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ABSTRACT
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Soil-structure interaction of buried rigid and flexible pipes under geogrid-

reinforced soil subjected to cyclic loads
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Recent developments in constructions have heightened the need for protecting

existing buried infrastructure. New roads and buildings may be constructed over

already existing buried infrastructures e.g. buried utility pipes, leading to

excessive loads threatening their stability and longevity. Additionally applied

loads over water mains led to catastrophic damage, which result in severe

damage to the infrastructure surrounding these mains. Therefore, providing

protection to these existing buried infrastructure against increased loads due to

new constructions is important and necessary.

In this research, a solution was proposed and assessed, where the protection

concept would be achieved through the inclusion process of geogrid-reinforcing

layers in the soil cover above the buried infrastructure. The controlling

parameters for the inclusion of geogrid-reinforcing layers was assessed

experimentally and numerically. Twenty-three laboratory tests were conducted

on buried flexible and rigid pipes under unreinforced and geogrid-reinforced

sand beds. All the investigated systems were subjected to incrementally

increasing cyclic loading, where the contribution of varying the burial depth of

the pipe and the number of the geogrid-reinforcing layers on the overall

behaviour of the systems was investigated. To further investigate the

contribution of the controlling parameters in the pipe-soil systems performance,

thirty-five numerical models were performed using Abaqus software. The

contribution of increasing the amplitude of the applied cyclic loading, the
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number of the geogrid-reinforcing layers, the burial depth of the pipe and the

unit-weight of the backfill soil was investigated numerically.

The inclusion of the geogrid-reinforcing layers in the investigated pipe-soil

systems had a significant influence on decreasing the transferred pressure to

the crown of the pipe, generated strains along its crown, invert and spring-line,

and its deformation, where reinforcing-layers sustained tensile strains.

Concerning rigid pipes, the inclusion of the reinforcing-layers controlled the

rebound that occurred in their invert deformation. With respect to the numerical

investigation, increasing the number of the reinforcing-layers, the burial depth of

the pipe and the unit-weight of the backfill soil had positive effect in decreasing

the generated deformations, stresses and strains in the system, until reaching

an optimum value for each parameter. Increasing the amplitude of the applied

loading profile resulted in remarkable increase in the deformations, stresses

and strains generated in the system. Moreover, the location of the maximum

tensile strain generated in the soil was varied, as well as the reinforcing-layer,

which suffered the maximum tensile strain.
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INTRODUCTION

1.1 Background

The worldwide construction industry is increasing enormously to meet the

needs and expectations of the population, particularly to overcome increasing

population and traffic congestion problems. Consequently, potential

construction of new houses, infrastructure, transportation links, new roads and

maybe buildings over already existing buried infrastructure, e.g. pipes, might be

required. This could lead to potential risks on existing buried structures due to

additional loads and stresses.

To maintain the safety of these structures, one of the following solutions should

be followed; i. relocating buried infrastructures, which is often costly and time

consuming, ii. enhancing load transfer within the soil cover above these

structures, to minimize adverse impacts of new development. Several

techniques such as soil compaction, replacement of weak soil and soil

stabilizing using chemicals and geosynthetics inclusion are available nowadays

to enhance soil cover performance above buried structures (Fang and Daniels,

2006).

Pipelines are considered one of the most important infrastructures, as they

facilitate modern life. Buried pipes are extensively used for strategic purposes,

such as mineral transfer. The behaviour of buried pipes and soil cover needs to

be well understood to provide economical and practical solutions for future

challenges.

The behaviour of buried pipes depends upon both their response to external

loading and their interaction with surrounding soils. Flexible pipes deform

towards an oval/heart shape in response to loading and are able to develop

significant lateral earth pressure from their surrounding embedment. Rigid pipe

materials have a small deflection upon loading, which is too small to develop

any lateral earth pressures. The pipe takes load, and bending moments are

developed in the pipe walls. Rigid pipes also attract an increased backfill load

upon burial and obtain a reaction from their bedding in response (BS, 2010a).
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Consequently, the main concern in flexible pipes is their deformation. However;

cracks formation, i.e. tensile failure, is the main danger affecting rigid pipes (BS,

2010a).

In the case of a rigid pipe, it has high circumferential and flexural stiffness,

which is significantly higher than the surrounding soil stiffness; in addition, it

suffers insignificant deformation. Consequently, differential settlement occurs

between the soil prism located above the pipe and the adjacent soil portions

surrounding it generating a passive arching mechanism due to the generated

shearing stresses between them. Therefore, the generated forces in the soil

prism above the pipe and part of the generated forces in the adjacent soil

portions will be directed towards the pipe, which will apply more loads to the

pipe, in addition to the geostatic pressure of the soil prism (Vaslestad et al.,

1993; Peter et al., 2018).

Unlike the rigid pipes, flexible pipes have relatively lower stiffness and can

deform, consequently, the soil prism located above it will settle more than the

adjacent soil portions, generating active arching mechanism. Due to the active

arching, part of the generated loads in the soil prism above the pipe will be

directed to the adjacent soil portions, where the applied loads over the pipe will

be the geostatic pressure of the soil prism in addition to the remaining part of

the generated loads inside it. However, these relatively reduced loads would

generate significant deformation in the pipe, which may lead to its failure

according to its diametric strain.

It is therefore crucial that solutions are proposed and tested to provide

protection by reducing the transferred stresses to the buried rigid and flexible

pipes.

Leaves, straw, and woodchips were mixed with soil and used as lightweight

backfills over pipes (Spangler, 1958; Larsen and Hendrickson, 1962; McAffee

and Valsangkar, 2004). The main purpose of adding these materials to the soil

cover was to enhance the ability of the soil to sustain tensile stresses and

strains by creating new composite material of higher properties compared with

soil. However, the problem of these materials was their decomposition with the

passage of time. Based on this idea, adding geogrid-reinforcing layers to the

soil would achieve similar behaviour to the soil cover, where a composite
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material with enhanced properties will be formed, particularly its shearing

strength. Consequently, the formed soil cover will have better ability to mitigate

the transferred stresses through it, where lower value of loads and stresses will

be transferred to the buried pipes, which would provide enhanced degree of

protection to these pipes.

1.2 Aim and objectives of the research

The main aim of this research is to acquire deeper understanding of the

generated load transfer mechanisms in the investigated unreinforced and

geogrid-reinforced pipe-soil systems due to the application of incrementally

increased cyclic loading. The contribution of varying the burial depth of the pipe

and the number of the geogrid-reinforcing layers on the overall behaviour of the

systems was investigated. This was achieved through both the experimental

and numerical investigations to assess, i. the generated load transfer

mechanisms between the soil and the ribs of the geogrid-layers, ii. the formed

interaction between the pipe and the soil. The variation of the burial depth of the

pipe and the number of the reinforcing layers would influence the following:

1- Settlement of the footing.

2- Deformation of the pipe.

3- Transferred pressure to the crown of the pipe.

4- Generated strains along the crown, invert and the spring-line of the pipe.

5- Generated strain in the geogrid-reinforcing layers.

1.3 Investigation methodology

The aim of this research would be achieved through performing a series of

stages, as presented in the following sections.

1.3.1 Stage one, experimental material testing

In stage one, an experimental material-testing process will be performed on all

the components of a full model, i.e. soil, flexible pipe, rigid pipe and geogrid-

reinforcements, to identify the mechanical properties of these components.
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1.3.2 Stage two, experimental investigation of buried flexible pipes

In stage two, laboratory large-scale physical models will be performed to

investigate the behaviour of buried flexible pipes under geogrid-reinforced and

unreinforced soil beds while applying incrementally increasing cyclic loading

profile. The contribution of two main parameters will be investigated in this

phase, the burial depth of the pipe (H/D=1.5, 2, 2.5 and 3) and the number of

the geogrid-reinforcing layers (N=0, 1 and 2).

1.3.3 Stage three, experimental investigation of buried rigid pipes

In stage three, the performance of buried rigid pipes under geogrid-reinforced

and unreinforced soil beds while applying incrementally increased cyclic

loadings will be experimentally investigated using a fully instrumented

laboratory rig, varying both the burial depth of the pipe (H/D=1.5, 2 and 2.5),

and the number of the geogrid-reinforcing layers (N=0, 1 and 2).

1.3.4 Stage four, numerical investigation of buried flexible pipes).

In stage four, the performance of buried pipes in geogrid-reinforced and

unreinforced sand beds while applying cyclic loading will be investigated

numerically. Three-dimensional, 3D, finite element models will be generated to

simulate stage two, and perform a parametric study to investigate the

contribution of variable parameters on the performance of the system, using

finite element package Abaqus v.6.14. The investigated parameters will be as

follows:

1- Burial depth of the pipe (H/D=1.5, 2, 2.5 and 3).

2- Number of the geogrid-reinforcing layers (N=0 to 4).

3- Unit weight of the soil (loose – medium – dense).

4- Amplitude of the applied cyclic load.

1.4 Thesis outlines

This thesis consists of eight chapters. A brief description of the chapters is

presented as follows:

Chapter 1 introduces the context of the research proposed and briefly

describes the thesis structure and content.
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Chapter 2 shows a comprehensive critical review of the performed

investigations in the area of buried structures performance, and the points that

may require further research.

Chapter 3 illustrates the experimental material testing of the used components

in this research, the calibration of the used instruments and the laboratory-

testing rig.

Chapter 4 presents the experimental investigation of buried flexible pipes.
Chapter 5 demonstrates the experimental investigation of buried rigid pipes.
Chapter 6 illustrates description of the numerical method and the constitutive

models for the materials used in the numerical investigation of the problem.

Chapter 7 discusses the numerical investigation of buried flexible pipes.
Chapter 8 identifies the conclusions of the current research and the proposed

recommendations for future researches in this area.

1.5 Dissemination of the work presented in the thesis

Some of the findings of this research have already been disseminated in the

following peer-reviewed papers:

1- Elshesheny, A., Mohamed, M. and Sheehan, T. Behaviour of buried

flexible pipes under the application of incrementally increasing cyclic

loading. 2nd Annual Innovative Engineering Research Conference,

AIERC2018, Bradford, United Kingdom, October 2018. (Published).

