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ABSTRACT

Road embankments and other constructions on natural weak clay are still a challenge in
geotechnical engineering work. Problems due to deformation are very common on embankments
and cause failure, which results in either large settlement or sliding due to inadequate shear
strength. In order to mitigate the problem of poor ground bulk excavation and borrow fill was
conservative previously. However, this way of mitigation leads to temporary destruction of
infrastructure like water distribution line, electric cable, telecom fiber line and etc.
Consequently, a cost of time delay, unserviceability period, and cost of maintenance is high.
Hence, a mechanistic design procedure for reinforced pavement structures should be developed,
which requires a better understanding and characterization of the geogrid-reinforced
mechanisms. Thus, the present study aimed to address these issues by developing improved
model for analysis and design of geogrid-reinforced road embankment laid on weak clay under
cyclic working traffic loads in the case of Dukam town. It is intended in quantifying the
structural contribution by geogrid reinforcement and incorporating it into the design
methodology. PLAXIS 2D plane strain v8.6 is used for this research in conjunction with the
Mohr-Coulomb model, which is adopted for the parent soil and embankment and Linear Elastic
Model for the AC pavement and Geogrid reinforcement. The influence of key design parameters
such as the effect of side slope, reinforcement position, number of layers and type of geogrid
applied upon the performance of geogrid reinforced road embankment was investigated through
a total of 67 numerical analyses including preliminary checks to ensure accurate numerical
analysis. The modeling has shown that the performance of geogrid reinforced road embankment
for efficient combination with respect to lateral deformation is that the horizontal displacement
of reinforced embankment was reduced around one-third of unreinforced one (i.e. reduction
factor is 36%). It was demonstrated that there is also a significant reduction in settlement when
the ground is reinforced with the convenient combination of geogrid reinforcement factors. The
vertical displacement of the reinforced embankment was reduced by 42% of untreated one.
Relying on the parametric study the geogrid reinforced road embankment with side slope of 1:2,
a single layered type Il geogrid placed at the bottom of the embankment is selected and

recommended as the most efficient combination of the rest all.

Key words: Ground reinforcement, Geogrid, Settlement, PLAXIS 2D, Mohr-coulomb model
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CHAPTER ONE
INTRODUCTION

1.1. Background of the study

Ethiopia is developing country, where population increase at higher rate, needs to allocate huge
amount of resources for construction works to meet the growing demand for shelter and other
related facilities such as road networks. This effort should be accompanied by strict and
professionally ethical quality assurance and supervision of construction. With the expansion of
urban areas, increasing the necessity of occupation, sites that were not historically occupied are
now being increasingly occupied. This situation concerns the technical means to find alternative
solutions for mitigation of structural problems caused in the buildings and embankments by soil

settlements.

Geotechnical engineers face several challenges when constructing embankments over soft soils.
These include potential bearing failure, intolerable settlement, and global or local instability
(Mim and Ping, 2008). When constructing an embankment over soft subsoil of low strength and
high compressibility, the engineering tasks are to prevent the failure of the embankment and to
control the subsoil deformation. Several methods have been developed for economically and
safely constructing embankments on soft subsoil. Placing a layer of reinforcement at the base of
the embankment is one of the methods (Chai et al., 2002).

A wide variety of geosynthetics with different properties has been developed to meet highly
specific requirements corresponding to a range of different uses. Geosynthetics materials
perform five principal functions in civil engineering applications: separation, reinforcement,
filtration, and drainage and moisture barrier. Geogrid can notably improve the construction
height, decrease the horizontal displacements and asymmetrical settlement of the soft soil, and

increase dissipation speed of pore water pressure. (Indraratna et al. 2007)

This research has developed a better understanding on predicting the performance of geogrid
reinforced embankment on soft soil in the case of Dukam town. A soil data was acquired from
laboratory test and the soil profile and material parameters has been correlated to use as an input.

The investigation tool used for numerical modeling was PLAXIS 2D finite element based
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software. A series of 2D numerical analysis was conducted to analyze the settlement and
deformation, as important criteria in embankment. Investigation concerning the key parameters
that mainly influence the performance of geogrid-reinforced road embankment was discussed by

a researcher through an intensive literature review based on the analyses result.

1.2. Statement of the Problem

Road embankments and other constructions on natural soft clay are still a challenge in
geotechnical engineering work. The use of various soil improvement methods to stabilise the soft
clay need to be carried out in order to increase the bearing capacity and reduce the settlement.
(Bakhtiar, 2012)

Problems due to deformation are very common on embankments and cause failure which results
in either large settlement or sliding due to inadequate shear strength. Normal fill can comprise of
mix of different soils like silty sand, clayey sand or silty clay etc., which are commonly found
embankment material at various locations. Due to climatic variations, swelling or shrinkage
related soil movements commonly occur in the soils underneath the infrastructures such as
pavements, embankments and light to medium loaded residential & commercial buildings.
(Sabahat Khan, 2014)

In pavements, the soil movement results in settlements, surface cracking and thereby creating
difficult driving conditions and also costly rehabilitation and maintenance for the highways in
dukem. In order to mitigate the problem of poor ground bulk excavation and borrow fill was
conservative previously. However, this way of mitigation leads to temporary destruction of
infrastructure like water distribution line, electric cable, telecom fiber line and etc. Consequently,
a cost of time delay, unserviceability period, and cost of maintenance is high. Geosynthetic
material (i.e. geogrid) was used as reinforcement to overcome the soil movement related

problem. (Indraratna et al. 2007)

Thus, in order to overcome these limitations, a mechanistic design procedure for reinforced
pavement structures should be developed, which requires a better understanding and
characterization of the geogrid-reinforced mechanisms. In particular, more research is needed in
quantifying the structural contribution by geogrid reinforcement and incorporating it into the
design methodology. As a part of this process, factors that affect the performance of geogrid
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reinforced pavement structures has been determined and evaluated. That is why the present study
aimed to address these issues by developing improved model for analysis and design of geogrid-

reinforced bases in flexible paved road embankment under cyclic working traffic loads.
1.3. Objective of the study

1.3.1. General objective

The aim of this thesis is numerical analysis of geogrid reinforced road embankment on soft soil
using finite element based software in the case of Dukam

1.3.2. Specific objective

@ To determine deformation and settlement of embankment without reinforcement and
when reinforced with geogrid

= To investigate the influence of different parameters like side slope, geogrid application
layer and type of geogrid and number of reinforcement layer on the performance of
embankment laid on soft soil

@ To obtain optimum geogrid application on the embankments.
1.4. Scope of the Study

The scope of the study limited to numerical analysis most effective reinforcement type for the
specified soil by determining the deformation of embankment and changing embankment
parameters (side slope, geogrid application layer and type of geogrid and number of
reinforcement layer). PLAXIS 2D was used for this study in conjunction with the advanced

Mohr-Coulomb model

1.5. Significance of the Study

It is expected that this work may contribute a lot of importance:

< Develop a better understanding of the behavior of reinforced road embankment weak
soils.

< Verify the previous analysis done abroad and enhance the confidence of the designers
(esp. Geotechnical Engineers) to apply this preferable alternative in Ethiopia.

@ Contribute as reference for other future work.
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1.6. Organization of Thesis
The content of this thesis is organized in to five chapters:

Chapter 1 provides general introduction with the research objectives, scope and significance of
the study. Chapter 2 outlines a full detailed literature review of the geogrid reinforced road
embankment, including historical development, construction methods and previous research

works.

Chapter 3 presents study area description, material parameters soil profile adopted for modeling,
preliminary checks for sensitivity analyses and generation of finite element analyses using
PLAXIS 2D plane strain code.

In Chapter 4 analysis of results, validation of FEA and discussion is presented. Parametric study

regarding the influence of key design parameters is also furnished.

The last chapter, Chapter 5, discusses the conclusions derived from this study and limitations in

the analyses and recommendations for future work.

1.7. Limitation of Thesis

The effects of some key design parameters have been addressed in detail. But there are still other
influential points to be touched especially width ratio effects, variability of material stiffness and
strength characteristics, and effect of pavement structures.

The material parameter for soil profile was tested only for basic property the other property such
as strength characteristics and stiffness characteristics is correlated from basic property and used

as software input.
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CHAPTER TWO
LITERATURE REVIEWS

2.1. Introduction

The road network in Ethiopia provides the dominant mode of freight and passenger transport and
thus plays a vital role in the economy of the country. The network comprises a huge national
asset that requires adherence to appropriate standards for design, construction and maintenance
in order to provide a high level of service. When the length of the road network is increasing,

appropriate choice of methods to preserve this investment becomes increasingly important.(ERA)

Kiran and Mohan (2016) suggest that of transportation like road, railway, airways etc. however
the most mode of transportation is usually road or highways. In the method of road development,
the alignment of road could have to be compelled to be mounted through the soils that cannot
bear the traffic loads. There are numerous techniques of ground improvement techniques like soil
stabilization, stabilizing trenches, vertical sand drains, capillary cut-off, soil nailing, Vibro-
compaction, Vibro-floatation, use of geo-textiles, Vibro-replacement, stone columns, dynamic

compaction etc.

2.2. Ground Improvement Techniques

The construction sites are inflated (increased) currently days. Thus engineers are have not any
alternative left except to use soft and weak soils around by improving their strength by means
that of modern ground improvement techniques for construction. The ground improvement
techniques are stone columns, dynamic compaction, Vibro compaction, soil reinforcement,
vertical drains, and replacement of soil, in-situ densification, Vibro piers, grouting, pre-loadings
and stabilization using admixtures. The aim of those techniques is to extend the bearing capacity
of soil, improve the soil properties and reduce the settlement. Ground improvement by
reinforcing the soil is achieved by using fibers of glass, steel, varied polymers within the type of
grids or strips and geosynthetics. Geosynthetics may be impermeable or permeable in nature
counting on composition and its structure. The geosynthetics materials are often used for various

applications. It is often used as protection, reinforcement, separation, filtration, containment and
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confinement of soil to extend the strength of soil. Depending upon the requirements of site

condition the Geocell reinforcement also used (Kiran and Mohan, 2016).
2.2.1. Methods for ground improvement techniques for pavement

Now a day there is some many ground improvement techniques employed for the pavement
construction. Some of them are soil stabilization, vertical drains, stabilization trenches, capillary

cut-off, soil nailing, vibro compaction, dynamic compaction etc. (Kiran and Mohan, 2016).

(Kiran and Mohan, 2016). Stated that Soil stabilization is a general term for any chemical,
physical, organic, or joined strategy for changing a characteristic soil (natural soil) to meet a
designing reason or engineering properties. Upgrades incorporate expanding the weight bearing
abilities and execution of in-situ sub-soils, sands, and other waste materials keeping in mind the

end goal to strengthen pavement or road surfaces.

The methods of soil stabilization are mechanical stabilization, additive stabilization, stabilization
with portland cement, stabilization with lime, stabilization with bitumen, stabilization by

geogrid, reinforced earth using bio-enzymes.

2.2.2. Ground Reinforcement

Reinforced soil is a composite construction material formed by combining soil and
reinforcement. This material possesses high compressive and tensile strength similar, in
principle, to the reinforced cement concrete. It can be obtained by either incorporating
continuous reinforcement inclusions (for example, strip, bar, sheet, mat or net) within a soil mass
in a definite pattern or mixing discrete fibers randomly with a soil fill before placement. The
term ‘reinforced soil’ generally refers to the former one, although it may more appropriately be
called ‘systematically reinforced soil’, whereas latter one is called ‘randomly distributed/oriented

fiber-reinforced soil” or simply ‘fiber-reinforced soil’. (Kiran and Mohan, 2016).

The apparently simple mechanism of reinforced soil and the economy in cost and time have
made it an instant success in geotechnical and highway engineering applications for temporary as
well as permanent structures. Reinforcement, inextensible or extensible, has the main task of
resisting the applied tensile stresses or preventing inadmissible deformations in geotechnical
structures such as retaining walls, soil slopes, bridge abutments, foundation rafts, embankment

etc. In this process, the reinforcement acts as a tensile member coupled to the soil/fill material by
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friction, adhesion, interlocking or confinement, and thus improves the stability of the soil mass. .
(Kiran and Mohan, 2016).

Principles

Kiran and Mohan, (2016) concluded that Soil has an inherently low tensile strength but a high
compressive strength. An objective of incorporating soil reinforcement is to absorb tensile loads
or shear stresses within the structure. In absence of the reinforcement, structure my fail in shear
or by excess of the deformation. When an axial load is applied to the reinforced soil, it generates
an axial compressive strain and lateral tensile strain. If the reinforcement has an axial tensile
stiffness greater than that of the soil, then lateral movements of the soil will only occur if soil can
move relative to the reinforcement movement of the soil, relative to the reinforcement, will
generate shear stresses at the soil/ reinforcement interface, these shear stresses are redistributed
back into the soil in the form of internal confining stress. Due to this, the strain within the
reinforced soil mass is less than the strain in unreinforced soil for the same amount of stresses,
where ohr < 6h. and dvr < dv, provided the surface of the reinforcement is sufficiently rough to
prevent the relatively movement and the axial tensile stiffness of reinforcement is more than that

of soil.

