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ABSTRACT

Unsuitable tropical red subgrade soils form in situ by the intense weathering of parent
material in tropical and sub-tropical climatic environments. They cover a wider area of
the Western part of Ethiopia, including the project under study. Due to the absence of an
adequate classification system, they are well known to be misunderstood and are deemed
unsuitable, considering only index properties without assessing the engineering properties
of the soils. This leads to a conservative treatment approach with an undercut depth
suggested for expansive soils in their application for flexible pavements. The aim of this
study is to investigate the geotechnical properties and deformation characteristics of
unsuitable tropical red subgrade soils under vehicular loading. After modeling the
subgrade soils, the researcher examined the degree of weakness present in these soils and
determined the appropriate undercut depth using numerical solutions in the PLAXIS 2D
software. In this study, three different categories (1, 2, and 3) of subgrade were selected,
and disturbed and undisturbed samples collected and investigated using field and
laboratory test programs. The test programs included determination of moisture content,
Atterberg limits, specific gravity, grain size distribution, moisture-density relation,
California bearing ratio, dynamic cone penetration, triaxial shear strength, consolidation
parameters, free swell index, swelling pressure, geochemical properties, and X-ray
diffraction analysis. The numerical analysis program used cyclic (dynamic) pulse loading
on top of flexible pavement and the Hardening-Soil Model with Small-Stiffness Material
Model for simulating the behavior of unsuitable subgrade soils. The subgrade soils were
classified as fine grained that are inactive and have a non-expansive nature. The mineral
analysis indicated the presence of dominant minerals like quartz, chloritoid, heulandite,
and kaolin, and chemical analysis revealed that the soils are true laterites. In addition,
category-1 subgrade soil was found to have adequate bearing capacity and strength that
could be used for subgrade without treatment (having a soaked CBR value of 10.2%, a
cohesion value of 78.3 kPa, and a friction angle value of 17.11°), while categories 2 and
3 were found to be inadequate, requiring treatment (having a soaked CBR value of 7.2%
and 2.5%; a cohesion value of 40.71 kPa and 32.64 kPa; and a friction angle value of
12.11° and 10.56° respectively). Moreover, from in-situ testing, DCP values were
determined to be 23 mm/blow, 25 mm/blow, and 49 mm/blow for categories 1, 2, and 3,
respectively. The numerical deformation analysis revealed that 60 cm and 100 cm
undercut depth treatments are adequate for categories 2 and 3, respectively. The
effectiveness of undercut treatment in relation to deformation resulting from numerical
simulation and the comparison of this study’s findings with the current practice in Ethiopia
are also presented in this paper. Furthermore, conducting additional geotechnical
investigations and numerical analysis on a large number of unsuitable tropical red
subgrade soils is recommended in order to obtain reliable and comprehensive information
on how they behave.

Keywords: Tropical red soil, Unsuitable subgrade soils, Numerical analysis, Flexible
pavement, minimum undercut.
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Numerical Analysis of Unsuitable Tropical Red Subgrade Soils for Assessing Undercut
Depth: A Case Study of Merewa-Seka Road Project (MSc Thesis)

CHAPTER 1
INTRODUCTION

1.1 Background of the Study

Red soils cover 13% of the land area and are mostly found in tropical and subtropical areas,
making them the third most important soil in the world [1]. To think of them as a single,
well-defined soil type, however, would be to overlook the vast range of soils that they
comprise, each with significantly different material and engineering characteristics [2].
This difference may be seen in the literature on tropical soils, where red and reddish-brown
soils are referred to as latosols, tropical red clays, laterites, lateritic soils, and non-lateritic

tropically weathered soils [2-5].

Tropical red subgrade soils, or tropical red soils in this study, refer to residual soils having
a red or reddish-brown color formed in situ by the intense weathering of parent material
in tropical and sub-tropical climatic environments [2]. These soils are commonly
recognized as having iron or aluminum oxides, also known as sesquioxides (Fe2Oz or

Al>03), which are responsible for the soils’ reddish coloration [6].

For the engineering application of tropical red soils, employing global classification
systems is called into doubt, as such methods are dependent on the grain size distribution
and Atterberg limits of soils [4]. The difficulties of using conventional identification and
classification approaches meant for temperate soils for engineering behavior prediction are
related to the weathering of the soils, the presence of unusual clay minerals, or the effects
of sesquioxides [5-7]. However, standard classification systems are commonly used for
these soils, making them well known worldwide to be identified as problematic or
unsuitable [2,6], regardless of their satisfactory field performance for subgrade

applications [8].