2- Elshesheny, A., Mohamed, M. and Sheehan, T. (2019). Buried flexible

pipes behaviour in unreinforced and reinforced soils under cyclic loading.

Geosynthetics International, 26, No. 2, 184–205.

[https://doi.org/10.1680/jgein.18.00046]. (Published).

3- Elshesheny, A., Mohamed, M. and Sheehan, T. (2019). Performance of

buried rigid pipes under the application of incrementally increasing cyclic

loading. Soil Dynamics and Earthquake Engineering Journal, 125, 1-13.

[https://doi.org/10.1016/j.soildyn.2019.105729]. (Published).

4- Elshesheny, A., Mohamed, M. and Sheehan, T. (2019). Protection of

buried rigid pipes using geogrid-reinforced soil systems under cyclic

loading. (Submitted and under review).
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5- Elshesheny, A., Mohamed, M., Nagy, N. and Sheehan, T. (2019).

Numerical performance of buried pipes under geogrid-reinforced soil

subjected to cyclic loading. (Submitted and under review).
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LITERATURE REVIEW

2.1 Introduction

Buried structures are widely used for several purposes that serve and improve

quality of life. These structures might be new or already existing infrastructure,

which will share space with other infrastructure, e.g. roads and buildings, where

additional loads will be subjected to them. These applied additional loads would

cause detrimental effects, e.g. increased stresses, strains and deformations, to

the buried structures, which would threaten their stability and longevity.

Consequently, protecting these buried structures became a necessity to

maintain their durability safely. Since these buried structures are located

underneath the ground surface, enhancing the performance of the soil cover

above them would provide protection to these structures (Lay and Brachman,

2014).

In the past, people used trees roots, leaves, straws and some plants like

bamboo, wood and mixed them with soil. Furthermore, they used mixtures of

mud or clay with wood and trees roots to construct houses. It was found that

these mixtures provided more stability and durability to the constructed houses

than a single mud/clay did. Consequently, the idea of using reinforcing elements

to interact with the natural soil in order to enhance its performance was

generated, leading to the initiation of the reinforced soil system that can be

considered a composite material whose properties are better than the natural

soil alone (as reinforced concrete idea). Unfortunately, the long-term behaviour

of these admixtures was unstable as they were organic materials, which would

decompose with time passing leading to further problems (Spangler, 1958;

Larsen and Hendrickson, 1962; McAffee and Valsangkar, 2004).

During the last decades, these organic materials were replaced by the

geosynthetic reinforcing elements. The integrated composite system which

could be generated from the interaction between the natural soil and the

geosynthetic reinforcing elements, e.g. reinforced soil, had enhanced

performance compared with only soil, where its short-term and long-term
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behaviour is stable. The use of such reinforced soils as a backfill cover above

the buried structures would provide protection to them, even under the

application of relatively increased loads.

2.2 Reinforced soil system components

Any reinforced soil system consists of at least two main components (may be

increased according to the function of the system) to create composite material

that can sustain different types of load. As long as the main concern in this

research is to provide safety for buried structures, then one more element will

be added to the reinforced soil system (Mitchell and Villet, 1987; Babu, 2006).

Consequently, the system consists of:

1- Backfill soil.

2- Reinforcing elements.

3- Buried structure.

2.3 Backfill soil

Backfill soil is the fill material by which the buried structure is covered.

According to its mechanical properties, it might be the excavated natural soil or

a new imported soil. A fairly wide range of backfill materials have been used for

reinforced soil applications. Suitable quality backfill material can frequently be

found near the construction site. Typically, predominantly granular materials,

such as clean sand, gravel and silty sand have been used for backfill soil.

Clayey and silty soils have been used successfully in some applications. As

experience of the performance is gained, these soil types may be selected for

use as a good backfill material. Systems such as reinforced earth and retained

earth specify certain minimum backfill soil properties, usually in terms of

maximum allowable amount of fine solids, plasticity and a minimum effective

friction angle (Berg et al., 2009). According to the British Standard

Specifications, the backfill soil should be granular, well-graded, well-compacted

and clean of organic materials (BS, 2010a). The following points show the effect

of the soil:

1- The lower the soil friction angle, the higher the internal horizontal

earth pressure to be resisted by reinforcements.
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2- The lower the soil friction angle, the lower the apparent friction

coefficient for frictional reinforcing systems and the bearing value

for passive reinforcement systems.

3- The higher the plasticity of the backfill, the greater the possibility

of creep deformations, especially when the backfill is wet.

4- The greater the percentage of fines in the backfill, the poorer the

drainage and the more severe the potential problems from high

water pressures.

5- The more fine grained and plastic the backfill, the more potential

there is for corrosion of metallic reinforcement.

Thus, when high quality backfill is easily available, it should be used. Otherwise,

soil properties should be enhanced by using reinforcing elements, forming

reinforced soil system.

2.4 Reinforcing elements

Reinforcing elements are mainly defined as tensile elements that can sustain

tensile forces and strains. The main function of these elements is to enhance

the soil’s performance through resisting the generated shear and tensile stress

and strains in it, which by turn will generate a new composite material with

enhanced mechanical properties compared with the original soil. When the soil

is subjected to any type of loads, for example vertical load, then the soil’s

particles will be deformed according to the soil’s characteristics as well as the

type and amplitude of the load. Due to the occurring deformation, shear

stresses are generated in the soil. To reach its equilibrium state, the soil’s

particles tend to realign in order to be able to resist the occurred shear stresses.

Shear stresses generate both compressive and tensile strains. The soil has

high ability to sustain the compressive strain and the load generated due to it.

Unfortunately, the soil cannot resist the generated tensile strains. Consequently,

the inclusion of the reinforcing elements becomes necessary, because they are

considered tensile elements that can sustain tensile strains (Jewell, 1996). The

following points can describe the function of the reinforcement:

1- Reduction of the shear force that has to be carried by soil (resist

tensile strain component).



10

2- Enhancement of the normal stress acting on the shear surface by

increasing the available shearing resistance in soil.

2.4.1 Different types of reinforcing materials

Reinforcement varies according to its material. There are metallic and non-

metallic reinforcement. Metallic reinforcements are mainly made of steel that

can be shaped to form any type of metallic reinforcement. Non-metallic

reinforcements are mainly made of fibres and vary according to the formation

process, stiffness and aperture shape (Elias et al., 1997; Babu, 2006; Koerner,

2009).

2.4.1.1 Metallic reinforcement

Steel reinforcements have been used for many years in its various forms. It can

be shaped as sheets, grids, meshes, strips, bars and rods, as shown in Figure

2.1. The inclusion of all the previous forms of steel reinforcements provides the

reinforced soil with tensile sustainability, which would lead to a reduction in its

deformation (increase in its bearing capacity). Steel has been used inside soil in

many forms, for example, pipelines and reinforcing layers. But using steel as a

reinforcing material will require the proper knowledge of important parameters

such as tensile strength, friction coefficient between the soil and the steel

reinforcing elements, Young’s modulus and stress-strain behaviour (strain

compatibility) (Babu, 2006).

Figure 2.1 Different shapes of metallic reinforcement, (Babu, 2006)
A: Grid reinforcement. B: Strip reinforcement.

The main disadvantage of steel reinforcement is corrosion, which is mainly an

electrochemical process. It happens when there is a potential difference

between two points that are electrically connected in the existence of an

A B
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electrolyte. In the case of steel reinforced soil system, pore water containing

oxygen and dissolved salts creates the conditions for the existence of corrosion.

To overcome this problem, galvanized steel or black steel may be used as a

reinforcing material. Using such types of steel as reinforcement will ensure

safety for certain periods of time depending on the design surface life and the

surrounding environment (Babu, 2006).

2.4.1.2 Non-metallic reinforcement (Geosynthetics)

Geosynthetics are mainly fabrics, which can be used in geotechnical

engineering. Geosynthetics material can be either woven or non-woven fabrics.

They are made from polymers (Jewell, 1996). Once geosynthetics were

invented, people used them in construction processes, especially in reinforced

soil systems because of its benefits, which can be defined as follows:

1- Quick construction.

2- High resistance to weather conditions.

3- Earthworks reduced volume.

4- Ability to use poor quality soil.

5- Ease of placement (installation).

6- Ability to mitigate soil defects.

7- Cost saving construction.

There are many types of non-metallic reinforcement and they vary according to

the manufacturing process, stiffness, aperture shape and how they transfer

stress from and to the soil, e.g. load transfer mechanisms, (Jewell, 1996).

Figure 2.2 illustrates theses different types.

A B C
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Figure 2.2 Different types of Geosynthetic reinforcements, (Jewell, 1996)
A: Uniaxial. B: Biaxial. C: Triaxial. D: Geotextiles. E: Fibres. F: Geocell.

2.4.2 Geogrid reinforcing layers

Geosynthetics can be defined as being a family of products for earthwork

applications made generally from thermoplastic polymers. A geogrid is an

oversized screen (usually with apertures of one inch or larger) which captures

aggregate or soil particles and interlocks them as well as creates friction zones

with soil particles to create a mechanically stabilized earthwork system. The

geogrid serves to redistribute the load and thus protect the structure from failure

due to the relatively large applied concentrated load.

Use of geosynthetic reinforcing layers has spread widely to many engineering

purposes. There are many types of the reinforcing layers according to the

tensile strength and geometry. Geogrid reinforcing layers may have uniaxial,

biaxial and triaxial apertures, as illustrated in Figure 2.2. Uniaxial reinforcing

layers can provide resistance, stiffness and strength in only one direction,

where biaxial reinforcing layers can provide resistance in two perpendicular

directions, i.e. principle directions, (Qian et al., 2012). On the other hand, due to

the innovation in engineering applications, the need for uniform resistance in all

directions has led to the invention of triaxial reinforcing layers (Qian et al., 2010;

Dong et al., 2011; Qian et al., 2011; Qian et al., 2012).