Soil reinforcement interaction

For soil reinforcement, interaction to be effective reinforcement is required to absorb strains,
which would otherwise cause failure. In this context, an ultimate state of collapse in terms of
interaction with the soil and reinforcement can be caused by rapture of reinforcement or failure
of bond between soil and reinforcement. In serviceability, limit state occurs when deformation
occurs beyond serviceable limit or strain within the reinforcement exceed prescribed limit. If the
soil is cohesion less the bond resistance will be friction and will depend upon surface roughness
and soil. If soil is cohesive the bond stress will be adhesive. In case of grid reinforcement the

bond stress will be governed by the shear strength of the soil and roughness of the reinforcement.

Having absorbed load it is necessary for the reinforcement to sustain this load during the design
life without rupture or without suffering time dependent deformation which might give rise to
serviceability limit. To maximize the tensile load capacity the flexible reinforcement are install
horizontally to coincide with the principle tensile strain. The axial forces absorbed by the

reinforcement are statically determinate (Kiran and Mohan, 2016)
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2.2.2.3. Material used for reinforcement
In most of the current civil engineering applications, the reinforcement generally consists of
geosynthetic sheets or strips of galvanized steel, arranged horizontally or in the directions in

which the soil is subject to the undesirable tensile strains (Abu-Farsakh et al 2009).

Geosynthetics

Geosynthetics are a rapidly emerging family of geomaterials used in a wide variety of civil
engineering applications. Many polymers (plastics) common to everyday life are found in
geosynthetics. The most common are polyolefin and polyester; although rubber, fiberglass, and
natural materials are sometimes used. Geosynthetics may be used to function as a separator,
filter, planar drain, reinforcement, cushion/protection, and/or as a liquid and gas barrier. (G.
Look B. 2007)

Geogrids

Geogrids have an open, grid like configuration, i.e. they have large apertures and are invariably
used in some form of reinforcement. Geogrids are commonly used to reinforce retaining walls, as

well as sub- bases or sub soils below roads or structures. (G. Look B. 2007)

Geogrids are matrix like materials with large open spaces called apertures, which are typically 10
to 100mm between ribs that are called longitudinal and transvers respectively. The ribs
themselves can be manufactured from a number of different materials, and the rib cross-over
joining or junction-bonding methods can vary. The primary function of geogrids is clearly

reinforcement.

Geogrid is also defined as a geosynthetic formed by a regular network of integrally connected
elements and possess apertures greater than 6.35 mm (14 inch) to allow interlocking with
surrounding soil, rock, earth, and other surrounding materials to primarily function as

reinforcement.

The various types of geogrids used in the work which are either in the machine (MD), or cross-
machine direction (XMD) as manufactured, Junction is the point where geogrid ribs are

interconnected to provide structure and dimensional stability.
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Geogrid is stiff or flexible polymer grid-like sheets with large apertures used primarily for
stabilization and reinforcement of unstable or week soil. The general types of geogrid are
unidirectional geogrid, bidirectional geogrid, extruded geogrid, bonded geogrid, woven geogrid. .
(G. Look B. 2007) .

Effect of geogrid properties

According to Salahudeen (2016) The principle requirements of reinforcing materials are strength
and stability (low tendency to creep), durability, ease of handling, a high coefficient of friction
and or adherence with the soil, together with low cost and ready availability .The selection of
fabric for a particular construction application must necessarily depend upon adequate and

suitable fabric properties and characteristics.

Geogrid tests are unique in a number of aspects when compared with geotextiles. Properties
relating to separation, filtration, drainage, and barrier applications are not included since

geogrids always serve the primary function of reinforcement ( Salahudeen ,2016)

The effective important properties of geogrids may be concerned in three main properties are

physical properties, mechanical properties, endurance properties.

Many of the physical properties of geogrids including the weight (mass), type of structure, rib
dimensions, junction type, aperture size, and thickness can be measured directly and are
relatively straightforward. Other properties that are of interest are mass per unit area, which
varies over a tremendous range from 200 to 1000 g/m2, and percent open area, which varies
from 40 to 95%. ( Salahudeen ,2016)

The mechanical properties of geogrids including the geogrid stiffness, the peak tensile strength,
modulus of elasticity, upper yield strength, lower yield strength, tensile strength, non-
proportional extension strength, total extension strength, fracture elongation, elongation at
maximum load and total elongation. ( Salahudeen ,2016)

The strength of the geogrids varies between 20 and 250 kN/m, and they are used in both road
constructions and reinforced slopes. Geogrids can be divided into two groups. Stiff geogrids,
mostly high-density polyethylene(HDPE) with a monolithic mesh structure. Flexible geogrids,
mostly polyethylene terephthalate (PET) with poly vinyl chloride (PVC) or acrylic coating with

mechanically connected longitudinal and transverse elements.
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The main design requirements for the use of geogrids in soil structures result from the
geotechnical design. This includes the calculation of different failure modes resulting in
requirements for: axial tensile design strength of the geogrid and maximum strain requirements
in the geogrid. ( Salahudeen ,2016)

Geogrids are single or multi-layer materials usually made from extruding and stretching high-
density polyethylene or polypropylene or by weaving or knitting and coating high tenacity
polyester yarns. The resulting grid structure possesses large openings (called apertures) that
enhance interaction with the soil or aggregate. The high tensile strength and stiffness of geogrids

make them especially effective as soil and aggregate reinforcement.( Salahudeen ,2016)

2.3. Road Embankment

Embankment is a very important part of every road and railway structure. It has to support the
road pavement or railway structure and shall further distribute the forces, applied onto the
pavement or railway structure, over the subsoil without exhibiting unacceptably large
deformations. When constructing an embankment one should take into account a great number of
variable properties of both the construction materials to be applied and the subsoil. The stability
of the embankment determines the performance of the overlying road pavement or railway
structure. As the embankment consists of soil, in road and railway engineering soil is an essential

construction material.

The stability of the embankment is influenced by many factors. Some of these factors have to be
accepted and the structural design of the road pavement or the railway structure has to include
these factors. However, the negative effects of other factors can be limited through a solid

structural design and an adequate construction of the road or railway.

The construction of an embankment on weak subsoil always leads to settlements. The magnitude
of these settlements depends on the magnitude of the loading, i.e. the deadweight of the
embankment, and the deformation characteristics of the subsoil. As both the magnitude of the
loading and the deformation characteristics of the subsoil usually exhibit some variation, the

settlements of the subsoil nearly always are no uniform.

The reason for the occurrence of settlements is clear. The extra deadweight load of the

embankment must be borne by the grain skeleton of the subsoil, so by the normal stresses and
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shear stresses that develop in the contact points between the grains. When the shear stresses
become too great a reorientation of the grain skeleton takes place, in such a way that the volume
of the pores decreases and the number of contact points between the grains thus increases to such
an extent that equilibrium is obtained. Settlements therefore are the consequence of a decrease of
the pore content in the subsoil. These settlements are called the primary settlements. Except
primary settlement also secondary settlements occur in the subsoil. These secondary settlements
result from creep of the grains themselves due to the extra deadweight load of the embankment.
These secondary settlements are also called secular effect. (Molenaar and Houben, 2003).

2.3.1. Embankments on soft ground

Embankments on soft ground also have a tendency to spread laterally because of horizontal earth
pressures acting within the embankment. These earth pressures cause horizontal shear stresses at
the base of the embankment that must be resisted by the shear strengths of foundation soils. Soft
soils do not have adequate shear strength and failure may occur as a result. Hence, embankments
on soft soils are ideally designed so that the increase in stress is relatively small, i.e. shallow
embankments. Embankment fills over soft ground are frequently stronger and stiffer than their
foundations. This leads to the possibility that an embankment will deform as the foundation fails
under the weight of the embankment and the possibility of progressive failure because of stress—
strain incompatibility between the embankment and its foundation. Because of this problem,
peak strengths of the embankment and the foundation soils do not mobilize simultaneously.
Often, stability analyses performed using peak strengths of soils would overestimate the factor of
safety. (Abramson et al, 2002)

Where embankments are required to be built over soft ground, stability and settlement of the fill
should be carefully evaluated. Some very soft and highly organic materials need to be tested in
situ with vane shear apparatus, as retrieving undisturbed samples from these soils for laboratory
testing is difficult. In addition, the level of groundwater should be determined and its fluctuation
monitored. Attention should be given to the internal stability of the entire embankment
foundation interface rather than the embankment or the foundation soils alone. Consideration
should be given to removing the soft underlying layer and replacing it with free-draining material

prior to the placement of the embankment. (Abramson et al, 2001).
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2.4.2. Road embankment Design Considerations

The key geotechnical issues are stability and settlement characteristics of the foundation soils
and the bearing capacity at the base. The impact of these considerations on stages of construction

is also an issue that should be considered during design.

Embankments provide adequate support for roadways if the additional stress from traffic loads
and pavement structures does not exceed the shear strength of the soils. Overstressing the
embankment may result in slope failure. In addition to issues related to side slope stability, any
anticipated settlement problem must also be considered. This settlement can be short term
created as a result of the addition of increased load on the soil beneath the embankment (bearing

failure during placement of the fill) or long-term due to consolidation.

The primary design issue is whether the existing foundation soil can support the new
embankment loads without undergoing bearing failure, or excessive settlement. These conditions
are most critical when soft cohesive soils are present below the embankment. Staged
construction may need to be considered whereby the embankment is constructed in a number of
stages and excess pore water pressures allowed to dissipate over a period of time before the next
lift is constructed. Sometimes trial embankments are constructed at the beginning of the
construction process to check assumptions made during the design. (ERA’s Geotechnical Design
Manual, 2013).

The second type of load is the long-term operational loading. This loading occurs after the
embankment is constructed to the final grade and excess pore-water pressures have dissipated.
The long-term stability of embankment slopes should be analysed especially in fine grained soils.
When foundation soils are cohesive and not heavily over-consolidated, potential settlement will
be a design consideration. Consolidation settlement and secondary compression can continue for
many Yyears and, depending on the thickness of soils, the amount of settlement can be very high.
Significant settlement can result in distress to the pavement at the top of the embankment, as

well as differential settlement of the pavement at cut and fill transitions and bridge approaches.

Another load that may occur in embankments is seismic loading. This load is usually a rare
occurrence but may be very important in areas like the rift valley of Ethiopia where earthquakes
are much more common. The primary geotechnical concern during the design earthquake is the

potential for liquefaction in foundation soils beneath the embankment. Liquefaction could lead to
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bearing failures, side slope failures and post-liquefaction settlement. The potential for side slope
failure without liquefaction is also a design consideration. The duration of loading during a
seismic event is usually short; however, pore-water pressures can redistribute after an earthquake
leading to liquefaction-related failures that may occur several minutes after the main earthquake

event.

Embankments under 5 m high in areas of stable ground and with slopes not greater than 1.5H:1V
generally do not require a detailed geotechnical investigation and analysis. These embankments
can be specified particularly when based on past experience in the same region and on
engineering judgment. On the same basis, embankments over 5 m high and those constructed
over soft ground will usually require a detailed geotechnical analysis. (ERA’s Geotechnical
Design Manual, 2013).

2.4.3. Settlement Analysis

Settlement is the amount of vertical deformation that occurs when a load is applied or an
embankment is placed over compressible soils. The settlement may be due to the consolidation of the

embankment itself as well as the underlying soils.

The total settlement in an embankment is a summation of three potential components: immediate
settlement of the fill or the foundation soil, primary consolidation of the foundation soil, and
secondary compression controlled by the composition and structure of the foundation soil skeleton.
Settlement caused by lateral deformation of the foundation soil at the edges of an embankment is not
considered here. (ERA’s Geotechnical Design Manual - 2013).

Immediate settlement of the fill and the foundation soil occur during construction and will not
usually have any impact on the future pavement. Therefore, the analysis of settlement for
embankment design focuses on primary consolidation and secondary compression of the foundation

soil.

Because primary consolidation and secondary compression can continue long after the embankment
is constructed (post construction settlement), they represent the major settlement considerations for
embankment design. Usually, post-construction settlement can damage structures located within the
embankment, especially if these facilities are also supported by adjacent soils that do not settle
appreciably, leading to differential settlements. Differential settlements that occur along the

longitudinal axis of the embankment because of changes in consolidation properties of underlying
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clays can cause transverse cracking on the surface of the embankment. (ERA’s Geotechnical Design
Manual - 2013).

a) Primary consolidation

The settlement associated with the readjustment of soil particles due to migration of water out of
the voids is known as primary consolidation. The amount of primary consolidation depends on
the initial void ratio of the soil. The greater the initial void ratio, the more water that can be
squeezed out, and the greater the primary consolidation. The rate at which primary consolidation
occurs is also dependent on the rate at which the water is squeezed out of the soil voids.