According to ERA standard [9], tropical red soils could be easily identified as unsuitable
materials if their liquid limit (LL) value is greater than 60%, their plasticity index value is
greater than 30%, or their CBR-swell value is greater than 3%, despite having a higher (>
5%) CBR value. With this in mind, the project under study (Merewa-Seka road project) is
characterized by a significant portion of unsuitable tropical red subgrade soils [10]. During
the project’s construction phase, 39.4% of the subgrade soil was classified as unsuitable,

despite 77.9% of it having a CBR value greater than 5%, as shown in Table 1-1.

JIiT Geotechnical Engineering Page 1



Numerical Analysis of Unsuitable Tropical Red Subgrade Soils for Assessing Undercut
Depth: A Case Study of Merewa-Seka Road Project (MSc Thesis)

Table 1-1 Subgrade soil category for the study based on construction phase data [10]

Category-1  Category-2  Category-3  Category-4
Unsuitable  Unsuitable

Unsuitable .

Description Sybgrade S_ubgrade Subgrade Suitable Total
soils (CBR  soils (CBR soils (CBR Subgrade
>5&CBR- >5&CBR- <5) soils
Swell < 3) Swell > 3)

Length of

tested road 12,640.0 13,884.0 7,500.0 52,440.0 86,464.0
section [m]

Percentage 14.6% 16.1% 8.7% 60.6% 100.0%
Average LL 67 68 70 55 62
Average Pl 26 25 28 18 22
Average
CBR 8.6 6.9 3.4 9.7 7.9
Average 2.0 4.2 6.2 1.7 3.0
CBR-Swell ' ' ' ' '
Minimum
undercut
depth 60" 100™ 100™ Nil* -
required
[cm]

“ Based on ERA standard specification [9] and judgement of the engineer or consultant.
“* Based on ERA standard specification [9,11,12] and project specification.

As a consequence, after considering these soils as expansive or problematic, the researcher
has practically observed that removal and replacement (undercutting) equivalent to black
cotton or highly expansive soils is recommended as a treatment [9,13]. There are also no
studies in the project area that deal with the unsuitable tropical red subgrade soils and their
undercut treatment depth. If such soils are left unstudied in depth, not only
misinterpretation will follow, but also the commonly practiced conservative method may
lead to an uneconomical, time-consuming, and environmentally unfriendly subgrade

construction approach.

Without a doubt, misunderstanding unsuitable tropical soils is a recurring problem for
many areas of the country, especially the south-western part of Ethiopia [14,15], and it
will have a negative impact on the progress of current and future road construction
projects. It is in this context that the researcher hopes to learn more about the district
geotechnical properties of unsuitable tropical red subgrade soils and deformation

characteristics.
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Numerical Analysis of Unsuitable Tropical Red Subgrade Soils for Assessing Undercut
Depth: A Case Study of Merewa-Seka Road Project (MSc Thesis)

This thesis aims to investigate the geotechnical characteristics of the unsuitable tropical
red subgrade soils of the Merewa-Seka road project and determine an appropriate undercut
depth based on the deformation characteristics of the same under vehicular load using

numerical analysis.
1.2 Statement of the Problem

Tropical red soils, characterized by unique properties resulting from weathering and
pedogenesis [4,7], present a challenge in predicting their engineering behavior using
standard geotechnical classification methods developed for temperate soils [5,16,17]. This
has led to their popularity as problematic [6], and despite several attempts to identify and
classify these soils, a comprehensive method has not yet been established to address all of
the soil varieties [18,19].

In Ethiopia, according to ERA standard [9], conventional geotechnical classification
methods are used for tropical red soils in their identification as unsuitable, despite the
recognition of their special feature of satisfactory performance while having higher
plasticity characteristics [20]. In this context, as presented in Table 1-1, 39.4% of the
tropical red subgrade soils of the project under study are classified as unsuitable material
and deemed to be treated to a minimum removal and replacement (undercut) depth of
either 60 or 100 cm.

The essential issue is that a substantial portion of the subgrade soils of the project are
considered unsuitable solely based on their Atterberg limit value, CBR-swell value, or
both, in spite of having an acceptable CBR value for the corresponding design subgrade
class. Additionally, in Ethiopia, there is no appropriate removal and replacement
(undercut) treatment depth guideline for such soils based on the level of detrimental effect

they pose, regardless of the fact that they are commonly undercut to a predetermined depth.

Given their index properties, the unsuitable tropical red subgrade soils of the project are
easily considered expansive soils, and the subsequent required treatment is expensive and
will negatively affect the progress of the project. In addition to this, a predetermined
undercutting depth requires additional land for a suitable replacement material source and
disposal of undercut material, despite its grave scarcity. Furthermore, the acquisition of
lands for such purposes will result in considerable environmental degradation as the road

traverses through populated areas and agricultural lands.
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In light of these challenges, assessing unsuitable tropical red soils will provide greater
understanding to determine their engineering properties and distinct strength for their

economical, durable, and environmentally friendly subgrade application.