Tensar International (2010), Dong et al. (2011) and Chen et al. (2012) showed

that the stiffness of the biaxial geogrid is very high, if it was loaded in its

principle directions, and is weak in other directions, in particular at 45o, where its

strength might reach zero, as illustrated in Figure 2.3. On the other hand, the

triaxial geogrid almost has equal stiffness in all directions.

D E F
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Figure 2.3 Radial stiffness of biaxial and triaxial geogrid reinforcement (kN/m),

(Tensar International, 2010; Dong et al., 2011)

2.4.3 Soil-reinforcement interaction

Transfer of stresses between soil and reinforcements of high strength and

tensile stiffness involves different mechanisms depending on the following

parameters:

1- The characteristics of the soil as well as the reinforcing layers.

2- The state of deformation of the reinforced soil system itself.

Consequently, the soil-reinforcement interaction can be achieved, once the load

transfer mechanism between both of them is well identified and understood.

2.4.4 Load transfer mechanisms

Soil is considered a good material to sustain compression loads. In case of the

application of loading profile to the soil, then lateral and vertical deformations

are generated in the soil, where its values would decrease due to the inclusion

of the reinforcing layers because of the interaction between the reinforcing

layers and the soil according to the state of the interaction mechanism. The

inclusion of the reinforcing elements in the soil generates inward lateral stress

(confining stresses). This lateral stress resists the shearing stress that was

generated as a result of the application of the applied loading profile (Babu,

2006). The following mechanisms identify how the load could be transferred

between the soil and the reinforcement (Villard et al., 2016):

1- Frictional load transfer (skin friction).

2- Passive earth resistance (bearing resistance).
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3- Deflection or elongation of the reinforcement (membrane

resistance).

4- Combination between mechanisms according to the properties

and geometry of the reinforcing layers and the soil.

In addition to these mechanisms, arching and soil expansion mechanisms are

generated inside the soil transferring stresses inside it, and the inclusion of the

reinforcing layers inside the soil mass positively contribute to the performance

of these two mechanisms.

The inclusion of the reinforcing elements in the soil generates a bond between

them. The main two mechanisms that have the greatest influence on stress

transfer and bond creation between both the soil and the reinforcement are the

frictional and the passive earth resistance mechanisms (Jewell, 1996; Elias et

al., 1997; Sieira et al., 2009; Wang et al., 2016). When the reinforced soil

system is subjected to a loading profile, then the trapped soil particles in

between the apertures of the reinforcing layers, in case of using grid

reinforcement, tend to move laterally because of the generated shearing

stresses inside the soil. Due to the existence of the reinforcing layers, this

lateral movement of the trapped soil particles is significantly reduced and

becomes dependent on the deformation of the transverse ribs of the reinforcing

layers, due to the occurred interaction between the soil and the transverse ribs

of the reinforcing layers, which could be defined as the passive earth resistance.

Along the longitudinal ribs and the upper and lower surfaces of the reinforcing

layer, the load can be transferred between the soil and the reinforcing layers

due to the friction that occurs between them. Both of those mechanisms are

generated due to the existing elongation that occurs in the reinforcing layers, in

the case of using grid reinforcement or any reinforcing layer that contains both

longitudinal and transverse elements as illustrated in Figure 2.4 (Sieira et al.,

2009).
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Figure 2.4 Longitudinal and transverse ribs of the reinforcing

In many systems, both mechanisms are active and the relative contribution of

each is indeterminate according to the geometry of the reinforcing elements.

Together they determine the bond strength that controls the maximum rate of

change of axial force in the reinforcement along its length. They depend on the

transferred stresses, reinforcing layer’s material elongation, nature and

properties of the reinforcement and the soil, geometry of the reinforcing layers

and load-extension properties of both longitudinal and transverse elements

(Palmeira, 2009).

On the other hand, the membrane mechanism contribution of the reinforcing

layer depends mainly on the deformation that occurs in the layer. It requires

significant layer deformation to contribute to the system stability (Jewell, 1996;

Gourc and Villard, 2000; Briancon and Villard, 2008; Le Hello and Villard, 2009).

This deformation helps in increasing the angle formed between the original and

the deformed positions of the reinforcing layer, as illustrated in Figure 2.5.

Consequently, the vertical component of the tensile force generated in the

reinforcing layer is increased. This component opposes the applied force

direction and reduces its value, leading to enhanced system stability.
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Figure 2.5 Reinforcing layer membrane mechanism

The contribution of the reinforcing layers in enhancing the reinforced soil system

behaviour is governed by its tensile strength and its stiffness. The tensile

strength of the reinforcing layer is an indication of the allowable sustained

tensile forces, which will positively influence the passive earth resistance

mechanism when it is increased. On the other hand, increasing the layer

stiffness, i.e. elastic modulus, will lower its ability to deform, which will

negatively influence the membrane mechanism contribution.

2.5 Buried structures

Any structure located underneath the ground surface can be defined as a buried

structure, and according to its importance, a certain level of protection should

be provided to it. There are different types of buried structures such as:

1- Shelters (airplane shelter – anti-explosion shelters).

2- Tunnels (usually located beneath roads).

3- Utility pipes (water, petroleum products and sewage transfer).

4- Control units.

5- Storages.

Among the illustrated buried structures, pipes are considered to be one of the

most important and widely used structures, which would require a particular

attention for long-term protection against increased loading from future

development. In this research, the investigated buried structures were pipes.

2.5.1 Pipes classification

Pipe materials are divided for structural design purposes into three categories:

1- Rigid pipe.

2- Semi-rigid pipe.
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3- Flexible pipe.

Generally, any pipe that can sustain at least a 2% vertical diametric deflection

without generating structural instability is defined as a flexible pipe, otherwise it

is a rigid one (Moser and Folkman, 2001). The behaviour of these materials

depends upon both their response to external loading and their interaction with

surrounding soils. Rigid pipe materials have a small deflection on loading, which

is too small to develop any lateral earth pressures. The pipe takes load, and

bending moments are developed in the pipe walls. Rigid pipes also attract an

increased backfill load upon burial and obtain a reaction from their bedding in

response. Semi-rigid pipe materials tend to exhibit a range of behaviour from

rigid to flexible; however, the main concern in this research is about flexible and

rigid pipes. Flexible pipes deform towards an oval/heart shape in response to

loading and are able to develop significant lateral earth pressure from their

surrounding embedment (BS, 2010b).

Pipes of different materials are classified according to the strength criterion

required to be proven in testing or otherwise established in design. If the

strength of pipes is established in a crushing test, they are classified as rigid.

Table 2.1 illustrates the pipe’s classification.

Table 2.1 Pipe classification, (BS, 2010b)
Pipe type Classification Pipe type Classification

Clay Rigid Thick walled steel Semi-rigid

Concrete Rigid Thermoplastics Flexible

Reinforced concrete Rigid Glass reinforced plastics Flexible

Ductile iron Semi-rigid Thin walled steel Flexible

2.5.2 Differences in pipes response

Considerable researches on the behaviour of buried pipes under variable

configurations of soil beds and various loading conditions have been carried out

using experimental and numerical models. These studies investigated the

improvement in the behaviour of the pipe, for both flexible and rigid. Table 2.2

illustrates the main differences between flexible and rigid pipes behaviour and

properties.

Table 2.2 Differences between rigid and flexible pipes
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Rigid pipe Flexible pipe Reference
Clay or concrete pipes Thin steel or polymer pipes BS 9295 (BS, 2010b)

Insignificant deflection and

remarkable bending moment are

sustained

Remarkable deflection is

sustained

BS 9295 (BS, 2010b)

High circumferential and flexural

rigidity (EA & EI)

Low circumferential and

flexural rigidity (EA & EI)

(Lay and Brachman,

2014)

Main concern is about the

generated tensile strains and

the formed cracks

Main concern is about the

increase in its deformation

BS 9295 (BS, 2010b)

Long-lasting mineral conduit Short to long-lasting mineral

conduit

(Lay and Brachman,

2014)

Under loads the pipe settle

keeping its circular cross-section

until receiving significant

reaction forces and stresses

from the bedding layer

Under loads the pipe

significantly deform, where its

crown deformation controls the

deformed cross-section of it

(Abolmaali and

Kararam, 2009)

Increased loads due to the

passive arching mechanism is

sustained as a result of its non-

deformable nature

Reduced loads due to the

active arching mechanism is

sustained because of its

deformable nature

(Young and Trott,

1984; Vaslestad et

al., 1993; Peter et

al., 2018)

2.5.3 Loads affecting buried pipes

Variable techniques are available for installing a pipe under the ground surface;

however, the most common one is the trench installation technique. In this

technique, the installation process of a pipe under the ground surface requires

the removal of a natural soil layer, installing the pipe, and then backing the soil

over the pipe once more. This process will cause disturbance to the natural soil,

leading to a differential settlement between the backed soil and the adjacent soil

portions. According to the type of the pipe and the differential settlement that

occurred between the backed soil and the adjacent soils, the load transfer path

will be determined, either directed towards the pipe or away from it (BS, 2010b).

In the case of rigid pipe installation, the stiffness of the rigid pipe is higher than

the surrounding soil’s stiffness. Consequently, the soil prism located above the

pipe will settle less than the adjacent soil portions surrounding it, generating a
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passive arching mechanism due to the generated shearing stresses between

the different soil portions. Consequently, the generated forces in the soil prism

above the pipe and part of the generated forces in the adjacent soil portions will

be directed towards the pipe, which will apply more loads to the pipe, in addition

to the geostatic pressure of the soil prism.

Unlike the rigid pipe, the flexible pipe can deform, consequently, the soil prism

located above it will settle more than the adjacent soil portions generating active

arching mechanism. Due to the active arching, part of the generated loads in

the soil prism above the pipe will be directed to the adjacent soil portions, where

the applied loads over the pipe will be the geostatic pressure of the soil prism in

addition to the remaining part of the generated loads inside it. Figure 2.6

illustrates the transferred loads to the pipe and the generated stresses shortly

after (BS, 2010b).