The response of foundation soils to additional loads is also dependent upon their stress history.
Usually, settlement happens when the weight of the embankment exceeds the previous stress
history of the soils. Depending upon the magnitude of the existing effective pressure relative to
the maximum past effective stress at a given depth, foundation soils can be classified as normally
consolidated, over-consolidated, or under-consolidated. When the existing load is equal to the
historical load, the soil is said to be normally consolidated. Pre-consolidation pressure in excess
of the current vertical effective stress occurs in over-consolidated soils. Soils are considered to
be under-consolidated when consolidation under the existing load is still occurring and will

continue to occur until primary consolidation is complete, even if no additional load is applied.

Settlement computation starts with the soil profile being divided into layers, with each layer
reflecting changes in soils properties. Thick layers with similar properties are also subdivided to
improve the analysis since the settlement calculations are based on the stress conditions at the
midpoint of the layer (i.e. it is preferable to evaluate a 6 m thick layer as two 3 m thick layers).
The total settlement is the sum of the settlement from each of the compressible layers. . (ERA’s

Geotechnical Design Manual - 2013).
b) Secondary compression

The end of primary consolidation is considered as the amount of compression that occurs during
the period of time required for excess pore-water pressure to dissipate because of an increase in
effective stress. Secondary compression occurs when the soil continues to settle after the excess
pore water pressures are dissipated to a negligible level, i.e. primary consolidation is essentially

completed. It can take years for primary settlement to complete and secondary compression

ASTU SoCEA Department of Civil Engineering Page 14



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment 2021

continues for decades. The occurrence of secondary compression is independent of the stress

state and theoretically is a function only of the secondary compression index and time.

For many soils, contribution from secondary settlement is small. However, in soft soils and

particularly in soils with a high peat or organic content, it can be large and difficult to predict.

Like the primary consolidation, detailed numerical procedures for estimating the amount of
secondary compression are given in the literature. Generally, the contributions from the
individual soil layers are summed to estimate the total settlement. Since secondary compression
is not a function of the stress state in the soil but rather how the soil breaks down over time,
techniques such as surcharging to pre-induce settlement are sometimes only partially effective at
mitigating the effect of secondary compression. Often the owner must accept the risks and
maintenance costs associated with secondary compression if a cost/benefit analysis indicates that
mitigation techniques such as using lightweight fills or over-excavating are too costly. (ERA’s
Geotechnical Design Manual, 2013).

2.4.4. Stability of road embankment

In addition to settlement, the design of embankments should also consider side slope stability
and bearing capacity. Stability problems in the form of rotational or sliding block failures most
often occur when the embankment is built over soft soils such as low strength clays and silts, or
when the foundation soil is overstressed during or immediately after construction. Failure can
also occur if the fill materials are not compacted to specification. In addition, failures can also
occur when the fill materials at the toe of the embankment are eroded. Dynamic forces from
earthquakes, blasting or pile driving can also trigger failures of embankment slopes. Usually,
short-term stability of embankments on cohesive soil is more critical than long-term stability,
because the foundation soil will gain shear strength as the pore pressures dissipate. ERA’s

Geotechnical Design Manual, 2013).
An embankment slope may fail in following way

1) Rotational slip failure it may be circular slips are formed in homogenous, isotropic soil

and non —circular slip formed with non-homogenise soil

2) Translation and compound slip occur if the underlying stratum possess significantly
different property and strength. (Shyamal Kumar, 2009).
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Prior to commencing a stability analysis, the following key issues need to be addressed:

< |s the site underlain by soft silt, clay or peat? If so, a staged stability analysis may be

required.

Are there geometrical and site constraints which need embankment slopes steeper than 1.5H:1V? If so, a
slope stability assessment may be needed to evaluate the various alternatives. Is the embankment
temporary or permanent? Factors of safety for temporary fills may be lower than for permanent
embankments, depending on the site conditions and the availability of materials. .( ERA’s Geotechnical
Design Manual - 2013.

Generally, experience and observations of failures of embankments constructed over relatively deep
deposits of soft soils have shown that when failure occurs, the embankment settles, the adjacent
ground rises and the failure surface follows a circular arc. A slip circle failure in embankments may
be a base circle, a toe circle, or a slope circle. A base slip circle develops when there is a
significant thickness of weak foundation soil. The base of the failure arc is tangent to the base of
the weak layer, and the arc will have a significant portion of its length in the weak soil. A slip
circle develops within the embankment and intersects with the slope. A toe slip circle develops in
the embankment and intersects at the toe. This happens, sometimes, when the embankment

material becomes saturated and failure occurs.
In general, at failure, the driving and resisting forces act as follows:

== The force driving movement consists of the embankment weight. The driving moment is
the product of the weight of the embankment acting through its centre of gravity times
the horizontal distance from the centre of gravity to the centre of rotation (Lw).

@ The resisting force is the total shear strength acting along the slip plane. The resisting

moment is the product of the resisting force times the radius of the circle (LS).
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Figure 2. 1: Illustration of embankment stability and failure mechanisms. (ERA’s Geotechnical
Design Manual - 2013).

In general, for side slopes of any road embankment, a minimum design safety factor of 1.3 as
determined by the ordinary method of slices is sufficient to maintain long-term stability.
Embankments supporting or potentially impacting non-critical structures should have a minimum
safety factor of 1.3. For slopes that would cause greater damage upon failure, such as slopes
adjacent to bridge abutments, major retaining structures, and major roadways, the design safety
factor should be increased in the range of 1.3 to 1.5. All bridge approach embankments and those
supporting critical structures should have a safety factor of 1.5. Critical structures are those in
which failure would result in property damage. If an embankment is provided with benches,
these should be at least 1.5 m wide and not more than 6m apart vertically. If springs or seepages
are found near the embankment, suitable drains should be provided to collect the flow. (ERA’s
Geotechnical Design Manual, 2013).

2.4.5. Base reinforcement

Base reinforcement may be used to increase the factor of safety against slope failure. Base
reinforcement typically consists of placing a geotextile or geogrid at the base of an embankment
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prior to constructing the embankment. Base reinforcement is particularly effective where
soft/weak soils are present below a planned embankment location. The base reinforcement can
be designed for either temporary or permanent applications. Most base reinforcement
applications are temporary, in that the reinforcement is needed only until the shear strength of the
underlying soil has increased sufficiently as a result of consolidation under the weight of the
embankment. Therefore, the base reinforcement does not need to meet the same design

requirements as permanent base reinforcement regarding creep and durability.

The design of base reinforcement is similar to the design of a reinforced slope in that limit
equilibrium slope stability methods are used to determine the strength required to obtain the
desired safety factor. Base reinforcement materials should be placed in continuous longitudinal
strips in the direction of main reinforcement. Joints between pieces of geotextile or geogrid in the
strength direction (perpendicular to the slope) should be avoided. All seams in the geotextiles
should be sewn and not lapped. Likewise, geogrids should be linked with pins and not simply
overlapped. Where base reinforcement is used, the use of gravel borrow areas, instead of earth
materials, may also be appropriate in order to increase the embankment shear strength. (ERA’s
Geotechnical Design Manual, 2013).

2.4. Geogrid Reinforced Bases in Flexible Pavements

Kinney et al. (1998).explained that Pavement structures are built to support loads induced by
traffic vehicle loading and to distribute them safely to the subgrade soil. A conventional flexible
pavement structure consists of a surface layer of asphalt (AC) and a base course layer of granular
materials built on top of a subgrade layer. Pavement design procedures are intended to find the
most economical combination of AC and base layers’ thicknesses and material types, taking into
account the properties of the subgrade and the traffic loading to be carried during the service life

of the roadway.

The major structural function of a base layer is to provide a stable platform for the construction
of the asphalt layer and to reduce the compressive stresses on top of the subgrade and the tensile
stresses in the asphalt layer. The base layer should be able distribute the stresses applied to the
pavement surface by traffic loading. These stresses must be reduced to levels that do not

overstress the underlying subgrade soil.
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The Base course layer can be the cause of pavement failures, due to inadequate capacity of
support to upper layers or to being insufficiently stiff, such that they fail to transfer the load
uniformly to the subgrade, leading to localized overloading of the subgrade, and resulting in
excessive pavement rutting. These pavement failures usually necessitate complete pavement
reconstruction, and not only remedial treatment of the pavement surface where the problem is
visible. Therefore, when constructing a pavement structure on a weak subgrade soil layer, it may
be required to increase the thickness of base layers, or use good quality base course material.
However, the depletion of high quality aggregates is at a rapid pace as a consequence of the
increasingly demands on highway systems. In addition, there are usually limitations on the
thickness of the pavement structures. These problems provide a motivation for exploring
alternatives to existing methods of building and rehabilitating roads. Geogrid reinforcement in
base course layer offers one such alternative.

The use of geogrids reinforcement in roadway applications started in the 1970s. Since then, the
technique of geogrid reinforcement has been increasingly used and many studies have been
performed to investigate the behavior of geogrid reinforcement in roadway applications (e.g.,
Hass et al., 1988; Al-Qadi et al., 1994; Perkins, 1999, 2001, 2002; and Berg et al., 2000). The
results of numerical studies reported in literature showed that geogrid reinforcement in pavement
structures can extend the pavement’s service life, reduce base course thickness for a given
service life, delay rutting development and help construction of pavements over soft subgrades.
(Al-Qadi et al. 1997, Cancelli and Montanelli 1999, Wasage et al. 2004, Montanelli et al. 1997,
Moghaddas-Nejad and Small 1996, Kinney et al. 1998). The increase in service life of pavement
structure is usually evaluated using the Traffic Benefit Ratio (TBR), which is defined as the ratio
of the number of load cycles to achieve a particular rut depth in reinforced section to that of an
unreinforced section of identical thickness, material properties, and loading characteristics.
Meanwhile, the reduction in base thickness is usually evaluated using the Base Course Reduction
(BCR) factor, which is defined as the ratio of reinforced base thickness divided by the

unreinforced base thickness of same performance under a given traffic load level.

In providing reinforcement, the geosynthetic material structurally strengthens the pavement
section by changing the response of the pavement to applied loading (Koerner, 2005). Geogrid
reinforcement provided a more uniform load distribution through distributing the load to larger

area and a deduction in the rut depth at the surface of the asphalt course (Wasage et al., 2004).
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The amount of improvement in pavement performance with the inclusion of geogrid in base
layer depends on many factors, including the strength of subgrade, geogrid properties, location of
geogrid in pavement, thickness of base layer, etc (Hass et al. 1988, Webster 1993, Collin et al.
1996, Kinney et al. 1998, Cancelli and Montanelli 1999, Perkins 1999, Berg et al. 2000, Al-Qadi
et al 2008).

Earlier studies (Anderson and Killeavy 1989, Barksdale et al, 1989 and Cancelli et al., 1996)
have demonstrated that geogrids are superior to geotextiles when used as a reinforced member.
So geogrids will be used as the only reinforcement for the study of reinforced bases in flexible

pavements in this dissertation.

Wheel Load

AC layer

Base Course laver Geogrid Interface

Subgrade Laver

Figure 2. 2: Section layout of geogrid reinforced bases in flexible pavements(Anderson and
Killeavy 1989, Barksdale et al, 1989 and Cancelli et al., 1996)

2.4.1. Reinforcement Mechanisms of Reinforced Geogrid Base Reinforced Pavement
The reinforcement mechanisms in geogrid base reinforced pavement sections include lateral
restraint, increased bearing capacity and tension membrane effect.

Lateral Confinement Mechanism

The principle mechanism responsible for reinforcement in paved roadways is the base course

lateral restraint and is schematically illustrated in Figure 2.3. Verticular loads applied to the
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roadway surface create a lateral spreading motion of the base course. Tensile lateral strains are
created in the base below the applied load as the material moves down and out away from the
load. The geosynthetic restrains the base thus reducing or restraining this lateral movement. The
term lateral restraint involves several components of reinforcement including: (i) restraint of
lateral movement of base aggregate (Perkins, 1999a); (ii) increase in stiffness of the base course
aggregate layer (Bender and Barenberg, 1978), (iii) reduction of shear stress in the subgrade soil
(Love et al., 1987), (iv) improved vertical stress distribution on the subgrade (Milligan et al.,

1989). This mechanism of reinforced bases pavement is illustrated in Figure 2.3.

