From the following figure, we can see that in both
models, the one with loose and the one with dense sand, the values of 6n/6y remains around this value.

This means that the soil is never fully in passive or active state, but neither at rest.
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Table 6.3:Ka and Kp values for both sands

Ka

Kp

Loose sand (¢p=34°)

0.2827

3.5371

Dense sand (¢p=41°)

0.2077

4.8150

Some variability can be noted in the initial phase where the model is put in place and the soil is only

subjected to gravity, but the major changes are in the unloading phases. At point 0° a sudden increase

can be noted, instead in the other points (top and bottom of the pipe). The increase starts with the

unloading. One hypothesis to try to understand this behaviour could be that some points of the soil,

during the loading and unloading cycle, have reached plasticity.
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Figure 6.14:Evolution of oi/ov at point 0°
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6.5. Ovalisation of the pipe

As said before, ovalisation is an important metric to be considered for pipes. In Figure 6.17 and 6.18,

the resulting ovalisation from the model with loading-unloading cycle is reported.

The oriented ovalisation is again computed as illustrated in paragraph 5.4 and the results are again

expressed in percentage.

By first analysing the behaviour with 0 kN/m of loading, we can see that in the unloading phase we
still have a higher ovalisation with respect to the one at 0 kN/m in loading path. This result can be
also found at 40 kN/m and 100kN/m. In general, in both models, the top and bottom of the pipe are
subjected to negative values of ovalisation, instead the part of the pipe between 6= +30° is subjected
to positive values of ovalisation. In this section higher loading phases were considered with respect
to the one analysed in the paragraph 5.4, and here it can be noted that higher ovalisation is reached.
The maximum values for the model with loose sand is -0,16% at 6=90°, instead in the model with
dense sand the maximum value is -0.34% again at 6=90°. Also in this case the ovalisation remains

low.
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Figure 6.17: Ovalisation (%) in the pipe under loading-unloading cycle in loose sand
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Figure 6.18:Ovalisation (%) in the pipe udder loading-unloading cycle in dense sand
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7. Numerical study at model scale with different thicknesses of the pipe

This chapter presents the results obtained by modelling the problem, which is being studied, on a
small scale, by changing the thickness of the pipe. It was decided to do this analysis since GRTgaz
presents an extensive catalogue of pipes, so it is interesting to investigate the changes in solicitations

and actions due to the use of different pipes.

The characteristics of the pipes used in the models are reported previously in tables 4.2 and 4.4,

instead the reference catalogue is table 4.1.

The loading steps considered for this analysis are reported in a scheme in figure 7.1

40 kN/m.. 100 kN/m .

10 kN/m =" 50 kN/m ¢
Loading path at model scale with

different thicknesses
Loose and Dense sand

Figure 7.1: Loading path extracted for the case of different thicknesses

As in the previous chapter, the results presented in this section are just at model scale, for this reason
they are “raw” data. The normalization was not necessary because no comparison with results from

other scale was done.
Again, the same convention on angles (Figure 5.1) and sign (continuum mechanics) was adopted.

For this section all the plots have the same colours: BLACK results from pipe with thickness 2mm,
MAGENTA for results from pipe with thickness 1.33mm and GREEN results from pipe with

thickness Ilmm.

To have a more facilitated reading the same marker (*, o) between related loading phase has been
used. (for example, 10 kN/m model with 1% thickness, 10 kN/m model with 2™ thickness and 10
kN/m model with 3™ thickness, etc...)
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7.1. Bearing capacity

During the modelling of the problem with the three different thicknesses it was noted that this
parameter influences the bearing capacity. The maximum load reached in each model are summarized

in the table 7.1.

Table 7.1: Bearing capacity with different pipes

MAX load (loose sand) MAX load (dense sand)
Model with pipe 2mm | 45 kN/m 130 kN/m
thickness
Model with pipe 1.33mm | 40 kN/m 125 kN/m
thickness
Model with pipe Imm | 40 kN/m 110 kN/m
thickness

This is an interesting result because it means that the pipe contributes to the bearing capacity of the

soil, in fact in the case of thicker pipe the bearing capacity is higher, in both sands.

7.2. Solicitation and stresses on the pipe

The solicitation analysed in this section are, again, normal force, bending moment and hoop stress.

7.2.1. Normal force

Also in this case no inner pressure was considered, but just the empty pipe subjected to the surface
load and the weight of the soil. In Figure 7.2 and 7.3 are plotted the values of normal force in pipes
with different thicknesses. The resulting pattern is the same found in the previous analyses, constant

for low loads and more variable for higher loads, in all the three types of pipes and in the sands.
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What is interesting is that at 6=+

90°, for 40 kN/m in loose sand and 100 kN/m for dense sand, the

thinner pipe is subject to a higher solicitation, in this case normal force, but after 6=1 30° this

behaviour is inverted, in fact the thicker is subjected to a higher normal force.

At lower loading phases, 10 kN/m in loose sand and 50 kN/m for dense, this behaviour is not really

pronounced, and it can be said that the values are almost the same between the different pipes.
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Figure 7.3:Normal force [kN/m] in different pipes in dense sand

7.2.2. Bending moment

The results of the bending moment of the three pipes with different thicknesses are reported in figures

7.4 and 7.5 and the resulting pattern is again the one found in the previous analyses.