According to the stress distribution along the rigid pipe, as illustrated in Figure

2.6-C, it is obvious that significant value of stresses are generated between the

invert of the pipe and the bedding layer as well as those generated along the

crown of the pipe. Due to the stiffness variation between the pipe and the soil,

stress concentration zone was generated between the invert of the pipe and the

bedding layer. The rigid pipe can be considered a support to the whole system,

where loads and stresses are transferred to the bedding layer underneath it

through the invert. Consequently, the generated stresses along the invert are

higher than those generated along the crown. On the other hand, in the flexible

pipe, it is clear that reduced value of stresses are generated along the invert

and the crown according to the deformable nature of the pipe.

A B

Crown

Invert

Diameter
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Figure 2.6 Load transferred and stresses generated in rigid and flexible pipes
A: Rigid pipe. B: Flexible pipe. C: Generated stresses. (BS, 2010b)

2.5.4 Pipe installation techniques

Due to the generated active arching mechanism while using a flexible pipe, the

value of the transferred loads and stresses to the pipe will be reduced.

Consequently, the installation technique of a flexible pipe, where a trench is

excavated and the pipe is installed inside it and then a backfill cover is backed

above the pipe, provides a certain degree of safety for the pipe. On the other

hand, because of the low deformable nature of the rigid pipes, the following

installation techniques could be followed:

1- Trench installation method,

2- Embankment installation method,

3- Jacking installation method,

4- Induced trench method (ITM).

The selection of which technique is to be used depends on the location where

the pipeline will be installed as well as the expertise level (Ahmed, 2016). Figure

2.7 illustrates the different installation techniques.

C
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Figure 2.7 Different installation techniques
A: Trench. B: Embankment. C: Jacking. D: ITM.

2.5.4.1 Trench installation method

In the trench installation method, the pipeline installation method follows specific

steps as follows:

1- Excavating the natural soil to form trench according to the required

depth.

2- Installing the pipeline at its predesigned level.

3- Backing the backfill cover above the pipe, while applying compaction

to it.

In the trench installation method, the main load affecting the pipe is the live load,

where the self-weight of the soil can be relatively small and its influence on the

pipe can be negligible.

2.5.4.2 Embankment installation method

In the embankment installation method, the pipe is initially located on the

ground surface and an embankment of high depth is installed over it, where no

trenches are excavated. The main concern in this installation method is the

own-weight of the soil. The influence of the live load in this case is relatively

small compared with the self-weight of the soil.

A B

C D
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2.5.4.3 Jacking installation method

The jacking installation method relieves the pipe from the generated increased

loads and stresses, where no disturbance of the backfill soil occurs as no

trenches are excavated. This results in a significant reduction in the generated

bending moment in the walls of the pipe as a result of the development of the

lateral support, e.g. horizontal soil resistance, (BS, 2010b). The main concern in

this method is the difficulty of the replacement process of any damaged portion

of the pipe. Moreover, the pipe used in this installation method must be

sufficiently strong to withstand the applied jacking forces during the installation

process.

2.5.4.4 Induced trench method (ITM)

In all the previous installation methods, the pipe suffers an increase in the

applied loads and stresses over it due to the generation of passive arching

mechanism. To reduce the generated stresses and loads along the pipe walls,

the Induced Trench Method (ITM) was used. Initial studies using ITM were

conducted by Anderson (1913); Marston (1922) and Marston (1930). ITM was

reintroduced by Spangler (1950) as Marston and Spangler (M-S) theory. The

theory was about using compacted backfill over the buried pipe and the

surrounding soils, then a trench of the same width of the pipe was excavated,

where a thin compacted backfill layer remained above the pipe. The trench was

then filled with loose lightweight material, which had a high compressibility,

leading to the formation of active arching. The generated active arching

contributed in transferring the applied stresses and loads to the adjacent soil

portions to the pipe.

2.6 Previous studies on flexible pipes

In this section the behaviour of buried flexible pipes from previous research

work will be reviewed according to the different parameters influencing the

overall behaviour of the investigated systems.

2.6.1 Behaviour investigation methods

In order to understand the influence of a specific parameter on the behaviour of

a buried pipe under reinforced and unreinforced soil, an experimental
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investigation is highly recommended, as it provides real and accurate data.

Various experimental investigations on the buried pipe behaviour was

performed (Selvadurai, 1989; Mir Mohammad and Moghaddas 2001; Bueno et

al., 2005; Arockiasamy et al., 2006; Rajkumar and Ilamparuthi, 2008; Tafreshi

and Khalaj, 2008; Palmeira and Andrade, 2010; Srivastava et al., 2012;

Mehrjardi et al., 2013; Bartlett and Lingwall, 2014; Corey et al., 2014; Hegde et

al., 2014; Ahmed et al., 2015; Mehrjardi et al., 2016). However, its realistic

response, investigating the effect of certain parameter on the buried pipe

experimentally will consume too much time and effort. Therefore, the role of the

numerical analysis to perform these investigations will rise. Various numerical

research projects on the behaviour of buried pipes have been introduced

(Perkins and Edens, 2003; Arockiasamy et al., 2006; Rajkumar and Ilamparuthi,

2008; Tafreshi and Khalaj, 2008; Hussein et al., 2009; Zhuang, 2009; Chen et

al., 2011; Hussein and Meguid, 2013; Ahmed et al., 2015; Hussein and Meguid,

2016).

Field and finite element tests to investigate the behaviour of different buried

pipe materials such as, HDPE, PVC and metal large diameter pipes under the

application of live loads were performed by Arockiasamy et al. (2006). It was

reported that the buried flexible pipe is well protected if it is buried under highly

compacted graded silty sand. Increasing the burial depth of the pipe

significantly reduces the pressure transferred to it.

The finite element method, was used to investigate the short-term and long-

term behaviour of buried corrugated HDPE pipes by Kang et al. (2009), and the

results were compared with those attained by analytical equations. It was

reported that the FEM results, in particular deflection results, were smaller than

the analytically calculated results, because of the suggested approximations

that tend to simulate the reality, such cohesion value approximation. Kang et al.

(2009) also demonstrated that pipe deflection depends mainly on the applied

load variation, e.g. earth pressure and live load, whereas the pipe time-

dependent properties have a limited contribution to its deflection.

Two laboratory tests and FEM investigation of road surface settlement as well

as the Steel-Reinforced High-Density Polyethylene Pipe, SRHDPE, settlement

was presented by Cao et al. (2016). In the two laboratory tests, the pipe was
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buried in a compacted sand trench covered by aggregate in the first test and

sand in the second test. The results illustrate that surface deformation is

dependent substantially on the deformed soil above and below the pipe, as the

pipe deformation was negligible compared with the road surface settlement,

under the application of cyclic loading. Increasing the burial depth of the pipe

significantly reduced the road surface settlement.

It should be considered that a three-dimensional simulation of the soil-pipe

interaction is imperative because of the generated longitudinal strain in the pipe.

In case of using two dimensional modelling (plane strain), the longitudinal

direction of the pipe will be neglected and the generated strain in this direction

will tend to be zero, which doesn’t represent the actual case of the buried pipe.

Moreover, in the case of modelling reinforced soil, e.g. geogrid-reinforced soil,

the three-dimensional modelling will allow the simulation of the load transfer

mechanisms, particularly the passive earth resistance, unlike the case in the

two-dimensional modelling, which will ignore this mechanism and produce

inaccurate outcomes. To avoid the boundary conditions effect (reaction

interference), the simulated testing box dimensions must be at least six times

the dimensions of the test specimen (Perkins and Edens, 2003; Arockiasamy et

al., 2006; Hussein et al., 2015; Hussein and Meguid, 2016).

2.6.2 Effect of backfill density

High quality backfill material of relatively high density is greatly recommended in

order to reduce the generated stresses and strains on the buried pipe. Soil’s

density variation under the application of cyclic and static loads was

investigated (Mir Mohammad and Moghaddas 2001; Rajkumar and Ilamparuthi,

2008; Tafreshi and Khalaj, 2008; Srivastava et al., 2012).

It is considered that the soil’s density is an important factors affecting the pipe-

soil interaction. Increasing the soil’s relative density around the pipe will

significantly reduce its deformation, where improved degree of lateral support

will be provided to the pipe allowing it to resist the occurred deformations in its

walls due to the applied loads. In dense sand and under sufficient pipe burial

depth, the failure mode occurred due to excessive settlement of the loading
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plate, while the pipe remained safe. On the other hand, using loose sand will

cause failure mode due to both surface settlement and pipe deformation.

Srivastava et al. (2012) contradicted the previous conclusions by claiming that,

in case of burying the flexible pipe in loose and medium density sand, the

ultimate bearing capacity of the system will be increased. Conversely, when the

pipe is buried in very dense sand, the ultimate bearing capacity of the system

will be reduced. The reason is that the stiffness of the pipe is relatively higher

than the stiffness of the loose and the medium density sand; consequently, the

existence of the pipe inside these soils will enhance its performance. Unlike the

case of burying the pipe in dense sand, where the pipe’s stiffness is relatively

close to the soil’s stiffness, consequently, the stiffness of the whole system will

be reduced resulting in reduced ultimate bearing capacity of the system. Also,

sudden failure will occur in both cases, because of the buckling failure of the

buried pipe.

2.6.3 Effect of backfill material type

According to the British Standards, (BS, 2010a), the backfill used within the

reinforced zone shall be selected to meet the properties required by the design

and the project specifications. The selection of the backfill material depends on

some factors, such as fill workability, function and environment of the structure

and long-term behaviour, fill layer thickness and maximum particle size,

drainage properties, fill-reinforcement interaction and fill-internal friction and

cohesion. Unsuitable fills such as organic soils, soluble materials and strongly

swelling materials, shall not be used.

The variation of the backfill material type will significantly affect the generated

stresses on the buried pipe. Regular soils like, sand, clay and gravel are used

as backfill materials to reduce stresses on a buried pipe. Because of its high

compressibility and energy absorption, a backfill mixture of sand and rubber

was investigated (Mehrjardi et al., 2012; Tafreshi et al., 2012). It can be

considered that, using a rubber-sand mixture enhances the soil’s surface

settlement because it has higher energy absorption more than sandy soil.

Therefore, it reduced the plastic deformation under repeated loading condition.