Wheel load

AC
Reduced
Basze
Increased
Reduced
Geogrid

feduced
S k‘_@
Reduced

Figure 2. 3: Schematic illustration of lateral restraint mechanism (Perkins 2001)

Increase of the Bearing Capacity Mechanism

The improved bearing capacity is achieved by shifting the failure envelope of the pavement
system from the relatively weak subgrade to the relatively stiff base layer as illustrated in Figure
2.4. Such that, the bearing failure model of subgrade may change from punching failure without
reinforcement to general failure with ideal reinforcement. Binquet and Lee (1975) initially

established this finding.
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Wheel load

AC

Base Course

Geogrid Local shear failure

Srbgrade

General failure

Figure 2. 4: Schematic illustration of improved bearing capacity (Perkins 2001)
Tension Membrane Mechanism

The tension membrane effect (Giroud and Noiray, 1981) develops as a result of vertical
deformation creating a concave shape in the tensioned geogrid layer; this is demonstrated in
Figure 2.5. The vertical component of the tension membrane force can reduce the vertical stress
acting on the subgrade. Some displacement is needed to mobilize the tension membrane effect.
Generally, a higher deformation is required for the mobilization of tensile membrane resistance
as the stiffness of the geogrid decreases. Significant rut depth and high stiffness of the
geosynthetic must be provided to initiate the membrane effect and thus to enhance the bearing
capacity of the subgrade (Som and Sahu, 1999 and Gobel et al., 1994). In order for this type of
reinforcement mode to be significant, there is a consensus that the subgrade CBR should be less
than 3 (Barksdale et al., 1989).
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Wheel load

AC

Base Course

Geogrid

Srbgrade

Vertical component of
membrane tension force

Figure 2. 5: Schematic illustration of tension membrane mechanism (Perkins 2001)
2.5. Numerical Analyses of Geosynthetic Reinforced Pavement

Several numerical studies were performed to analyze pavement sections and assess the
improvements due to the geosynthetic reinforcement. Most of the numerical studies were
performed using the finite element method. Different constitutive models were used to determine
the model that is most capable of representing the stresses and deformations in a reinforced
pavement. Table 2.1 summarizes the constitutive models to model the asphalt concrete layers,
base course layers, subgrade layers, reinforcement and interface that were reported in literature

to investigate reinforced flexible pavement.

Conventional plasticity models with isotropic hardening rules are well suited for the prediction
of permanent strain under a single cycle of load application. Repeated application of stress to the
same level as that experienced during the initial load cycle results in purely elastic behavior with

no accumulation of permanent strain. Plasticity based material models with kinematic hardening
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rules need to predict the accumulation of permanent strain in pavement layers under the

application of repeated traffic loads.

The use of plasticity models with kinematic hardening rules allows for the growth of permanent
surface deformation to be better predicted. Plasticity models of this type have been available
since the 1970’s (Dafalias, 1975) but have only recently been applied to pavement modeling.
McVay and Taesiri (1985) described a bounding surface plasticity model that was developed and

compared to results from repeated load triaxial tests.

The bounding surface concept is general and permits the inclusion of any type of formulation for

a yield surface, which is taken to represent the formulation for the bounding surface.

The finite element analyses results of Barksdale et al. (1989) showed that the bearing capacity
ratio value increased by increasing the stiffness of the reinforcement. Increasing the thickness of
the AC or base course layers reduced the magnitude of the bearing capacity ratio. The optimal
location of the reinforcement was found to be between the bottom of the base course layer and

1/3 up into the base layer.

Miura et al. (1990) performed a finite element analysis on reinforced and unreinforced pavement
sections. They compared the results of the finite element analysis with the experimental
measurements on similar sections. The results indicated that the prediction of finite element
analysis was not in agreement with the behaviour observed in the tests. The predicted reduction
in surface displacements was 5% compared to an actual displacement reduction of 35%
measured by the tests.

Dondi (1994) used finite element based software package to conduct a three-dimensional finite
element analysis to model the geosynthetic-reinforced pavements. The results of this study
indicated that the use of the reinforcement resulted in an improvement in the bearing capacity of
the subgrade layer and a reduction in the shear stresses and strains on top of it. In addition, the
vertical displacements (rutting) was also reduced by 15 to 20 % due to the intrusion of
geosynthetic reinforcement. With an empirical power expression, the life of the reinforced
sections was estimated to be increased by a factor of 2 to 2.5 as compared to the unreinforced

section.
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Wathugala et al. (1996) used the finite element software package to formulate the finite element
model for pavements with geogrid reinforced bases. The results of the analysis were compared
with an unreinforced pavement sections at the same geometry and material properties. The
comparisons indicated that the inclusion of geogrid reinforcement reduced the permanent
deformations (rutting) by 20% for a single load cycle. This level of improvement was related to
the flexural rigidity of the geosynthetics caused by the model presentation used by the authors
(Perkins, 2001).

Leng and Gabr (2005) conducted a numerical analysis using FE software to investigate the
performance of reinforced unpaved pavement sections. Their previous experimental work was
used to validate the performance of the developed finite element model of the geosynthetic
reinforced pavements Leng and Gabr (2002). The researchers reported that the performance of
the reinforced section was enhanced as the modulus ratio of the aggregate layer to the subgrade
decreased. The critical pavement responses were significantly reduced for higher modulus

geogrid or better soil/aggregate-geogrid interface property.

Kwon et al. (2005) developed a finite element model for the response of geogrid reinforced
flexible pavements. The results of this study indicated that the benefits of including geogrids in
the granular base-subgrade interface could be successfully modeled by considering residual
stresses concentrations assigned just above the geogrid reinforcement. These residual stresses
were found to considerably increase the resilient moduli predicted in the base and subgrade of a
pavement section modeled. In addition, the study indicated that low subgrade vertical strains
were also predicted to demonstrate a lower subgrade rutting potential when residual stress

concentrations were assigned in the vicinity of the geogrid.

Nazzal et al. (2010) developed a finite-element model with PLAXIS 2D software package to
investigate the effect of placing geosynthetic reinforcement within the base course layer on the
response of a flexible pavement structure. Finite-element analyses were conducted on different
unreinforced and geosynthetic reinforced flexible pavement sections. The results of this study
demonstrated the ability of the modified critical state two-surface constitutive model to predict,
with good accuracy, the response of the considered base course material at its optimum field
conditions when subjected to cyclic as well as static loads. The results of the finite-element

analyses showed that the geosynthetic reinforcement reduced the lateral strains within the base
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course and subgrade layers. Furthermore, the inclusion of the geosynthetic layer resulted in a
significant reduction in the vertical and shear strains at the top of the subgrade layer. The
improvement of the geosynthetic layer was found to be more pronounced in the development of
the plastic strains rather than the resilient strains. The reinforcement benefits were enhanced as

its elastic modulus increased.

2.6.  Summary of Literature Findings

Based on the above literature review, it is clearly demonstrated that geogrid base reinforcement
benefits depend on a number of factors. These include: location of geogrid layer within the base
course layer, base course thickness, strength/stiffness of subgrade layer, and the geometric and
engineering properties of the geogrids. Studies in the literature have shown that the weaker the
subgrade, the higher the percent reduction of rutting, and there was little improvement obtained
for subgrades with high CBR (Cancelli and Montanelli 1999, Perkins 1999). The benefit of
geogrid generally decreases with an increase in the thickness of the base course and becomes
insignificant when the base course is very thick (Kinney et al. 1998, Collin et al. 1996). The
location of geogrid within the base layer in the pavement system is very important to its
reinforcement effectiveness (Perkins 1998, Webster 1993). The optimum location of geogrid
depends on many factors, such as subgrade strength and base course thickness. For a thin base
course layer, placing geogrid at the subgrade/base course interface gives better performance and
that the geogrid should be placed at the upper one third of the base course layer for a thicker base
course layer (Hass et al. 1988, Al-Qadi et al. 2008). However, no benefits were expected when a
single layer of geogrid was placed at the midpoint or higher within the base layer for a thick base
course over very soft flexible subgrades (Hass et al. 1988). Current available information does
not provide clear quantifiable relationship between the performance of geogrid base
reinforcement and any of the geogrid properties, such as aperture geometry, stability modulus,
flexural stiffness, junction strength, and tensile modulus (Berg et al. 2000). It is believed that
these properties work together to determine the performance of geogrid. Any property alone may
not be enough to characterize the performance of geogrid.

ASTU SoCEA Department of Civil Engineering Page 26



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment 2021
Table 2. 1: finite element studies of reinforced pavements
Analysis Subgrade | Reinforcement Interface
Author AC Model | BC Model
Type Model Model Model
Barksdale et Axi- Isotrf)plc AnISOt[I’OpIC Isotrf)plc _ _ Linear Elastic-
al. (1989) | symmetric Nonlinear Nonlinear | Nonlinear Linear Elastic Perfectly-
' y Elastic Elastic Elastic Plastic
Miura et al AXi- ISOtrpr'C Isotr_oplc ISOterIC Isotropic Linear Elastic
(1990) symmetric Nonlinear Nonlinear | Nonlinear Nonlinear Elastic | Joint element
y Elastic Elastic Elastic
Isotropic Isotropic lsotropic Elastoplastic
Dondi (1994) 3D Nonlinear Drucker- None . P . |Mohr-Coulomb
. Nonlinear Elastic
Elastic | Prager Model model
Isotropic Isotropic
Whathugala et|  Axi- Drucker- P . Isotropic Von | Non Isotropic
. Drucker- Hiss 6o . .
al. (1996) | symmetric Prager Mises Elastoplastic
Prager Model
Model
Linear Bounding Elastoplastic
. Elastic- Boundin rthotropic linear
Perkins (2001) kD) astic ounding Surface Orthot opl_c nea Mohr-Coulomb
Perfectly- [Surface Model elastic
. Model model
Plastic
. Isotropic Drucker- Elastoplastic
Len(\zzfgwglfabr S rr?r;(le-tric None Drucker- Prager | Isotropic E-P-P |Mohr-Coulomb
y Prager Model | Model model
Kwon et al. AXi- Isfitrzzgr'c Nonlinear Islf)it:;::c Isotropic Linear Isotropic
(2005) symmetric Elastic Elastic Elastic Elastic Linear Elastic
Linear Drucker-
Abu-Farsakh AXi- Elastic- Drucker- Prager Isotropic Linear Fully  Bonded
etal. (2009) | symmetric | Perfectly- | Prager Model g Elastic y
. Model
Plastic
Linear
Nazzal et al. Axi- Elastic- . Isotropic Linear
. I -Cl . Fully B
(2010) symmetric | Perfectly- Critical State | Cam-Clay Elastic ully - Bonded
Plastic
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CHAPTER THREE
MATERIALS AND METHODOLOGY

3.1. Introduction

The scope of this chapter is to build and develop a numerical model to simulate a road
embankment reinforced with geogrid laid on weak soil. The description of study area was
presented. Material parameter for soil profile is correlated from test result conducted by a
researcher from study area. Geogrid material parameter is also presented based on standard.
Constitutive models that represent the behaviour of both embankment material, geogrid and soft

soil materials are decided too.

In order to build a realistic model for a road embankment reinforced with geogrid laid on soft
soil, the modelling process should involve a series of challenges; including the appropriate
approach for simulation, dimension of the model, mesh geometry, boundary positions, selection
of parameters used in the analysis and the right choices for the constitutive model that represent
the studied soil. In addition, as the FEM is an appropriate technique, it is necessary to carry out a
number of preliminary checks, such as mesh sensitivity and distance to the boundary, to ensure

accurate numerical analysis.
3.2. Description of study area

3.2.1. Location
The study area is located in Oromia regional state, 37km southeast of Addis Ababa and 10km
northwest of Bishoftu having latitude and longitude of 08°48/N 38°54/E and elevation of 1950m

above sea level

The road starts at Kera branching right from the Addis Ababa -to- Dire Dawa highway at an
intersection in the town with coordinate of 488940.22E and 971877.281N.
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Figure 3.2: Google map of study area
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3.2.2. Geology

General geological feature of study area were evaluated aided by the “geological map of Nazret

(NC37-15)” with scale of 1:250000, published in 1978 by geological survey of Ethiopia

According to the geological map the geological formation of study area is covered
predominantly with four type of geological formation .amongst these formation akaki
basalt(scoria and spatter cone with associated basaltic lava flow), rhyolite to minor trachitic
lava and pumice , ridge forming trachitic lava, lacustrine deposit cover the majority part of the
project

Along the proposed asphalt road the field observation signifies that the whole stretch is covered
by lacustrine deposits of black cotton soil. The lacustrine deposit composes predominantly of
highly plastic silt clays.

Akaki Beseka I 7
—

/ - ‘\ \ .
< / |
X - ) Yy
Legend ~— -

°  TownNew

roads

Akaki basalt: Scoria and spatter cones with associated basaltic lava flows.
= P 0 075 15 3 4.5 6
l:l Rhyoltic to minor trachytic lavas and pumice | . Km

I:l Central volcanics of Wechecha,Furi,Yerer: Porphyritic trachytic lavas.

I:l Lacustrine deposit: Thinly stratified brown-yellowish deposit with volcanic matrix

Figure 3.3: Geology of Dukem areas and esp. study area
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3.3. Development of material parameter

3.3.1. Sub-grade soil
The sub-grade soil investigation is one of the basic tasks in this study it is about assessing its
general suitability to be used as foundation material. The sub grade investigation carried includes
soil extension survey, sampling, laboratory test, and finally interpretation of result. The samples
were taken from test pits at every 500m with in 25000m.the major soil test conducted on these
soil sample include classification test, modified proctor density and three point California
bearing ratio (CBR) test.