Values around 0 kN m/m for the initial loading phases and more variability at 40 kN/m in the loose
sand and 100 kN/m for the dense sand. Between 0=1 90° and 6=+ 60° the values are positive, after
this interval, they change sign and becomes negative for all the loading phases. Again, this behaviour
is more evident for higher loading phases. Concerning the comparison between thickness, the thicker

pipe is subject to higher solicitation, in absolute value, all around the pipe.

Note the pattern of the solicitation is always almost symmetric between top and bottom of the pipe.
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Figure 7.4: Bending moment [kN m/m] in different pipes in loose sand
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7.2.3. Hoop stress

In figure 7.5 and 7.6 are reported the results of the hoop stresses in the three pipes with different

thicknesses.

The distribution of the stress in the pipe is similar to the one found and analysed in paragraph 5.2.3
but with some differences. These changes can come from the normalization that in this case was not
performed since not necessary. It can be observed that the values are always negative but around 6=+
60° the values of the hoop stress tend to 0 kN/m. For bending moment and normal force the response
from the different pipes at different angles was more distinct, in fact the same behaviour can be noted
between 6=+ 90° and 6=+ 60° but after these angles the diagrams of the different pipes are inverted
several times, so that conclusions cannot be drawn, as done before, on which pipe is most stressed.

In this case the stress at top and bottom of the pipe is totally asymmetric.
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Figure 7.6: Hoop stress [kPa] in different pipes in loose sand
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Figure 7.7: Hoop stress [kPa] in different pipes in dense sand

7.3. Actions at the soil/pipe interface

In this section are reported the resulting diagrams for normal stress and shear stress acting at the

interface between pipe and soil.

7.3.1. Normal stress at interface

In figure 7.8 and 7.9 is presented the normal stress applied by the soil on the pipe at the different
phases of loading of the model with the two sands with three different pipes.

In this case, the values of the stresses are always negative, meaning that the soil is applying
compression at every points of the soil. The values aren’t applied symmetrically around the pipe with
a particular increase between 6=30° and 6=0°. This behaviour is consistent at high loading phases

and for all the pipes.
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In the loose sand, there is not much difference in the stresses between the different pipes, apart from

the interval previously noted were the thinner pipe seems to attract more stress. In the model with

dense sand instead, it can be noted that the thicker pipe is the most stressed all around the pipe apart

from the interval 6=30°-0° were the thinner one is more stressed.
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Figure 7.8: Normal stress [kPa] at interface pipe/soil in loose sand
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Figure 7.9: Normal stress [kPa] at interface pipe/soil in dense sand

7.3.2. Shear stress at interface

Also the values of shear stress at interface were extracted from the software and in figure 7.10 and
7.11 are plotted the diagrams in polar coordinates. In the loose sand the values are almost constant
with small variation for high loading phases, instead in the dense there is some variability. It can be
observed that from the top to 6=30° the values are positive and after are negative and again the
variability is more evident at loading of 100 kN/m. There is a good agreement between the response
obtained from the different pipes so the conclusion that can be draw is that the shear stress at interface

is not affected much by the annular stiffness of the pipe.

94



Figure 7.10: Shear stress [kPa] at interface pipe/soil in loose sand
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8. Conclusions

The aim of this research project is to create numerical models to study the problem of pipes buried
into sand subjected to surface loads. The project has examined several aspects of this problem. First
of all, it focused on analysing the effects of scale. Two models were then created, one at the scale of
the model, the other at the scale of the prototype. The models were loaded with static loads increasing
until failure. Then data on the main solicitations acting on the pipe, actions acting at the soil/pipe
interface and other relevant data were extracted. These results were normalized in order to compare
them between two scales. One of the main conclusions drawn from these analyses is that there is no
perfect similitude between the models due to the soil scale effect. This in fact remains unchanged
between the two models and therefore leads to an underestimation of the small-scale results. This
underestimation could also be caused by the normalization. For this reason, for the future work, it
could be interesting to better understand the effect of the normalization and find a method to
normalize the results by also taking into account the ratio between pipe stiffness and soil stiffness. In

this way the effect of scale should have less impact.

The second analysis was carried out only on a small scale, since future experiments will be carried
out at the model scale. In this case the soil/pipe structure was solicitated with a loading-unloading
cycle (under static conditions). The loading and unloading cycle was composed by the same loading
steps in both paths (loading and unloading one), in order to have comparable phases in both of them.
It was found that the stresses and solicitations are greater in the unloading phase, these results are

coming from the non-linear behaviour of sand.

The last analysis was again made only on a small scale. In this case, three different tubes were
modelled, by varying the tube wall thickness. It has been noted that this parameter affects the response

of the tube but also influences the load-bearing capacity of the soil/tube model.

Concerning the future of this project, the main objective is the experimental campaign, in order to
better understand and calibrate the numerical models. Instead for the numerical part of the work many
other simulations could be done in the future. For example, create a model where both sands (dense
and loose) are present. This would in fact better reflect the VisuCuve situation, where around the pipe
the sand does not maintain the same density due to the installation of the latter. Another possibility
that could be explored is to include in the models the road, to check the influence of this structural

element on the diffusion of the loads in the soil and on the pipe.
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