Increasing the rubber percentage in the mixture will force the soil to behave like
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a rubber-like behaviour because of the mixture’s high compressibility, which will

lead to more deformation in the soil’s surface as well as the pipe’s diameter

under cyclic load (fatigue phenomenon). Using a rubber-sand mixture will

reduce the pipe’s diameter deformation, if it was used as a layer over the buried

pipe when it is surrounded by well-compacted sandy soil. This could be

attributed to the compaction of the sand, which provides lateral support to the

pipe, reducing its diameter deformation due to vertical stresses.

2.6.4 Effect of compaction

The compaction process of the backfill soil surrounding the buried pipe has a

great effect on enhancing the performance of the system. Soil compaction is

investigated by Arockiasamy et al. (2006). It can be considered that when the

pipe deforms in the heart shape, where the crown is flattened and the shoulders

tend to be curved, then the pipe is buried in a well-compacted soil. For a higher

soil compaction under cyclic load application, the measured deflection at the

50th cycle may be considered the initial deflection (Arockiasamy et al., 2006). In

case the measured pressures at the haunch and the invert of the pipe are

approximately equal, then the pipe receives good support from the soil through

the lower portion of the pipe. That means a good degree of compaction of the

bedding soil.

Using easily compacted soil which has low sensitivity to moisture content

reduces the magnitude of the developed strains in the buried pipe as a result of

compaction forces (BS, 2010a).

2.6.5 Effect of the burial depth of the pipe

The burial depth of the pipe has a great role in its stability under increased

stresses and strains. The burial depth of the pipe is investigated, (Mir

Mohammad and Moghaddas 2001; Arockiasamy et al., 2006; Rajkumar and

Ilamparuthi, 2008; Tafreshi and Khalaj, 2008; Hegde et al., 2014). Increasing

the burial depth will reduce the pipe deformation, but will increase the soil

surface settlement. The reason for this phenomenon is that the thickness of the

soil layer above the pipe (compressible layer) will be increased leading to an

increase in the air gaps in the soil, which will lead to an increase in the

settlement due to load application (increased embedment depth - load
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application - reduction in air gaps - compacted soil - more surface settlement).

On the other hand, the stresses transferred to the pipe will be reduced with the

increase of its burial depth; consequently, reduced deformation will influence

the pipe. Arockiasamy et al. (2006) reported that using well-compacted soil

cover will significantly reduce the soil surface settlement. This conclusion

contradicts the previous assumption and then burying the pipe at large depths

will not increase the soil surface settlement in case of performing compaction to

the soil cover, before applying loads to the system.

A buried pipe in well-compacted soil will remain undamaged under load

application, even if failure occurred to the above soil due to surface settlement.

Increasing the burial depth of the pipe and using stiffer pipe material, distributes

the applied pressure on its crown to the other regions of the pipe (spring line,

haunch and invert) more effectively than burying a lower-stiff pipe material

under shallow burial depth. This helps significantly in reducing the vertical pipe

deformation. The measured pressure at the pipe’s crown, invert and spring lines

in the case of burial depth equal to 1D and 2D (D is the pipe’s diameter) are

considered very small relative to those measured at a burial depth of 0.5D

(Arockiasamy et al., 2006). Consequently, increasing the burial depth will

significantly reduce the transferred stresses to the pipe’s portions.

2.6.6 Effect of loading type

The behaviour of the buried pipe varies widely according to many parameters.

One of these parameters is the nature of the applied load, either, monotonic or

cyclic load. Many researchers investigated the behaviour of buried flexible pipe

under different loading conditions (Perkins and Edens, 2003; Arockiasamy et al.,

2006; Rajkumar and Ilamparuthi, 2008; Tafreshi and Khalaj, 2008; Hussein et

al., 2009; Zhuang, 2009; Chen et al., 2011; Hussein and Meguid, 2013; Ahmed

et al., 2015; Hussein and Meguid, 2016). However, a wide range of these

research projects were investigated under static loading. Very few researchers

have studied the system’s behaviour under cyclic loading. Consequently,

investigating behaviour of buried pipes under applied cyclic loading is required.

Full-scale field tests were conducted to investigate the behaviour of buried

plastic pipes under the application of repeated loading, i.e. heavy vehicle
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(Faragher et al., 2000). Two series of tests were performed for pipes buried in

compacted sand and gravel. It was noted that an excessive vertical diametric

strain occurred during the initial loading cycles, and with further load cycles, a

significant reduction in diametric strain was noticeable. It was also noted that

variation of the surrounding soil type has a little effect on the deformation rate

accumulation of the pipe. According to these findings, an equation that can

predict the behaviour of the pipe under loading cycles was proposed, but it was

limited to applicable loads during the highway construction phase only. The

proposed equation cannot predict the system behaviour due to applied external

loads.

The behaviour of small-diameter pipe was investigated under the application of

repeated loading, experimentally (Brachman et al., 2000; Mir Mohammad and

Moghaddas 2001; Tafreshi and Khalaj, 2011). It was reported that the first

loading pulse significantly affects the settlement of the soil surface and pipe

deformation compared with those measured during subsequent cycles. In

addition, the behaviour of the buried pipe depends mainly on the soil density, its

burial depth and the amplitude of the applied load.

It can be considered that the application of cyclic loading is more common than

static loading because the cyclic loading can be produced from several real

cases, such as machine foundation, truck and train loading, which can be

considered a base for the design of new road or railway. The stresses

generated from the application of static load are considered to be of a higher

value than the stresses resulting from cyclic loading. However, the main danger

that faces the buried pipe due to cyclic loading is fatigue, in which the stresses

are applied and removed over the pipe many times unlike the stresses

generated from static loading.

2.6.7 Effect of geosynthetic reinforcement inclusion

Several researchers investigated the inclusion of geosynthetic reinforcing

elements in the backfill soil to enhance its behaviour in order to reduce the

generated stresses and strains affecting the buried pipe under static load

(Selvadurai, 1989; Rajkumar and Ilamparuthi, 2008; Tafreshi and Khalaj, 2008;
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Hussein et al., 2009; Hussein and Meguid, 2013; Corey et al., 2014; Ahmed et

al., 2015; Hussein and Meguid, 2016).

Using geogrid reinforcement will enhance the pipe-soil system and will reduce

the required burial depth to achieve a safe system, as well as reducing the

generated stresses around the pipe, particularly, at the crown and the invert of

the pipe. This became achievable because of the interlocked soil inside the

geogrid apertures, which generated a passive earth resistance mechanism

besides the frictional load transfer mechanism between the soil and the geogrid

reinforcement.

The effect of the aperture size is more significant than the stiffness of the used

geogrids forming the geocell. Dash (2011) investigated the effect of using two

types of geocell, one of them has an aperture size five times larger than the

other. It was found that wall of the geocell with the smaller aperture provided

more confining pressure to the interlocked soil. In addition, reducing the

aperture size will provide a greater reinforcement area, which will generate

more bearing resistance between the geocell walls and the interlocked soil.

Consequently, the bearing capacity of the reinforced soil will be increased.

Hegde et al. (2014); Hegde and Sitharam (2015) and Hegde et al. (2016)

investigated experimentally the behaviour of small diameter PVC buried pipes in

geocell and geogrid reinforced sandy and soft clay beds under the application of

a static plate load test. It was reported that using a combination of geocell and

geogrid reinforcing systems significantly reduced the transferred pressure and

the generated strain in the pipe, where the measured pressure on the pipe’s

crown becomes almost negligible while using combination of geocell and

geogrid reinforcement at a burial depth more than (1.5B), where; (B) is the

footing width. In addition, the pipe location, its burial depth, significantly

influenced the system behaviour.

Using geogrid and geotextile reinforcing layers to improve the soil’s resistance

to provide safety to buried pipe against sudden damage was investigated by

Palmeira and Andrade (2010). It was concluded that, using enveloped

reinforcement provided the best safety to the system by increasing the required

applied sudden load, which can cause accidental damage to the pipeline

regardless the type of the reinforcing layers.
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Nevertheless, limited studies investigated the behaviour of buried flexible pipes

beneath reinforced soil zones subjected to cyclic loading (Tafreshi and Khalaj,

2008), but using small-scale laboratory tests. It was reported that, the inclusion

of the reinforcing layers in the soil has a significant effect on reducing the

deformation of the pipe and soil surface because of the higher provided

shearing resistance of the new formed composite material, i.e. reinforced-soil.

Jones and Cooper (2005) investigated experimentally, the stability of road

surface over voids, where multiple reinforcing layers were used under the

application of cyclic loading. It was reported that generally, the magnitude of the

generated tensile force in the lower reinforcing layer had the highest value ever,

and the contribution of each reinforcing layer in resisting the generated tensile

force depended on the void diameter and its burial depth. Laboratory model

tests on strip footings resting on unreinforced and geogrid-reinforced sand with

an inside void subjected to a combination of static and cyclic loading were

investigated by Asakereh et al. (2012), where the void was represented by

using a flexible can. It was reported that void dimensions controlled the system

stability. When the void was located within the footing failure zone, the footing

settlement was significantly increased. Increasing the distance between the void

and the soil surface as well as increasing the reinforcing layers number had a

great effect on enhancing the system stability and reducing the footing

settlement. Studies on cyclic loads demonstrated that most of the deformation

and settlement occurred during the initial stage of cyclic loading.

In general, the inclusion of geosynthetic reinforcing element will greatly enhance

the behaviour of the reinforced soil system by reducing the soil’s surface

settlement, and the pipe’s deformation through reducing the vertical plastic

deformation and providing improved degree of the lateral support. This can be

achieved while using sufficient length of the reinforcing layers (sufficient

anchorage length) above the buried pipe which enables the formation of a

strong bond between the soil and the reinforcing layers (interlocked soil and

friction in the case of using geogrid and geocell reinforcement, and friction in the

case of using geotextile reinforcement). Due to this strong bond and under the

application of high load, significant deformation will be generated in the

reinforcing layers, generating the membrane mechanism of the reinforcing
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layers, which significantly contributes in reducing the generated stresses and

strains in the reinforced soil mass as well as the buried pipe.