Field investigation for sub-grade soils

Field and laboratory works are mainly conducted for sub-grade soil investigation. Test pitting,

sampling and testing of sub-grade materials was the voluminous task. A total of six sub-grade

soil samples were taken, at interval of 500m. All the samples are subjected to both classification

test (Atterberg limit and Grain size analysis) and strength test (CBR and swell test). The field

investigation task was aimed at assessing the actual condition of the alignment soil that includes:
== Visual sub grade soil extension survey,

<= Test pitting and taking of representative soil samples.

The soil extension survey was carried out based on the observation made in the test pits
excavation and by observations made on the nearby natural ground exposures along the road
corridor. In general, the sub-grade soils along the route are found to be highly expansive silty
clay soils. Overlying the problematic soils, there is a thin layer of granular materials for placing

the existing cobble stones.
Test pit logging and sampling

Test pits with approximate radius of 50cm were dug to an average depth of 5m every 500m,
staggered left and right of centerline of the road. The test pit helps in observing thickness and
characteristics of the encountering soil layers and as well as in sampling of the sub grade

material for the required laboratory tests. The log description is presented in the table below.
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Laboratory investigation findings of sub-grade soils

After visual inspection, sub-grade materials collected from the test pits were taken to the

laboratory, on which CBR and classification tests are conducted.

Generally speaking, soils with low plasticity (low liquid limit and plasticity index) and fewer
fines are more stable physically and mechanically than high plastic, fine soils. A total of six

samples were collected at the interval of 500m and tested for classification and CBR.

Table 3.1: Sub-grade Soil Laboratory Test Results

Atterberg limit Proctor Density 96 hours Socked
(AASHTO T89 & Soil (AASHTO T-180) CBR Value
No. | station Classification Max.
L o (AASHTO M- | O.M.C |Dry At Swell
145) (%) Density | 2.5mm (%)
(kg/m?)
1 0+000 81.5 36.5 A-7-6 27 1451 0.98 12.75
2 0+500 71.5 21.3 A-7-6 24.5 1495 0.98 111
3 1+000 43.5 21.0 A-7-6 23.2 1580 2.15 3.27
4 1+500 41.0 19.5 A-7-6 20.5 1640 1.37 5.47
5 2+000 72.8 34.1 A-7-6 28.5 1457 0.88 9.17
6 2+496 58.9 27.7 A-7-6 22 1448 0.88 7.59

The data from the laboratory test results (Table-3.1) reveal that the liquid limits are mainly
clustered between 41 and 81. The PI values range from 19.55 to 36, depicting a property of
moderately to highly plastic soil. The classification test showed that these soils fall into A-7-6, as

per AASHTO soil classification system, indicating a poor material requiring improvement.

In addition to the AASHTO soil classification tests, the 4 days soaked CBR tests were performed
on the soil samples to determine the sub-grade shear strengths. Wherever a soil with a CBR
value of less than 3% is occurring within the design depth, it should be replaced with a better
material having a good bearing strength. Analysis of the laboratory 4-days soaked CBR at 95%
MDD and percent swell values performed on samples collected from the existing road bed
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indicates that the material have a CBR value within the range of 0.88% to 2.15% and swell value

of 3.27% to 12.75% as measured after the four days soaked CBR specimen.
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Figure 3. 4: CBR Distribution of Subgrade Samples along the route

The reasonable selection on the study plot was examined based on the CBR (i.e. the minimum
subgrade strength). Further correlation on engineering properties of soil sub-grade was
performed for the chosen study plot (i.e. station 2+000 minimum subgrade strength).

Basic geotechnical properties

The general properties required for simulating the soil material as per Mohr Coulomb model
mainly includes: bulk unit weight (y, KN/m?), saturated unit weight (ysat, kN/m®), the at-rest
coefficient of horizontal soil stress (Ko)...etc. The bulk unit weight (ysat, kKN/m®) of the cohesive

soil has calculated (Eq. 3.1) by using the index property correlation recommended by Carter and
Bentley (2016). Table A-3 in the appendix

Ysat = Ya(1 +w) [3.1]

K, =1—sing [3.2]
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Strength Characteristics
The strength characteristics required for simulating the soil material as per Mohr Coulomb model
mainly includes: effective cohesion (c’, KN/m?), effective angle of internal friction (¢, °), initial

angle of dilatancy (v, °)...etc.

A relationship between effective shear strength and plasticity index for remoulded clays has been
established by Gibson (1953), as indicated in Eqg. 3.3.

¢ = 0.085PI** — 0.75PI + 31.9 [3.3]

The effective cohesion value (¢’) had empirically correlated to effective friction angle (¢’), as

recommended by (Look, 2007) Table A-4 in the appendix.

Stiffness Characteristics
The elastic deformation parameters of the soil material required as per Mohr Coulomb model

includes: Young’s modulus (E) and Poisson’s ratio (V).

Typical values for Young’s modulus and Poisson’s ratio of clay materials (after Gordon, 1978)

was correlated and presented in Appendix A-5

3.3.2. Embankment

Basic geotechnical properties
The general properties required for simulating the soil material as per Mohr Coulomb model
mainly includes: bulk unit weight (y, KN/m?), saturated unit weight (ysat, kN/m®), the at-rest
coefficient of horizontal soil stress (Ko)...etc. The bulk unit weight (ysat, kKN/m®) of the cohesive
soil has calculated (Eg. 3.1) by using the index property correlation recommended by Carter and
Bentley (2016). Appendix A-6

Ysat = Ya(1 +w) [3.4]

K, =1—sing [3.5]
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Strength Characteristics
The strength characteristics required for simulating the soil material as per Mohr Coulomb model
mainly includes: effective cohesion (c’, KN/m?), effective angle of internal friction (¢, °), initial

angle of dilatancy (v, °)...etc.

A relationship between effective shear strength and plasticity index for granular soils has been
established by Stark and Eid (1997), Appendix A-7 as indicated in Eq. 3.6.

¢’ =43 —10logPI [3.6]

The effective cohesion value (¢’) of cohesion less soil is recommended to be zero, while A

nominal value for ¢ = 1kPa is adopted to ensure numerical stability.

Stiffness Characteristics
The elastic deformation parameters of the soil material required as per Mohr Coulomb model

includes: Young’s modulus (E) and Poisson’s ratio (V).

The stiffness parameter (Young’s modules,E) has been correlated with CBR value based on the
poisons ratio (after Elsa Eka Putri et. al, 2012)

E =863.82 * CBR (kPa)  atv=0 [3.7]
E = 840.53 » CBR (kPa) atv =0.3 [3.8]
E =751%CBR (kPa)  atv=0.4 [3.9]

Typical values for Young’s modulus and Poisson’s ratio of clay materials (after Gordon, 1978)

was correlated and presented in Appendix A-8

ASTU SoCEA Department of Civil Engineering Page 35



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment 2021
Table 3. 2: subgrade and embankment materials

Soil Parameter Subgrade Embankment Unit

Layer - | Layer - 11

Material model MC MC MC -
Depth 0.00 - 2.50 2.50 - 5.00 - (m)
Type of material behaviour Undarined Undarined Drained -
Bulk unit weight (y) 18.4 19.1 20.2 KN/m3
Saturated unit weight (ysat) 18.4 19.1 20.2 KN/m3
Over-consolidation ratio 1 1 1 -
Poisson’s ratio (v) 0.35 0.35 0.3 -
Young's modulus (E) 1000 2000 4000 KN/m2
Cohesion (Cref) 13 17 1 KN/m2
Friction angle (¢°) 18 22 34 °
Dilatancy angle () 0 0 4 °
Lateral earth coefficient Kq 0.69 0.63 0.44 -

3.3.3. Asphalt concrete (AC) Layer

In this study, the linear elastic model was used to describe the behaviour of asphalt concrete

(AC) layer. Pavement properties used after (Jacobs..M,Frunt.M, and rering (2016)

Table 3.3. Pavement material properties

Pavement Properties Asphalt Concrete unit
EA 1.29E+06 KN/m
El 1.07E+05 kNm*/m
w 2.2 kN
v 0.15 -
3.3.4. Geogrid

A linear elastic model was used to describe the behaviour of geogrid material since the induced
strain in the geogrid is very small (<1%) and is considered within the linear elastic range of the
geogrid layer. Five types of geogrid with different equivalent elastic modulus were used in the
finite element analysis to investigate the effect of geogrid tensile strength on pavement response
and performance. A summary of these properties are shown in Table 3.4. Material property of
geogrid after Jie Gu, 2011.
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Table 3. 4: Geogrid material properties (after Jie Gu, 2011).

Geogrid type Reference Name Elastic Modulus [kPa] | Area[m] | EA [KN/m]
Geogrid Type I** GGl 585,100 0.06 35,000
Geogrid Type 1** GGl 860,000 0.06 52,000
Geogrid Type HI** GGl 950,000 0.06 57,000

**Parameters from the manufactures

3.3.5. Traffic loading
The loading model in this study included applying gravity loads in the first load step of the
analysis, then applying loading representative of a 80kN single axle wheel loading, which is the
standard load known as equivalent single axle load (ESAL) recommended by ERA (2013).

7 ! v ! ! 7 T T

80KN BOLN B0KN 80T 80N B0KN BOLN 80N

Tm Tm

Figure 3. 5: Layout of traffic loading as per ERA manual 2013.

Converting the applied point traffic loading (ESAL of 80kN) into working linear distributed
load:

»F 4%80
Pd = — =

X

= 45.71 ~ 50kN /m? [3.10]
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3.4. Model development

3.4.1. Preliminary checks to ensure accurate numerical analysis
The accuracy of the finite element model depends not only on the level of sophistication of the
material model, but also on the boundary condition of the domain, on the number and type of the

elements in to which the domain is discretized and other modeling issues.
Influence of distance to boundary

External boundaries are an artificial representative of real forces, extensions and conditions that
define the solution of a finite element model. It is not possible to include real natural extension of
a mass of soil or some events applied on it, so finite element code (PLAXIS 2D) enables the user
to substitute the reaction of these extensions and events as a restraint, displacements and forces at
the boundary. Consequently, the user can quantify these effects and assign them to the studied
model with minimum effect on the accuracy of this model. Positions of boundary restraints can
significantly affect finite element simulation results. Since the generated reaction forces and
displacement in these boundaries can influence the impact of the applied forces on the zones of
interest. So to avoid any restriction that reflected on the accuracy of the finite element model, a
user should select the location of this boundaries to be sufficient distant from any zone of
interest, but at the same time the user should consider them not to be exceedingly far, costing

more time in the analyzing process (Ammari, and Clarke, 2016).

The sensitivity analysis was carried out for side boundary as the bottom is depend on soil profile
it is stiff enough at 5m deep.
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Figure 3. 6: Layout of soil profile

The location of distance to the boundary from the footing center ranged from 2B-12B (Killen,
2012).

The sensitivity analysis was conducted on selected 7m road cross-section the vertical
displacement was measured at point A, B, C where A is below the embankment; B is between

soft clay and stiff clay; and C is at the toe of slope.

The accuracy of relevant boundary distance is determined by comparing the normalized error for
vertical displacement (uy) at a selected point where the side boundary is located at a distance xB
against that of 12B.

. . . u -u
Normalized error for vertical displacement, u, = (M)

Uy (12B)

Where: uy g - is vertical displacement at the selected point for the case of side boundary is

located at (xB) m from the center of the roadway.
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uy (128) - is vertical displacement at the selected point for the case of side boundary is located at
(12B) m from the center of the roadway.

The flowchart outlining the steps taken to ensure accurate numerical analysis for boundary
distance is shown in Figure 3.3.

@ dimension of the model (x,y)
@ medium finite element mesh

Apply embankment at two
layers, AC and traffic load

Normalized error for .
uyatA, B, C Expand the side

boundary
Acceptable?

Boundary distance
satisfactory

Figure 3. 6: Flowchart outlining preliminary analysis checks for boundary distance
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Table 3. 3: Influence of the distance to boundary upon the Vertical displacement of a 7 m road
cross-section

%i(')sltjanr:jcaer;o Vertical displacement, u, (mm) Normalized error (%)

(B V:\/il:jclcr)]t)ing Point A | PointB PointC | Extreme Uy,max | Point A | PointB | PointC | Extreme
2B 206.14 188.51 8.50 206.14 141 111 19.17 1.41
4B 205.83 188.58 10.00 205.83 1.56 1.08 4.93 1.56
6B 206.09 188.75 10.10 206.09 1.44 0.99 3.99 1.44
8B 209.70 191.04 10.72 209.70 0.29 0.21 1.90 0.29
10B 209.00 190.38 10.39 209.00 0.04 0.14 1.23 0.04
12B 209.09 190.64 10.52 209.09 0.00 0.00 0.00 0.00

Table 3. 4: Influence of the distance to boundary upon the horizontal displacement of a 7 m road
cross-section

%igaan?:r;o Horizontal displacement, u, (mm) Normalized error (%)
(B :_footing Point A | Point B Point C Extreme, Point A | PointB | PointC | Extreme
width) Ux,max

2B 0.00 0.00 37.79 56.37 0.00 0.00 2.95 2.18
4B 0.00 0.00 37.58 56.23 0.00 0.00 2.40 1.93
6B 0.00 0.00 37.19 56.13 0.00 0.00 1.34 1.74
8B 0.00 0.00 36.70 55.17 0.00 0.00 0.00 0.00
10B 0.00 0.00 36.70 55.45 0.00 0.00 0.00 0.51
12B 0.00 0.00 36.70 55.17 0.00 0.00 0.00 0.00

Table 3. 5: Influence of the distance to boundary upon the effective stress of a 7 m road cross-
section

Distance to boundary Effective stress , oy, (KN/m2) Normalized error (%)
(B = footing width) Extreme Extreme

2B 163.59 1.08

4B 163.08 0.77

6B 163.02 0.73

8B 161.95 0.07

10B 161.80 0.03

12B 161.84 0.00
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It appears that positioning the boundary closer than 2B to the center of the footing induces more
Vertical displacement (i.e. around 19%) in the road embankment. The distance to the boundary
from the center of the footing is conservatively chosen at 4B for all the subsequent FEA in which
the vertical displacement is quite low (maximum error is less than 5%, which is negligible

normalized error).

3.4.2. Mesh sensitivity analysis
The influence of the number of elements upon the accuracy of the finite element model was
investigated by conducting a mesh sensitivity analysis. Mesh sensitivity analysis was conducted
for a reasonably selected 4B boundary distance from the center where the accuracy of medium

and fine meshes are compared against the very fine (vf) meshes.

The vertical displacement (uy) was examined for the mesh sensitivity analysis as the settlement
performance of the geogrid reinforced road embankment is the one of focus of this thesis. u, was
measured at the points A, B and C, where A is below the embankment; B is between soft clay
and stiff clay; and C is at the toe of slope (Table 3.7).

The accuracy of medium and fine meshes is determined by comparing the normalized error for
vertical displacement (uy) against very fine meshes.

- H H —u —u
Normalized error for vertical displacement, uy = ( r2L y)
yvf

Where: u, - vertical displacement at the selected point for the medium and fine meshed elements

uy, ¢ - is vertical displacement at the selected point for very fine meshed elements

In addition to checking convergence of displacement with an increasing number of elements, the
mesh was also checked for discontinuities at inter-element boundaries. Discontinuities typically
occur in regions of rapid changes of stress and strain, i.e. beneath the edge of embankment, and

can be overcome by refining the mesh in these regions.
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<= Dimension of the model (x, y)
@ Apply embankment, AC and
traffic load

\ 4

Set 1m‘

element mesh -

Normalized error for
uatA, B, C

Acceptable?

Decrease the local
fineness factor to
refine the mesh

Continuous u, contours at

No

A

A

inter-element boundaries?

Mesh density
satisfactory

Figure 3. 7: Flowchart outlining preliminary analysis checks for mesh density
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The number of elements used for each mesh and the normalized error for the vertical

displacement is shown in Table 3.4. It is clear that the values for medium and fine meshes are

converging towards the very fine mesh and also the normalized error between the fine and very

fine meshes for the vertical displacement is quite low (maximum error is no greater than 5%).
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Table 3. 6: Influence of the mesh sensitivity on the vertical displacement at points A, B and C

Vertical displacement, u, (mm) Normalized error (%)

Mesh A B C Extreme Ux,max A B Cc Extreme
Coarse 209.70 190.95 10.68 209.70 2.0 13 7.0 2.0
Medium 207.83 189.58 10.60 207.83 11 0.6 6.1 11

Fine 206.44 188.95 10.14 206.44 0.4 0.3 1.6 0.4

Very fine 205.57 188.48 9.98 205.57 0.0 0.0 0.0 0.0

Table 3. 7: Influence of the mesh sensitivity on the horizontal displacement at points A, B and C

Horizontal displacement, u, (mm) Normalized error (%)
Mesh A B C Extreme Ux,max A B Cc Extreme
Coarse 0.00 0.00 37.69 56.46 0.0 0.0 0.7 0.6
Medium 0.00 0.00 37.58 56.23 0.0 0.0 0.4 0.2
Fine 0.00 0.00 37.41 56.02 0.0 0.0 0.0 0.0
Very fine 0.00 0.00 37.43 56.11 0.0 0.0 0.0 0.0

Table 3. 8: Influence of the mesh sensitivity on the extreme effective stress

Effective tress , o,y (kN/m2) Normalized error (%0)
Mesh
Extreme Extreme
Coarse 161.87 1.12
Medium 163.08 0.39
Fine 163.52 0.12
Very Fine 163.71 0.00

3.4.3. Modeling of geogrid-soil interface
Interface elements are available in PLAXIS 2D Foundation to model the interaction between
smooth and rough surfaces i.e. between geogrid and soil. Interface elements can simulate gap
and slip displacements, which are normal and parallel to the interface, respectively. The loss of
strength at the interface is modeled with a reduction factor (Riner), Which relates the interface

strength to the soil strength through friction angle (¢) and cohesion (c):

¢;i = RinterCsoil [3.11]
tang; = Riprertango; < tan@gy; [3.12]
ASTU SoCEA Department of Civil Engineering Page 44




Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment 2021

To modeling soil geogrid interaction, interface element has been used at the contact point of soil
and geogrid. Riny parameter has been used for definition shear strength between soil and
reinforcement. According to Bergado and Teerawattanasuk (2008), Rin has been considered as
0.9 (Riny = 0.9).

3.5. Numerical simulation of geogrid reinforced road embankment

Numerical simulation were performed to know the performance of road embankment when

reinforced with geogrid of different stiffness

3.5.1. Geometric modeling
The various configuration of road embankment analyzed was out lined in the following section.
The soil profile, which was computed in section 3.2 was adopted for all of the subsequent FEA.
The 1 m high of embankment and 7m width road with slope of 1:1.5, 1:2, 1:3 is selected for this
analysis , the traffic loading of 50 kPa ,which was considered based on the recommendation of
ERA manual 2013 was adopted for all subsequent FEA. The geogrid supposed to reinforce the
road embankment was inculsed in different layers and the parametric study was done in order to
decide preferable reinforcement layer. It was also considered that three-geogrid type was adapted
for simulation, and consequently studied based on their stiffness characteristics. The layout of

geometric modeling of road embankment suited for simulation is illustrated below in Figure 3.8.

A A
J{ \I/ AC
3
Embankment b |

" 4 ! L
A |l
'| | Sub-grade | |

o -

] T T

Figure 3. 8: The layout of road embankment

3.5.2. The theoretical framework of numerical simulation
The FE code PLAXIS 2D version 8.6 was used for the plane strain model. This code
automatically generates the finite element mesh using triangulation procedure. The apparent
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subgrade soil, embankment and geogrid were modeled as continuum element using 15-node

wedge elements for 2D plane strain code.

All of the subsequent FEA were performed using a small strain formulation and a staged
construction process was modeled. Every model in PLAXIS 2D, before the beginning of any
calculation phase, starts with the initial phase. The initial phase consists of the soil clusters only
in which not all other structural parts are activated. Therefore, this stage calculates the stresses
and deformations due to the soil clusters only by means of gravity loading. The undrained
behavior is not considered for the initial phase because, in the this phase, the stresses from the
self-weights are considered to have occurred for a long period of time making the development
of excess pore water pressures irrelevant. Therefore in the initial phase, the option “ignore
undrained behavior is selected”. For the other phases, this option is not selected, as it is needed to
consider the excess pore water pressures during construction and at the end of all loading phases.
The embankment construction consists of two phases, each taking 30 days. After the first
construction phase, a consolidation period of 725days (Equation 3.13) was introduced to allow
excess pore pressures to dissipate. After the second construction phase, another construction
period of 725 days was introduced. The geodrid material is “wished-in-place” at preferred
position. Then after the pavement material replaced by plate was constructed. And finally traffic

loading of 50kN/m? was introduced. Hence, a total of four calculation phases have to be defined.

Time rate of consolidation after embankment construction at each phase was considered as

equivalent representative of in-situ compaction.
— CUt
T, = /ng [3.13]

The site compaction in this equivalently defined in this work as a time required for 90% of
compaction, where for U of 90%, T, = 0.848 (Braja M. Das, 2000). Coefficient of consolidation

correlated with index properties of the material:

_ 0.0245 _
C, = /cLL + pr) — 00003 [3.14]

(9.58 * 10™*cm? /sec) * tq

Hence, 0.848 = (50cm)2 ~ foo = 2.61 * 10°sec = 725days
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The surface wearing (asphalt concrete) construction assumed to be done within 30days. The
design period of the urban road is 20years as per ERA manual (2013). Hence, the time

predefined for the loading application on the road is days of 20years, which is 7300days.

In any non-linear analysis where a finite number of calculation steps are used, there will be some
drift from the exact solution. To limit this drift, tolerated error option is available in PLAXIS 2D.
The tolerated error used in these runs for all phases except for few phases is 0.01. A tolerated
error of 0.01 was suggested for most type of calculations. A tolerated error of 0.01 means the
computed value differs from the exact solution by maximum of 1%. Therefore, this error is
considered to be within safe and working limits. The maximum iterations that this version of
PLAXIS 2D allows is 100. The default value is 50 iterations. Therefore, this value has worked
and has resulted in convergence of the results of all phases.
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3.5.3. FEM Matrix

Figure 3. 9: Schematic illustration of FEM matrix
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CHAPTER FOUR
RESULTS OF FEA AND DISCUSSION

4.1. Introduction

A series of 57 FEA were conducted using PLAXIS 2D to figure out the vertical and horizontal
displacement reduction of road embankment laid on soft soil with various configurations. As
described previously that the main focus of this study is to verify the effectiveness of geogrid in
road embankment and to develop better understanding of the behavior in weak clay soils. The
parametric study mainly relied on the settlement performance of geogrid reinforced road

embankment at working load levels (i.e. traffic load).

This chapter scopes a detail result of analysis, influence of key design parameters, validation of

the result of FEA and also the discussion of results.

4.2. Detail Results of Finite Element Analysis

The subsequent FEA were conducted using PLAXIS 2D code to examine the effect of key
design parameters upon the performance of geogrid reinforced road embankment. Finite element
analyses were conducted on unreinforced and reinforced embankment over laid on silty clay to
evaluate the influence of various factors affecting the performance of strip footing on reinforced

studied soils.

The factors included in this study are: side slope, geogrid application layer and type of geogrid
and number of reinforcement layer. For each case, the load-deformation curve, obtained from the
finite element simulation, was used to determine lateral deformation, vertical settlement and

effective stress of the road embankment.

Table 4.1 demonstrates the summary of the finite element analyses result acquired from PLAXIS
2D plain strain code for both unreinforced and reinforced road embankment at slope of 1:1.5.
The outputs obtained from the model are the extreme value of horizontal displacement, vertical

displacement and effective stress of each model.
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Table 4. 1: The results of FEA of a road embankment at slope of 1:1.5.
Reinforcement .
Parametric results
Slope _ Layer
V-H Reinforcement Horizontal Vertical Effective
' Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 56.03 207.79 163.46
Bottom 34.03 140.48 144.09
Single Middle 39.24 146.28 144.07
Top 41.05 148.15 143.79
Reinforced with Bottom + 32.53 135.66 142.20
GG-l Middle ' ' '
Double | BOHOM* | 3567 135.38 142.17
Top
Middle 37.75 140.69 142.13
+Top
Bottom 30.26 126.27 139.20
Single | Middle 35.38 131.54 139.16
Top 37.30 133.61 138.88
1:15 | Reinforced with Bottom + 28.85 12153 137.30
GG-II Middle ' ' '
Double | BOHOM* | 5893 121.21 137.29
Top
Middle 33.89 125.94 137.22
+Top
Bottom 26.96 113.07 134.32
Single Middle 31.67 117.13 134.27
Top 33.55 118.99 133.96
Reinforced with Bot_tom + 2515 109.70 132.54
GG-1I1 Middle ' ' '
Double | BOWOM* | 5564 107.65 132.35
Top
Middle 30.19 111.46 132.33
+Top

As shown in the Figure 4.1, the sample output view of the model. Figure 4.2, 4.3 and 4.4

illustrates the interpreted result of reinforcement vs extreme horizontal displacement, vertical

displacement and effective stress of road embankment laid on soft soil at side slope of 1:1.5

respectively.
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Figure 4. 1: PLAXIS 2D output view (Sample) of horizontal displacement [mm] of unreinforced

road embankment at slope of 1:1.5.
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Figure 4. 2: PLAXIS 2D output of horizontal displacement [mm] at slope of 1:1.5.

ASTU SoCEA Department of Civil Engineering

Page 51



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment

2021

Reinforcement Vs Vertical displacement
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Figure 4. 3: PLAXIS 2D output of vertical displacement [mm] at slope of 1:1.5.
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Figure 4. 4: PLAXIS 2D output of effective stress [kN/m?] at slope of 1:1.5.
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Table 4.2 summarizes the FEA results attained from modelling for both unreinforced and

reinforced road embankment at slope of 1:2. The outputs obtained from the model are the

extreme value of horizontal displacement, vertical displacement and effective stress of each

model.