The generated strain in the pipe was reduced due to the inclusion of reinforcing

layers because of the reduced shearing stresses generated due to load

application. The reinforcement stiffness has great role in reducing the

transferred stresses to the pipe’s crown.

According to the illustrated previous researches, most of the investigations were

performed under the application of static loading, where very few researches

considered the application of cyclic loading. Most of the researches did not

investigate the generated strain in the reinforcing layers and the pipe, and the

transferred pressure to the crown of the pipe.

2.7 Previous studies on rigid pipes

The most common methods to investigate the behaviour of buried rigid pipe are

the experimental and the numerical methods. Several researchers have used

these two methods under different conditions.

2.7.1 Experimental investigation of buried rigid pipes

In order to investigate the behaviour of buried rigid pipes, field tests and full-

scale tests were performed (Gilley and Gabriel, 1993; McGrath et al., 2000;

Wong et al., 2006; Kim et al., 2009; Rakitin and Xu, 2013; Sheldon et al., 2013;

Lay and Brachman, 2014; Peter et al., 2018). Buried pipe behaviour was

originally investigated by Anderson (1913) and Spangler (1933), where the

initial investigation was about the diametric change calculations due to applied

static loads.

Field response of cast-in-place plane concrete pipe under the application of

vertical loads was investigated by Gilley and Gabriel (1993). It was concluded

that providing lateral support to the spring-line of the pipe could maintain its

stability under vertical loads, and keep tensile stresses below the cracking

threshold.

Full-scale field tests were conducted to investigate the pipe-soil interaction for

different types of pipes including a concrete pipe during backfilling by McGrath

et al. (2000). Variable trench conditions, backfill materials and compaction

methods were investigated. It was reported that the variation in the installation
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method significantly influenced the pipe performance, in addition using soft

bedding layer significantly reduced the generated peak pressure along the

invert of the pipe.

Four full-scale field tests were performed to monitor the short-term and long-

term, duration of 20 months, generated stress envelope surrounding buried

concrete pipes in different sites with different configurations, e.g. soil cover,

trench geometry, pipe diameter and in-situ backfill soil type, under the

application of heavy traffic loads by Wong et al. (2006). Measured stresses

around the pipe were compared with those predicted from Ontario Provincial

Standards and Standard Installation Direct Design (SIDD). It was reported that

SIDD reasonably predicted stresses around the pipe, while the Ontario

Provincial Standards method was found to provide an overly conservative

prediction of soil stresses at the invert of the pipe.

Field tests of pipe culverts of different materials, including concrete, to

investigate the joints behaviour under the application of static and dynamic

loading were performed by Sheldon et al. (2013), where dynamic loading was

represented by moving truck with different speeds. It was observed that the

crown of the pipe experienced the maximum deflection, where the spring-line

deflection was 50% less than the crown deflection. Shearing stresses across

the joint caused a perpendicular separation, which was usually larger than the

longitudinal one, which was caused by the joint relative rotation.

The generated bending moment in a reinforced concrete pipe with 1400 mm

diameter, subjected to heavy traffic loading under the variation of the soil cover

depth and the position of the load with respect to the pipe was investigated

using centrifuge and full-scale tests by Rakitin and Xu (2013). It was reported

that good agreement between the centrifuge and the full-scale test was

achieved. The pipe experienced the most unfavourable condition when the

loading axle was exactly above the crown of the pipe. Increasing the soil cover

would lead to an increase in the initial stresses in the pipe as a result of the

increased own-weight of the soil, however; it reduced the influence of the traffic

load. It should be noted that the applied loading was a static loading, and further

researches investigating the influence of cyclic loading are required.
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Full-scale physical testing of reinforced concrete pipe buried under variable

height compacted granular backfill subjected to single design truck axle load

was investigated by Lay and Brachman (2014). The load was applied through

four phases, where the first one was monotonic phase divided into sub-phases

with 15 minutes between each of them to allow stability in the pipe pressure.

The first phase was followed by three cyclic phases with significantly reduced

amplitude and duration compared with the first phase. It was reported that

maximum measured strain was noticed at the inner crown of the pipe at the

shallowest burial depth, which can be attributed to the loose bedding layer.

Increasing the pipe burial depth significantly decreased the generated strain

along the pipe different portions. The applied cyclic loading had no effect on the

generated strain in the pipe, which could be attributed to the small amplitude of

the cyclic load as well as its low duration and number of cycles.

Full-scale, controlled laboratory testing of reinforced concrete buried pipe with

simulated erosion voids using air bladders under the application of surface load

was investigated by Peter et al. (2018). It was reported that the erosion

existence negatively affected the pipe performance, where the generated

bending moments and strains were increased. The most affected portion of the

pipe was its spring-line, where the soil lateral support was decreased. Under

increased applied load, soil failure dominated system failure, because of the

weak soil-pipe interaction.

Large-scale test on concrete pipeline buried in loose granular soil subjected to

seismic loading, which was represented by the application of permanent lateral

ground displacement through controlled hydraulic movement of one half of the

testing basin was investigated by Kim et al. (2009). Visual inspection of the

tested pipeline illustrated considerable damage due to cracks generation, as

bending moment and axial force excessively affected the pipeline.

According to the illustrated field and full-scale tests, it was observed that buried

rigid pipes performance under surface loads and during installation was

investigated, however the behaviour due to applying cyclic/repeated loading

was not investigated. Moreover, the generated tensile strain along the crown,

invert and spring-line of the pipe need to be clearly investigated to allow the

prediction of the tensile failure of the pipe, i.e. cracks formation.
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2.7.2 Numerical investigation of buried rigid pipes

Numerical models were performed to investigate the behaviour of buried rigid

pipes and structures (Abolmaali and Kararam, 2009; Nagy et al., 2010;

Abolmaali and Kararam, 2011; Kraus et al., 2013; Meguid and Kamel, 2014;

Alzabeebee et al., 2016; Alzabeebee et al., 2017). The influence of the bedding

layer thickness under the variation of the backfill height in an embankment

installation method, where applied load is the soil own-weight, was investigated

numerically by Abolmaali and Kararam (2009). It was concluded that pipe invert

experienced the highest tensile stresses and strains in the pipe as it is

considered the pipe’s support. The findings of Lay and Brachman (2014)

illustrated that maximum tensile strain was generated along the crown of the

pipe as a result of the thick loose bedding layer beneath the invert. More tensile

stresses were applied to the pipe with the increase in the backfill height and the

decrease in the bedding layer thickness. Highly compacted bedding layer

contributes in increasing the applied tensile stresses along the pipe invert as it

can be considered a stiff layer that can apply reaction forces to the pipe, unlike

loose bedding layer, which can mitigate transferred forces and pressure to it.

Dynamic compaction effect on buried concrete pipe was investigated

numerically by Abolmaali and Kararam (2011). Applied loads were simulated

using two phases, where the first one was monotonic loading representing the

compacting plate weight and the second one was repeated loading representing

the compaction process. The influence of four different pipe diameters, variable

backfill cover, side-fill material density and applied compaction forces positions

was investigated. It was found that using higher backfill cover and compacted

side-fill material contributed in reducing the pipe deformation, as more lateral

support is provided to the pipe. The effect of backfill height was minimized with

the increase in the pipe diameter. The most critical position of applying

compaction forces to the system is exactly above the pipe joint, which agreed

with the findings of Rakitin and Xu (2013) regardless of the loading nature, and

the least one is above the side-fill material.

Large-scale laboratory tests and finite element tests on buried concrete pipe to

investigate its fatigue behaviour was investigated by Kraus et al. (2013). It was

reported that due to the application of fatigue loading test, the measured vertical
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displacement can be considered negligible, however visual observation of the

pipe after the testing process illustrated that crack damage occurred near the

jointed area on the crown of the pipe. This damage was a result of the method

by which the pipe was installed inside the testing tank, where the pipe was in

contact with the wall openings of the testing tank, which allowed significant

interaction between them.

Moreover, three dimensional finite element models were used to investigate the

influence of an erosion void on the behaviour of buried concrete pipe by Meguid

and Kamel (2014). It was concluded that an increase in the earth pressure

around the pipe occurred, compared with the case at which no erosion existed.

Earth pressure increased for more than 100% and 30% when the void was

located at the spring-line and the invert of the pipe, respectively.

Three dimensional finite element models were used to investigate the behaviour

of buried rigid pipes under the existence of poor haunch support and the

variation of the backfill height, where own-weight of the soil and surface traffic

loading were applied by Alzabeebee et al. (2016). It was reported that

increasing the backfill height non-linearly decreased the generated soil pressure

along the crown of the pipe. Generated soil pressure along the invert

significantly increased, up to 210%, because of the poor haunch support. Soil

pressure distribution was changed, where the maximum soil pressure was

generated along the invert instead of the crown of the pipe.

In order to estimate the soil pressure on a buried concrete pipe due to the

variation of its diameter and the soil cover height above it under the application

of traffic live load, three-dimensional finite element models were investigated by

Alzabeebee et al. (2017). It was concluded that the maximum vertical

displacement of the pipe non-linearly decrease while increasing the diameter of

the pipe. In addition, the increase in the backfill cover contributed to

redistributing the thrust forces around the pipe without increasing its maximum

value.

According to the aforementioned numerical investigation, cyclic loading was

applied over buried rigid pipes to represent the compaction efforts of the soil

and its influence on the behaviour of the pipe. In addition, a fatigue-loading test

was performed to investigate the pipe performance; however, the tested model
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did not represent the field/real case because of the generated interaction

between the pipe and the walls of the tank. Consequently, more investigation of

the buried rigid pipe behaviour under the application of cyclic loading is highly

recommended.

2.7.3 Load reduction over buried rigid pipes, ITM

To reduce the generated tensile stresses and strains along the pipe walls, the

Induced Trench Method (ITM) was used, as illustrated in Figure 2.7-D. Initial

studies using ITM were conducted by Anderson (1913); Marston (1922) and

Marston (1930). Due to the lack of information concerning the lightweight

material properties at that time, ITM long-term behaviour was debated. Long

time ago, leaves, baled straw, sawdust and woodchips were mixed with soil and

used as lightweight backfill over the pipe (Spangler, 1958; Larsen and

Hendrickson, 1962; McAffee and Valsangkar, 2004). The problem of these

materials was its decomposition with time passing. Vaslestad et al. (1993);

McAffee and Valsangkar (2008); Kim et al. (2010); Turan et al. (2013); Witthoeft

and Kim (2016); Meguid et al. (2017); Meguid and Youssef (2018) and Ni et al.