Table 4. 2: The results of FEA of a road embankment at slope of 1:2.

Reinforcement

Parametric results

Slone Layer
V'IF—)I Reinforcement Horizontal Vertical Effective
) Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 56.02 206.44 163.52
Bottom 26.70 114.36 134.34
Single | Middle 31.21 117.92 134.34
Top 33.14 119.41 134.03
Reinforced Bottom + 2529 109.39 132.46
with GG-I Middle
Double | Bottom + 25.40 109.12 132.43
Top
Middle 29.79 112.25 129.47
+T0p
Bottom 22.72 101.60 129.60
Single | Middle 2750 102.99 129.44
Top 29.41 104.56 129.11
1:2 Reinforced Bottom + 21.83 95.04 12759
with GG-II Middle
Double | Bottom + 21.90 94.78 127.56
Top
Middle 26.35 96.14 127,50
+Top
Bottom 20.03 86.24 124.61
Single | Middle 23.97 88.43 124.54
Top 2573 89.62 124.19
Reinforced Bottom + 18.74 81.17 122.73
with GG-11I Middle
Double | Botom + 18.78 80.94 122.71
Top
Middle 22.54 82.68 122,60
+T0p
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Figure 4. 5: PLAXIS 2D output view (Sample) of vertical displacement [mm] of single layer
reinforced road embankment at slope of 1:2.
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Figure 4. 6: PLAXIS 2D output of horizontal displacement [mm] at slope of 1:2.

Reinforcement

ASTU SoCEA Department of Civil Engineering

Page 54



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment

Reinforcement Vs Vertical displacement
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Figure 4. 7: PLAXIS 2D output of vertical displacement [mm] at slope of 1:2.
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Figure 4. 8: PLAXIS 2D output of effective stress [kN/m?] at slope of 1:2.

Figure 4.5, 4.6, 4.7 and 4.8 outlines the sample output view of the model the interpreted result of
reinforcement vs extreme horizontal displacement, vertical displacement and effective stress of

road embankment laid on soft soil at side slope of 1:2 respectively.
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Table 4.2 presents the FEA results detected from modelling for both unreinforced and reinforced
road embankment at slope of 1:3. The outputs obtained from the model are the extreme value of

horizontal displacement, vertical displacement and effective stress of each model.

Table 4. 3: The results of FEA of a road embankment at slope of 1:3.

Reinforcement .
Parametric results
Slope . Layer
V-H Reinforcement Horizontal Vertical Effective
' Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 54.95 206.76 163.60
Bottom 25.17 114.66 134.38
Single Middle 29.88 117.99 134.44
Top 32.22 119.38 134.11
Reinforced with Bottom
g + Middle 23.82 109.53 132.51
Double | Bottom 23.94 109.38 132.47
+Top
Middle 28.47 112.29 132.49
+Top
Bottom 21.54 101.84 129.47
Single Middle 26.27 102.98 129.53
Top 28.56 104.55 129.20
1:3 | Reinforced with Bottom
GGl + Middle 20.46 95.10 127.63
Double | Bottom 20.53 94.78 127,60
+Top
Middle 24.90 97.27 12759
+Top
Bottom 18.62 86.28 124.64
Single Middle 22.86 86.28 124.63
Top 24.93 89.58 124.28
Reinforced with Bottom
GGl + Middle 17.60 81.08 122.77
Double | Botom 17.34 81.73 122.86
+ Top
Middle 21.52 82.46 122,69
+Top
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Figure 4. 9: PLAXIS 2D output view (Sample) of effective stress [kN//m?] of double layer
reinforced road embankment at slope of 1:3.
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Figure 4. 10: PLAXIS 2D output of horizontal displacement [mm] at slope of 1:3
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Reinforcement Vs Vertical displacement

o
c
£
< 250 -
& = 200 -
o g 150 A
S = 100 A
-5 50 A
S 0
b Bottom Middle Bottom + | Bottom + | Middle +
g’ Middle Top Top
Single Double
m Unreinforced 207 207 207 207 207 207
uGG-| 115 118 119 110 109 112
GG-lI 102 103 105 95 95 97
GG-1lI 86 88 90 81 82 82

Figure 4. 11: PLAXIS 2D output of vertical displacement [mm] at slope of 1:3.

Reinforcement Vs Effective stress
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Figure 4.9, 4.10, 4.11 and 4.12 outlines the sample output view of the model the interpreted

Reinforcement

Figure 4. 12: PLAXIS 2D output of effective stress [kKN/m?] at slope of 1:3

result of reinforcement vs extreme horizontal displacement, vertical displacement and effective

stress of road embankment laid on soft soil at side slope of 1:3 respectively.
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4.3. Parametric study

The key design parameters that might affect the performance of road embankment addressed in
this study include: side slope of the embankment, layering position of reinforcement and the type

of geogrid used to reinforce the road embankment.

(i) Effect of side slope

The side slope of the embankment determines the lateral stability of the road structure. As
dictated in the Figure 4.13 -to- 18, the influence of side slope selected as per ERA 2013 manual
to model the road embankment are 1:1.5, 1:2 and 1:3. In this FE modelling the determinants used
to present the influence of side slope up on the road embankment performance are vertical
settlement, horizontal displacement and effective stress.

a) With respect to horizontal displacement (lateral deformation)
The influence with respect to the horizontal displacement for the single and double-layered
reinforcement is shown in Figure 4.13 and 4.14 respectively. In the figure 4.13 and 4.14, the

result indicates that the horizontal displacement decreases with the steeper the side slope.

b) With respect to vertical displacement (settlement)

The influence with respect to the vertical displacement for the single and double-layered
reinforcement is shown in Figure 4.15 and 4.16 respectively. As dictated in the figure, the result
indicates that the vertical displacement decreases with the steeper the side slope.

c) With respect to effective stress

The influence with respect to the effective stress for the single and double-layered reinforcement
is shown in Figure 4.17 and 4.18 respectively. As dictated in the figure, the result indicates that

the effective stress decreases with the steeper the side slope.

The stability of the slope is an important aspect in embankment construction. The result reflects
that the gentle the slope, the reduced the deformation and settlement. From the graph, you
imagine that the failure criteria are all reduce frequently when you move from 1:1.5 to 1:2 and
gently from 1:2 to 1:3. Based on this result we may decide that from three ERA recommended
side slopes the more efficient one to design safe and economic geogrid reinforced road

embankment.
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Figure 4. 13: Horizontal displacement Vs Side slope for single-layered at (i) “bottom”, (ii) “middle” and (iii) “top” reinforcement
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Figure 4. 14: Horizontal displacement Vs Side slope for double-layered at (i) “bottom”, (ii) “middle” and (iii) “top” reinforcement
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Figure 4. 16: Vertical displacement Vs Side slope for double-layered at (i) “bottom”, (ii) “middle” and (iii) “top” reinforcement
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Figure 4. 17: Effective stress Vs Side slope for single-layered at (i) “bottom”, (ii) “middle” and (iii) “top” reinforcement
Double layer. at ""bottom+middle" Double layered at ""bottom+top™* Double layered at ""middle+top™
180 ~ ; 180 ~ : 180 - ;
== Unreinfor. == Unreinfor. == Unreinfor.
¥ 160 =2 ——GG-| E60{ ¢—* —=—GG-| £ 160 [— 4=+ —=—GG-|
£ 140 Q\Q " 2140 1 B 3 21401 BN 3
£ 120 - GG-Il -5120 | X GG-Il =120 - : GG-lI
§ 100 - = GG-11I & 100 - ¥ GG-11I (/>)‘100 J = GG-111
80 - 4 80 - 2 80 -
2 60 - S 60 - S 60 -
1. w w
P £ w0 g w0
2 20 - § 20 - § 20 -
qél:) O N v v v E O T T T T T 1 Eﬁ O T T T T T ]
0 1 15 2 25 3 35 1 15 2 25 3 35 4 1 15 2 25 3 35 4
Slope Slope Slope
(i) (ii) (iii)

Figure 4. 18: Effective stress Vs Side slope for double-layered at (i) “bottom”, (ii) “middle” and (iii) “top” reinforcement
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(i)  Effect of location of geogrid material

Considering the influence of geogrid reinforcement position applied in the road embankment was
figured out below. In this FE modelling the determinants used to present the effect of layer in
which geogrid reinforced up on the road embankment performance are vertical settlement,

horizontal displacement ad effective stress.

a) With respect to horizontal displacement

As outlined in the figure below the influence of reinforcing position to model the road
embankment are applied at “bottom”, “middle” and “top” of the embankment for the single-
layered reinforcement and at “bottom + middle”, “bottom + top” and “middle + top” of the
embankment for the double-layered reinforcement. The effect of reinforcing position with
respect to the horizontal displacement for the single-layered and double-layered is shown in
Figure 4.19.

In the Figure 4.19, the result indicates that the bottom-layered reinforcement may reduce more
horizontal displacement than that of middle-layered and top-layered reinforcement.

b) With respect to vertical displacement

The influence of reinforcing position with respect to the vertical displacement for the single and
double-layered reinforcement at their respective application layer is shown in Figure 4.20. As
illustrated in the figure, the result indicates that the bottom-layered reinforcement may slightly
reduce vertical displacement than that of middle-layered and top-layered reinforcement.

c) With respect to effective stress

The influence of reinforcing position with respect to the effective stress for the single and
double-layered reinforcement at their respective application layer is shown in Figure 4.21. As
dictated in the figure, the result illustrates that the bottom-layered reinforcement may slightly

reduce effective than that of middle-layered and top-layered reinforcement.

This reflects that when the geogrid is applied at the bottom of the embankment (i.e. above the

soft soil) it may highly influence the performance of road embankment.

ASTU SoCEA Department of Civil Engineering Page 63



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment

2021

Horizontal displacement, Ux
[mm]

Single-layered reinforcement

—&—Single-"Top"
Single-"Middle"
== Single-"Bottom"

VN

f

o

—

o

Reinforcement
1 => Unreinforced; 2 => GG-I; 3=>GG-Il; 4=>GG-lll

Horizontal displacement, Ux

[mm]

P N W D
o O O O
1 1 1 1

o

Double-layered reinforcement

=@— Double-"Middle+Top"
Double-"Bottom+Top"
=@— Double-"Bottom+Middle"

+———3

-

Reinforcement
1 => Unreinforced; 2 => GG-I; 3 =>GG-ll; 4=>GG-lll

(i)

(i)
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(iii)  Effect of Geogrid Type and Number of Reinforcement Layers

Considering the influence of type of geogrid reinforcement and number of layer applied in the
road embankment was figured out below. The types of geogrid used in this study are: type |
(GG-1), type Il (GG-II) and type 11l (GG-III). And also the number of reinforcement layer used
are: no reinforcement, single layered-reinforcement and double layered reinforcement. In this FE
modelling the determinants used to present the effect of layer in which geogrid reinforced up on
the road embankment performance are vertical settlement, horizontal displacement ad effective

stress.

a) With respect to horizontal displacement
The influence of type of geogrid and number of layer is shown in Figure 4.22(i). In the Figure
4.22 (i), the result indicates that the type Il (GG-III) geogrid reinforcement is more convenient

than the rest two in reducing lateral strains.

b) With respect to vertical displacement

The influence of reinforcing position with respect to the vertical displacement for the single and
double-layered reinforcement at their respective application layer is shown in Figure 4.20. As
illustrated in the figure, the result indicates that the bottom-layered reinforcement may slightly
reduce vertical displacement than that of middle-layered and top-layered reinforcement.

c) With respect to effective stress

The influence of reinforcing position with respect to the effective stress for the single and
double-layered reinforcement at their respective application layer is shown in Figure 4.21. As
dictated in the figure, the result illustrates that the effective stress decreases with the increment of

side slope.

This reflects that when the geogrid is applied at the bottom of the embankment (i.e. above the

soft soil) it may highly influence the performance of road embankment.
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Reinforcement Vs Horizontal displacement
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4.4. Validation of Finite Element Analysis

The FEM is a powerful investigative tool which has many advantages over laboratory
experiments and large scale field tests. However, the FEM is still an approximate technique
which idealises real-life situations into a set of continuum components and adopts constitutive
models to simulate soil behavior. As a result, it is necessary to validate the output of the FEM to

ensure that the real-life situation is accurately modelled.

In order to verify the suitability of the adopted material models for the soil, geogrids, and
geogrid-soil interaction, finite element analyses were first checked against the results from
laboratory model tests for geogrid reinforced road embankment on silty clay subgrade soil
reported by Chen (2007). The model used in the laboratory were steel plates with dimensions of
150 mm x 150 mm x 25 mm (length x width x height), and the model tests were conducted in a
1.5 m long, 0.9 m wide and 0.9 m deep steel box. The geogrid used has an equivalent thickness
of Imm and an elastic modulus of 3700 kPa. Figures 4.23(i) and 4.24(ii) show the comparison
between the finite element analyses and the laboratory model tests for unreinforced and one-

layer geogrid reinforced road embankment on silty clay subgrade soil.
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Figure 4. 23: the comparison between the finite element analyses and the laboratory model tests

for (i) Unreinforced embankment soil (ii) Geogrid-reinforced embankment soil
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As can be seen, the finite element analyses have a reasonable agreement with the results of
model tests, although there are some discrepancies between them that are less remarkable near
the soil’s ultimate bearing pressure. Therefore, the developed finite element model can be used
with confidence to perform parametric study to evaluate the effect of different variables and

parameters contributing to the performance of reinforced road embankment.