(2018) investigated the performance of buried rigid conduits after adding a

compressible layer above it, such as superlight expanded polystyrene blocks

(EPS) and tire-derived aggregate (TDA).

Vaslestad et al. (1993) investigated the load reduction on deeply buried rigid

pipes and boxes, using experimental full-scale tests, due to the applied

overburden pressure. Superlight expanded polystyrene blocks were used as

compressible materials to mitigate the transferred load and pressure to the pipe

crown. It was reported that measured vertical pressure on the pipe crown was

reduced to less than 30% due to the inclusion of the compressible blocks. Long-

term monitoring over 3-years illustrated that the pressure value did not increase.

Kim et al. (2010) investigated the inclusion of expanded polystyrene blocks to

reduce transferred pressure to buried rigid pipe, experimentally. Multi-blocks

were used, where block width was equal to the pipe diameter. An agreement of

the results between Kim et al. (2010) and Vaslestad et al. (1993) was observed,

where the inclusion of the polystyrene blocks significantly reduced the

transferred pressure to the pipe.
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Witthoeft and Kim (2016) performed experimental and numerical models to

investigate the performance of using EPS geofoam layers as compressible

material to reduce earth pressure over buried rigid pipes. It was concluded that

the system performance depended on the EPS layer properties, stiffness,

strength and creep effects, where these properties were highly correlated with

the density of the EPS material. Lower EPS density results in lower stiffness,

which will enhance the system performance due to the increase in the EPS

compressibility, i.e. pressure reduction on the rigid pipe.

Meguid and Youssef (2018) investigated the contribution of tire-derived

aggregate (TDA) layer above buried rigid pipe, instead of the superlight

expanded polystyrene blocks. It was reported that average measured pressure

above the pipe was reduced by 30% compared with using granular backfill

material above the pipe. TDA was an accepted replacement of superlight

expanded polystyrene blocks in the ITM.

Ni et al. (2018) performed plane-strain numerical models to investigate the

influence of using pure TDA as a compressible material above buried rigid pipe

under high embankments. TDA layer width, thickness and spacing between it

and the pipe were investigated. It was reported that using a TDA as a

compressible material provided similar beneficial effects on rigid pipes as other

commonly used materials did, where the invert and crown pressure were

significantly reduced and a slight decrease in the lateral pressure was observed

along the spring-line. The earth pressure surrounding the pipe was reduced with

the increase in the TDA layer width unlike increasing its depth.

According to these researches, the behaviour of the buried pipes while inserting

a compressible material, i.e. ITM, was performed under the application of soil

own-weight, i.e. embankment installation, where the pipe was deeply buried

under the surface of the soil. Since the main concern in the ITM was to maintain

buried conduit stability through reducing transferred strains and stresses to it,

the inclusion of geogrid reinforcing layers instead of the compressible material

was adopted in this research, considering the researches where leaves, baled

straw and woodchips were mixed with soil to generate lightweight backfill. A

new composite material i.e. backfill cover, which can sustain higher load profiles
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and provide more system stability was created due to the inclusion of the

reinforcing layers in soil.

2.8 Summary

Pipes are considered one of the most important infrastructures because of their

importance in transferring different minerals. They are mainly classified as; rigid,

semi-rigid and flexible. The main concern in the rigid pipes is the generated

tensile strain, which would generate cracks in case its value exceeded the

tensile strength of the rigid pipe material. On the other hand, in the case of

flexible pipe, the main concern is the increased deformation of its cross-section

due to the applied loads to it.

Different methods are available to install a pipeline underneath the ground

surface. Concerning the flexible pipe, there is no advantage to a mechanism

over another, where active arching mechanism is generated reducing

transferred pressure to the pipe, regardless the used installation mechanism.

On the other hand, while using a rigid pipe, a passive arching mechanism is

generated increasing the transferred pressure to the pipe threatening its safety.

Consequently, the ITM installation technique is preferred while installing a rigid

pipe, where the compressible material contributes in converting the generated

passive arching mechanism into an active one reducing the transferred

pressure to the pipe.

In the past, different admixtures were added to mud and clay to enhance their

properties. Based on this idea, geosynthetic-reinforcing layers could be added

to the backfill cover over the buried pipes to provide safety to them by reducing

the transferred loads and pressures to these pipes. The inclusion of the

geosynthetic reinforcing layers in the backfill cover above a buried pipe will

generate a new composite material, i.e. reinforced soil, with improved properties

compared with only soil, particularly the shearing strength. The reinforced soil

system has the ability to mitigate and distribute the applied loads and transfer

reduced pressure and load to the buried pipe. This could be achieved through

the generated load transfer mechanisms between the soil and the reinforcing

layer, frictional, passive earth resistance and the membrane mechanisms.
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According to the previous studies, most of the investigations in the case of

using buried flexible and rigid pipes were performed considering static loading,

which does not represent the real case of loading, and very few researches

considered experimental cyclic loading. Generated strain along the invert,

crown and spring-line of the pipe need more investigations. Deformation and

generated strains in the reinforcing layers need to be investigated.

Consequently, investigating the behaviour of buried flexible and rigid pipes

under geogrid-reinforced and unreinforced sand beds due to the application of

incrementally increasing cyclic loading will be performed in this research. The

research will focus on the following points:

1- Deformation of the strip footing.

2- Deformation of the buried flexible/rigid pipe, particularly its crown and

invert.

3- Transferred pressure to the crown of the pipe.

4- Generated load transfer mechanisms inside the pipe-reinforced-soil

system.

5- Generated strains along the pipe, particularly its invert, crown and spring-

line.

6- Generated deformations and strains in the geogrid-reinforcing layers,

while using single and multi-geogrid-reinforcing layers.

It should be noted that the incrementally increasing cyclic loading would be

applied until failure occurs in each investigated system, depending on the

configuration of the system.
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MATERIAL TESTING AND TESTING RIG

3.1 Introduction

The behaviour of geogrid reinforced soil to enhance the soil cover located

above flexible or rigid buried pipes, can be investigated by various methods.

One of these methods is experimental testing, which provides a clear

understanding of the true behaviour of the integrated elements, which forms the

problem. In order to clearly investigate this behaviour, two main steps must be

followed:

1- Material testing phase.

2- Testing rig identification.

This chapter describes in details the laboratory tests, by which the mechanical

properties of the used materials are investigated. In addition, the testing rig to

be used is clearly identified.

3.2 Material testing phase

Buried pipes in geosynthetic reinforced soil systems consist of three main

elements:

1- Soil (backfill material).

2- Geosynthetic reinforcing layers (Geogrids).

3- Buried pipe (flexible and rigid).

The mechanical properties of each element must be clearly identified to

understand its influence on the integrated system behaviour. In addition, the

interaction between the soil and the geogrid reinforcing layers must be

determined.

3.2.1 Soil

Relatively uniform silica sand is used in this research, as granular backfill

material. To clearly identify the mechanical properties of this sand, the British

Standard Specifications, are followed BS 1377-1:2016 (BS, 2016a).
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3.2.1.1 Sieve analysis test

The particle size distribution of the used sand was obtained from a sieve

analysis test, as shown in Figure 3.1. The particle sizes of the silica sand

ranged between 0.3 and 1.0 mm, and its properties are illustrated in Table 3.1.

According to the outcomes of the sieve analysis test, sand was classified as

Even-Graded sand, as illustrated in Table 3.2.

Figure 3.1 Particle size distribution curve

Table 3.1 Sand properties identifying its grade
Description Value

Coefficient of uniformity, Cu 1.35
Coefficient of curvature, Cc 1.0
Effective grain size, D10 (mm) 0.52

D30 (mm) 0.61
Medium grain size, D50 (mm) 0.67

D60 (mm) 0.71

Table 3.2 Granular material classification guide
Shape of grading curve Cu Cc

Multi-graded < 15 1 < Cc < 3
Medium-graded 6 < Cu < 15 < 1
Even-graded < 6 < 1
Gap-graded Usually high Usually < 0.5

3.2.1.2 Compaction test (Proctor)

In order to identify the dry unit weight of the used silica sand, γd, as well as its

optimum water content ratio, a compaction test was performed. It was

concluded that the dry unit weight of the sand was 16.4 kN/m3, and the optimum

water content was 7.9%, as shown in Figure 3.2.
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Figure 3.2 Compaction test outcomes

3.2.1.3 Shear strength properties

The most important properties of any granular material are its shear strength,

represented by internal friction angle Φ, and the cohesion, c. A direct shear test

was performed to investigate the sand cohesion and internal friction angle, as

shown in Figure 3.3. Table 3.3 illustrates the shear strength values of the silica

sand. It had dimensions of 60mm side length.

Figure 3.3 Direct shear test outcomes

Table 3.3 Shear strength properties of the silica sand
Description Value

Friction angle (degree), Φ 36.5
Cohesion (kPa), c 0.0
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3.2.1.4 Triaxial test

To identify the elastic modulus of the sand, E, a triaxial test on three samples

was performed. In order to prepare sand sample, the sand was poured into a

cylindrical membrane, 38 mm in diameter and 76 mm in length, where sand

density in the three tests was kept constant through fixing the sand mass that

will fill the volume of the membrane. In addition, the sand was poured on three

layers where each of them was slightly compacted. For the three specimens the

applied cell pressure was 50 kPa, 100 kPa and 150 kPa. Figure 3.4 illustrates

the stress-strain relation of the silica sand. The initial slope of the curve in each

case was determined and the elastic modulus was calculated. The average of

the three resulting elastic moduli (54.3 MPa, 54.9 MPa and 56.2 MPa) was

considered to be the sand elastic modulus, where its value was 55 MPa.