4.5. Discussion

A series of two-dimensional FEA were undertaken to examine the influence of key design
parameters upon the performance of geogrid reinforced road embankment. The road
embankment simulated in 2D FEA code with different side slope, geogrid layer placement and
type of geogrid standard applied with respect to the determinants like lateral deformation

(horizontal displacement), settlement (vertical displacement) and effective stress was analysed.

The study mainly focused on the deformation performance of road embankment, as the design of
foundations on weak soils usually governed by settlement scenarios rather than bearing capacity
criteria due to its high compressibility. Hence, the settlement performance of geogrid reinforced

road embankment at working load levels of upmost importance.

Relying on the parametric study the geogrid reinforced road embankment with side slope of 1:2,
a single layered type Ill geogrid placed at the bottom of the embankment is selected and
recommended as the most efficient combination of the rest all.

As clearly illustrated before the performance of geogrid reinforced road embankment for
efficient combination with respect to lateral deformation is that the horizontal displacement of
reinforced embankment was reduced around one-third of unreinforced one (i.e. reduction factor
is 36%). It was demonstrated that there is also a significant reduction in settlement when the
ground is reinforced with the convenient combination of geogrid reinforcement factors. The

vertical displacement of the reinforced embankment was reduced by 42% of untreated one.

Reinforcement under an embankment can be used to reduce vertical and horizontal displacement
but in general it is more effective in reducing horizontal displacement. The reduction in

displacements obtained is a function of the shear strength and depth of the soft clay layer.
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The reinforcement improves the resistance to shear stress and hence improves the stability of the

embankment (Sae-Tia et al., 1999). In addition, they may reduce excessive and differential
settlement and lateral deformation (Latha et al., 2006).
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions
In this study a serious of 10 preliminary checks for sensitivity analyses and 57 subsequent FEA
were conducted and the extreme values of horizontal displacement, U,, vertical displacement, Uy,
and effective stress, oyy, of each model was obtained to figure out the non-dimensional parameter
so called reduction factor which reflects the extent of performance of geogrid-reinforced
embankment with respect to that of unreinforced one.

Based on the results of the numerical modeling analysis of geogrid-reinforced bases in flexible

paved road embankment, the following conclusions can be drawn:

@ Relying on the parametric study the geogrid reinforced road embankment with side slope
of 1:2, a single layered type 111 geogrid placed at the bottom of the embankment selected
and recommended as the most efficient combination of the rest all.

#~ The performance of geogrid reinforced road embankment for efficient combination with
respect to lateral deformation is that the horizontal displacement of reinforced
embankment was reduced around one-third of unreinforced one (i.e. reduction factor is
36%). Thus, the geogrid reinforcement of base course layer results in reducing the lateral
strains within the base course and subgrade layers.

<= The significant reduction in settlement when the ground is reinforced with the convenient
combination of geogrid reinforcement factors. The vertical displacement of the reinforced
embankment was reduced by 42% of untreated one.

@ Reinforce under an embankment can be used to reduce vertical and horizontal
displacement but in general it is more effective in reducing horizontal displacement. The
reduction in displacements obtained is a function of the shear strength and depth of the

soft clay layer.

ASTU SoCEA Department of Civil Engineering Page 71



Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment 2021

5.2. Recommendations

Based on the findings of the present study, it is evident that further research in this field can yield

practical and valuable result. Hence, future studies should focus on:

@ Using the finite element model for the reinforced road embankment to simulate a full-
scale geogrid reinforced approach slab embankment and compare the finite element
results with field measurements from monitoring instrumental embankments.

@ The effects of some key design parameters have been addressed in detail. But there are
still other influential points to be touched especially width ratio effects, variability of

material stiffness and strength characteristics, and effect of pavement structures.
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APPENDICES
Appendix A: Data Collection and Correlation
A-1. Laboratory test data collected
Table A-1: Laboratory test data collected for subgrade soil
Atterberg limit Proctor Densit 96 hours Socked
(AASHTO T89 & Soil (AASHTO T-18>6) CBR Value
90) oIl (AASHTO T-193)
No. | Station Classification
' (AASHTO M- Max.
LL p| 145) O.M.C | Dry . At Swell
(%) Density | 2.5mm (%)
(kg/m3)
1 0+000 81.5 36.5 A-7-6 27 1451 0.98 12.75
2 0+500 715 21.3 A-7-6 24.5 1495 0.98 11.1
3 1+000 | 435 21.0 A-7-6 23.2 1580 2.15 3.27
4 1+500 | 41.0 19.5 A-7-6 20.5 1640 1.37 5.47
5 2+000 72.8 34.1 A-7-6 28.5 1457 0.88 9.17
6 2+496 | 58.9 27.7 A-7-6 22 1448 0.88 7.59

Table A-2: Laboratory test data collected for Embankment soil

Atterberg limit (AASHTO T89 Proctor Density (AASHTO T-
& 90) Soil Classification 180)
(AASHTO M-145) Max. Dry
LL Pl O.M.C (%) | Density
(kg/m3)
34.6 7.8 A-7-6 23.2 1668
A-2. Data correlated
Table A - 3: Correlation of basic geotechnical properties for subgrade soil
Depth [m] | Soil type w[%] | pd [KN/m3] | yd [KN/m3] | yunsat [KN/m3] | ysat [kN/m3]
0-250 Soft Clay 28.5 1457 14.3 18.4 18.4
2.50-5.00 | StiffClay | 23.2 1580 155 19.1 19.1
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Table A - 4: Correlation of strength characteristics for Subgrade soil

Depth [m] Soil type LL Pl ) c
0-2.50 Soft Clay 72.8 34.05 18 13

2.50 -5.00 Stiff Clay 43.5 21.00 22 17
Table A - 5: Correlation of basic stiffness characteristics for Subgrade soil

Depth [m] | Soil type c'min c'max c' Emin | Emax E Ei
0-2.50 Soft Clay 10 20 13 2,000 | 7,000 | 3,620 | 1,000
2.50 - 5.00 | Stiff Clay 10 20 17 2,000 | 7,000 | 5,590 | 2,000
Table A - 6: Correlation of basic geotechnical properties for Embankment soil

Material type | Soil type | W[%] | pd [KN/m3] | yd [KN/m3] | y[kN/m3] | ysat [kN/m3]
Drained Sand 23.2 1668 16.4 20.2 20.2
Table A - 7: Correlation of strength characteristics for Embankment soil

Station | Soil type | LL Pl ¢ é'min | ¢'max | cmin | c'max c
Drained | Sand 34.6 7.81 34 15 25 10 20 1
Table A - 8: Correlation of Stiffness characteristics for Embankment soil

Material type Soil type CBR [%] \Y E' Ei
Drained Granular 12.71 0.3 10,680 4,000
Table A - 11: Geogrid material properties (Jie Gu, 2011)

Geogrid type Reference Name Elastic Modulus [kPa] | Area[m] | EA[KN]
Geogrid Type | GGl 585,100 0.06 35,000
Geogrid Type Il GGllI 860,000 0.06 52,000
Geogrid Type Il GGV 950,000 0.06 57,000

ASTU SoCEA Department of Civil Engineering

Page 78




Numerical Analysis and Modelling of Geogrid Reinforced Road Embankment

2021

Appendix B: PLAXIS 2D Foundation Input

B-1. Subgrade and Embankment material input parameters

Table B - 1: Summary of subgrade and embankment materials

Soil Parameter Subgrade Embankment Unit
Layer - | Layer - 11
Material model MC MC MC -
Depth 0.00 - 2.50 2.50 - 5.00 - (m)
Type of material behaviour Undarined Undarined Drained -
Bulk unit weight (y) 18.4 19.1 20.2 KN/m3
Saturated unit weight (ysat) 18.4 19.1 20.2 KN/m3
Over-consolidation ratio 1 1 1 -
Poisson’s ratio (v) 0.35 0.35 0.3 -
Young's modulus (E) 1000 2000 4000 KN/m2
Cohesion (Cref) 13 17 1 KN/m2
Friction angle (®’) 18 22 34 °
Dilatancy angle (V) 0 0 4 °
Lateral earth coefficient KO 0.69 0.63 0.44 -
B-2. AC Pavement material input parameters
Table B - 2: Pavement material properties
Pavement Properties Asphalt Concrete unit
EA 1.29E+06 KN/m
El 1.07E+05 KNm2/m
w 2.2 kN
VvV 0.15 -
B-3. Geogrid input parameters
Table B - 3: Geogrid material properties (Jie Gu, 2011)

Geogrid type Reference Name Elastic Modulus [kPa] | Area[m] | EA[kN]
Geogrid Type | GGl 585,100 0.06 35,000
Geogrid Type Il GGl 860,000 0.06 52,000
Geogrid Type Il GGV 950,000 0.06 57,000
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Appendix C: PLAXIS 2D Foundation Output
C-1. The results of FEA of a road embankment at slope of 1:1.5
Table C - 1: The results of FEA of a road embankment at slope of 1:1.5.
Reinforcement .
Parametric results
Slope _ Layer
V-H Reinforcement Horizontal Vertical Effective
' Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 56.03 207.79 163.46
Bottom 34.03 140.48 144.09
Single Middle 39.24 146.28 144.07
Top 41.05 148.15 143.79
Reinforced with Bottom + 32.53 135.66 142.20
GG-l Middle
Double | BOHOM* | 3567 135.38 142.17
Top
Middle 37.75 140.69 142.13
+Top
Bottom 30.26 126.27 139.20
Single | Middle 35.38 131.54 139.16
Top 37.30 133.61 138.88
1:1.5 | Reinforced with Bottom + 28.85 12153 137.30
GG-II Middle ' ' '
Double | BOHOM* | 5593 121.21 137.29
Top
Middle 33.89 125.94 137.22
+Top
Bottom 26.96 113.07 134.32
Single Middle 31.67 117.13 134.27
Top 33.55 118.99 133.96
Reinforced with Bottom + 2515 109.70 132.54
GG-1I Middle ) ' '
Double | BOHOM* | o5 64 107.65 132.35
Top
Middle 30.19 111.46 132.33
+Top
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C-2. The results of FEA of a road embankment at slope of 1:2
Table C - 2: The results of FEA of a road embankment at slope of 1:2.
Reinforcement .
Parametric results
Slope . Layer
V-H Reinforcement Horizontal Vertical Effective
) Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 56.02 206.44 163.52
Bottom 26.70 114.36 134.34
Single Middle 31.21 117.92 134.34
Top 33.14 119.41 134.03
Reinforced Bottom + 25.29 109.39 132.46
with GG- Middle
Double | BOHOM* 1 55 49 109.12 132.43
Top
Middle 29.79 112.25 129.47
+Top
Bottom 22.72 101.60 129.60
Single Middle 27.50 102.99 129.44
Top 29.41 104.56 129.11
1:2 | Reinforced Bottom + 21.83 95.04 127.59
with GG-II Middle
Double | BOHOM* 1 51 g9 94.78 127.56
Top
Middle 26.35 96.14 127.50
+Top
Bottom 20.03 86.24 124.61
Single Middle 23.97 88.43 124.54
Top 25.73 89.62 124.19
Reinforced Bottom + | 1574 81.17 122.73
with GG-I1I Middle
Double | BOROM* | 1878 80.94 122.71
Top
Middle 22.54 82.68 122.60
+Top
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C-3. The results of FEA of a road embankment at slope of 1:3
Table C - 3: The results of FEA of a road embankment at slope of 1:3.
Reinforcement .
Parametric results
Slope . Layer
V-H Reinforcement Horizontal Vertical Effective
' Layer at displacement | displacement | mean stress
[mm] [mm] [KN/m?]
Unreinforced - - 54.95 206.76 163.60
Bottom 25.17 114.66 134.38
Single Middle 29.88 117.99 134.44
Top 32.22 119.38 134.11
Reinforced with Bottom
GGl + Middle 23.82 109.53 132.51
Double | BOtom 23.94 100.38 132.47
+ Top
Middle 28.47 112.29 132.49
+Top
Bottom 21.54 101.84 129.47
Single | Middle 26.27 102.98 129.53
Top 28.56 104.55 129.20
1:3 | Reinforced with Bottom
col + Middle 20.46 95.10 127.63
Double | Betom 20.53 94.78 127.60
+ Top
Middle 24.90 97.27 127.59
+Top
Bottom 18.62 86.28 124.64
Single | Middle 22.86 86.28 124.63
Top 24.93 89.58 124.28
Reinforced with Bottom
GGl + Middle 17.60 81.08 122.77
Double | BOtom 17.34 81.73 122.86
+ Top
Middle 21.52 82.46 122.69
+Top
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