Figure 3.4 Stress-strain relation of the silica sand

3.2.1.5 Relative density

The relative density of the soil required the identification of the maximum and

minimum unit weights of the soil (BS, 2016a). This could be achieved through

using a funnel to fill a mold with the sand, where the sand was dropped from a

height of 12.7 mm (half-inch). The mass and the volume of the sand were

calculated and the minimum unit weight of the sand was calculated, γd(min). To

calculate the maximum unit weight, a weight was added to the sand surface

inside the mold, where a shaker was used to remove the air gabs. The new
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volume of the sand was calculated, where its mass remained constant.

According to the new volume, the maximum unit weight of the sand was

calculated, γd(max). This test was performed three times, where the average

values of the maximum and the minimum unit weights of the sand were

considered. The relative density of the sand was calculated according to Eq

( 3.1), (Das, 2019).

Dr (%) = (γd(max) (γd - γd(min))) / (γd (γd(max) - γd(min))) 100 ( 3.1)
In addition, the maximum and minimum void ratios, emax, emin, of the sand were

calculated according to Eqs ( 3.2) and ( 3.3), respectively.

emax = (Gs γw / γd(min)) - 1 ( 3.2)

emin = (Gs γw / γd(max)) - 1 ( 3.3)
Where; Gs represents the specific gravity of the sand and γw refers to the unit

weight of the water.

The values of the maximum and minimum unit weights of the sand, its

maximum and minimum void ratios and its specific gravity are presented in

Table 3.4.

Table 3.4 Values of γd(max), γd(min), emax, emin and Gs of the sand
Description Value

Maximum dry unit weight (KN/m3) 17.1

Minimum dry density (KN/m3) 15.3

Maximum void ratio, emax 0.7

Minimum void ratio, emin 0.5

Specific Gravity, Gs 2.6

3.2.2 Geosynthetic reinforcing layers

Geosynthetic reinforcing layers are mainly tensile elements that can sustain

tensile forces and strains. Due to the applied external cyclic loading, tensile

forces and strains are generated in the soil. Consequently, Tensar square

biaxial geogrid reinforcing layers, SS20, are used in this research because of its

availability, and it has the smallest aperture. In order to investigate the stress-

strain relationship of the geogrid reinforcing layers, a tensile test must be

performed as an initial step. According to the British Standard Specifications on
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multi rib geogrid specimens (BS EN ISO 10319:2015 (BS, 2015), at least five

specimens of the geogrid layers must be tested in each direction. The samples

were tested by using the INSTRON machine as shown in Figure 3.5.

Figure 3.5 Tested reinforcing layers specimens
A: Before testing. B: After testing.

The results show a relationship between the tensile force, Fmax, and the

extension generated in the test specimen. According to the British Standard

Specifications, these data should be converted into force per unit width (tensile

strength, Tmax, kN/m) and strain, as shown in Figure 3.6.

The tensile strength can be considered the main feature of the geogrid

reinforcement, which is as important as the modulus of elasticity for other

materials. The results show that there are two portions defining the relation

between the tensile force and the strain, linear and nonlinear. The linear portion

represents the elastic behaviour of the geogrid reinforcement and the nonlinear

portion represents its plasticity. Consequently, the nonrecoverable deformation

of the reinforcing layers due to the applied loads is clarified. In addition, using

plasticity inputs to define the behaviour of the geogrid reinforcement in the finite

element analysis is required.

3.2.2.1 Elastic modulus calculations

One of the most important mechanical properties of the used geogrid reinforcing

layers is its elastic modulus, E, which can be calculated from the tensile test

results. The plastic properties and the elastic modulus of the geogrid layers are

essential parameters to correctly illustrate its behaviour, especially in the finite

A B
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element simulations. In field applications, the tensile strength of the geogrid

layers is the most important property. It is clear that the resulting tensile force

must be converted into tensile strength, which is the main feature of the geogrid

reinforcing elements. According to the British Standard Specifications (BS,

2015), Eq ( 3.4) can be used to calculate the tensile strength of the reinforcing

layer.

Tmax = Fmax C ( 3.4)
Where; Tmax : maximum tensile strength.

Fmax : maximum tensile force.

C : factor depends on the geometry of the reinforcing layer.

For geotextiles, knitted fabrics, geonets and geomats, C, can be calculated

according to Eq ( 3.5):

C = 1 / Bn ( 3.5)
Where; Bn : nominal width of the specimen in meters.

For geogrids with one, two and three axes (uniaxial, biaxial and triaxial

geogrids), C, can be calculated according to Eq ( 3.6).

C = Nm / ns ( 3.6)
Where; Nm : average number of tensile elements within one meter width of the

tested product.

ns : number of tensile elements within the tested specimen.

In order to calculate the elastic modulus of the geogrid reinforcing layers, its

secant stiffness, J, should be divided by its average thickness. Eq ( 3.7)

illustrates the calculations of the secant stiffness (kN/m). Eq ( 3.8) illustrates the

calculations of the elastic modulus (kN/m2).

J = F C 100 / Ɛ ( 3.7)

E = J / t ( 3.8)
Where; Ɛ : is the strain value at the end of the linear phase of the resulting data.

t : the average thickness of the tested specimen.

According to the previous equations, the stress-strain relation of the geogrid

reinforcing layers material can be identified, as shown in Figure 3.7. Based on

the findings of the stress-strain curve of the geogrid reinforcing layer, the

calculated value of the elastic modulus is 300 MPa.
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Figure 3.6 Tensile strength - strain relation of the reinforcing layers

Figure 3.7 Stress-strain relation of the reinforcing layers

3.2.3 Pipe

There are two types of pipes studied in this research, flexible and rigid. The

procedures for testing each type depends on its nature. Flexible pipes have the

ability to deform under the applied loads; consequently, its elastic and plastic

behaviours need to be identified. Concerning the rigid pipes, knowledge of its

compressive strength is essential in order to identify its behaviour.
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3.2.3.1 Flexible pipe (HDPE)

The British Standard identified the exact methods to test a flexible pipe in order

to obtain its exact mechanical properties. Two main tests are illustrated:

1- Tensile test to identify its elastic modulus and its plastic properties, BS

EN ISO 527-1:2012 (BS, 2012).

2- Ring stiffness determination test to identify its resistance to the applied

loads, BS EN ISO 9969:2016 (BS, 2016b).

Tensile test

The tensile behaviour of the plastic flexible pipe is similar to any other plastic

material, which is governed by its stress-strain relation. Consequently, the

investigation of the pipe tensile behaviour is essential. The British Standard

Specification, illustrated that three standard specimens of the plastic pipe, as

illustrated in Figure 3.8, must be formed and tested under tensile test, where,

the average results are to be considered.

Dimensions details in (BS, 2012) Real specimen

Figure 3.8 Tensile testing specimen details

The INSTRON machine was used to perform the tensile tests, as shown in

Figure 3.9.
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Figure 3.9 Tensile testing of the plastic pipe specimen

The tensile testing results of the three specimens are presented in the form of

the tensile force-extension relation. By dividing the tensile force by the initial

cross section area, and the extension by the initial gauge length, the stress-

strain relation of the pipe material can be determined, as shown in Figure 3.10.

It is clear that the stress-strain relation has two portions, linear and nonlinear;

consequently, it is essential to take into consideration the plastic behaviour of

the pipe, especially in the finite element modelling. The elastic modulus of the

pipe was investigated from the tensile test, where its value was 700 MPa.

Figure 3.10 Stress-strain relation of the plastic pipe

Ring stiffness test

The ring stiffness can be determined according to the relation between the

applied compressive force on the pipe and the generated deflection in the pipe
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vertical diameter. The ring stiffness of the pipe is an important property, which

depends on the ratio between the pipe diameter and its wall thickness, known

as the standard dimensional ratio, SDR, and it shows the ability of the pipe to

withstand applied loads. A lower SDR leads to a higher ring stiffness and vice

versa (BS, 2009a). Three pipe specimens were tested according to the British

Standard. The length of each sample was 300 mm with a diameter of 200 mm

and a wall thickness of 5 mm. The main variation between the tested specimens

was the orientation angle. The angle differed by 120 degrees starting from a

zero angle with respect to the loading plates. Figure 3.11 illustrates the

specimens before and after applying compressive load with constant rate of

crosshead movement, using the INSTRON machine.

The required force to generate 3% vertical diametric strain of the pipe is used to

calculate the ring stiffness of the pipe as illustrated in Eq ( 3.9). The ring

stiffness was calculated three times, according to each test result, and an

average value was calculated. Figure 3.12 illustrates the Load-Deflection curve

of the tested specimens. Table 3.5 illustrates the calculated ring stiffness value

of the three specimens and the average value.

Before load (0 degree) Before load (120 degrees) Before load (240 degrees)

After load (0 degree) After load (120 degrees) After load (240 degrees)

Figure 3.11 Flexible pipes ring stiffness determination
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According the British Standard, (BS, 2009a), a pipe with an SDR value of 41

and an elastic modulus of 3200 MPa, should have a ring stiffness of

approximately 4 kPa. The pipe used in this research has an SDR value of 40,

but the elastic modulus is 700 MPa, which is lower than the mentioned value in

the specifications. That is why the ring stiffness of the used pipe is not in the

defined range according to the British Standard.

Sr = 0.0186 + 0.025 �
�

�
� �

10�6 ( 3.9)
Where; Sr : the ring stiffness, in kPa.

F : the force corresponding to 3% strain in the pipe diameter, in kN.

y : the deflection corresponding to 3% strain in the pipe diameter, in mm.

L : the specimen length, in mm.

D : the pipe diameter, in mm.

Figure 3.12 Load-Deflection curve of the tested specimens

Table 3.5 Calculated ring stiffness value
Orientation w.r.t loading plate, degrees 0 120 240 Average

Ring stiffness, kPa 1.011 0.976 0.963 0.983

3.2.3.2 Rigid pipe (concrete)

The available rigid pipes in the market have relatively high dimensions

compared to the used testing tank, where the minimum available diameter is

350 mm, which is more than one-third the height of the testing tank.

Consequently, casting concrete pipes to test them became an essential issue. A
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