This research aims to evaluate the problematic nature of tropical red subgrade soils of the
project that have been deemed unsuitable through an in-depth geotechnical investigation,
as the researcher noted a lack of existing studies focusing on unsuitable tropical red
subgrades that were explicitly conducted on soils in the Jimma zone, Oromia region,
Ethiopia. Aside from that, the research used the finite element method to conduct
deformation analysis of these soils under vehicular loading in order to establish the

optimum undercut depth for the appropriate treatment that follows.
1.3 Research Questions
This study attempted to answer the following research questions:

1. What distinguishing geotechnical properties do the unsuitable tropical red
subgrade soils have?

2. How can the permanent deformation of unsuitable subgrade soils under
vehicular load be addressed using finite element modeling?

3. To what extent does the removal and replacement treatment method reduce
deformation in unsuitable tropical red subgrade soils when applied up to a depth
of 100 cm?

1.4 Objectives

1.4.1 General Objective
The general objective of this study is to analyze the effects of the undercut depth of

unsuitable tropical red subgrade soils under flexible pavement.

1.4.2 Specific Objectives
1. Toinvestigate the geotechnical properties of unsuitable tropical red subgrade soils.
2. To develop a finite element model for simulating the behavior of unsuitable
tropical red subgrade soils under vehicular load.
3. To evaluate the undercut depth of unsuitable tropical red subgrade soils using the

finite element model.
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1.5 Scope and Delimitation of the Study

This study is to focus on analyzing the effects of the undercut depth of unsuitable tropical
red subgrade soils under flexible pavement using numerical analysis. The researcher used
the geotechnical properties of unsuitable tropical red subgrade soils, vehicular loading, and
undercut depth to measure the deformation and stress distribution of unsuitable tropical

red subgrade soils.

Three test pit samples and respective in-situ testing that correspond to separate subgrade
categories as well one replacement material sample served as the study’s input for
investigation, modeling using finite elements, and analysis of undercut depth up to 100
cm. This study was conducted from February to May 2024 within the right-of-way

boundaries of the Merewa-Seka road project, Jimma zone, Oromia region, Ethiopia.

The samples and in-situ testing locations were selected by performing purposive non-
probability sampling to ensure that there would be at least one representative in each
subgrade category of the predetermined index property.

The researcher collected test data after conducting geotechnical tests on both disturbed and
undisturbed samples to assess the properties of unsuitable tropical red subgrade soils and
replacement material. The collected data was used as an input for finite element modeling
of flexible pavement using PLAXIS 2D software to assess the optimum undercut depth.

This study didn’t take into account every aspect that influences the undercut depth
determination of unsuitable tropical red subgrade soils but rather considers deformation as
a primary criterion. Further, the study didn’t consider long-term deformation analysis, as
dynamic analysis of the model will require extensive computation times and sophisticated

computer technology.
1.6 Significance of the Study

The project understudy, the broader road construction sector, researchers, and academic

scholars will benefit from this study in the following aspects:

e The study will increase understanding of the engineering properties and
deformation characteristics of tropical red soils that are classified as unsuitable

materials based on their index properties.
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Further, it will fill the knowledge gaps about unsuitable tropical red soils, their
numerical analysis, and their adequate undercut treatment under flexible
pavements.

e The outcome of this study will help identify the most problematic type of
unsuitable tropical red soil and its subsequent treatment with the most economical
undercut depth.

e It will serve as an additional resource that helps identify unsuitable tropical red
soils for their economical, effective, and environmentally friendly application.

e The findings of this research will provide information that will enable stakeholders
in road construction projects with the same type of subgrade soil to look for an
economical and technically acceptable construction approach.

e The analysis presented in this study will convey valuable information for future
research exploring the properties of unsuitable tropical red soils and their

successful utilization.
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CHAPTER 2
LITERATURE REVIEW

2.1 Overview

This chapter's primary goal is to provide evidence from the literature in favor of studying
and modeling unsuitable tropical red subgrade soils in order to evaluate undercut depth
options. The researcher will also discuss the importance of the issue being studied. The
chapter is structured into three main parts based on the significant topics that emerged
throughout the problem's examination. The definition, formation, geotechnical
characteristics, and identification of unsuitable tropical red subgrade soils are covered in
the first part. The modeling of tropical red subgrade soils using the finite element method
is the main topic of the second section. And lastly, the third section covers undercut
(removal and replacement) treatment methods using both regional and international

practices.
2.2 Unsuitable Tropical Red Subgrade Soils

2.2.1 Definition

The subgrade, or earth roadbed portion that receives the base or surface material, is built
in a way that closely adheres to the lines, grades, and cross-sections depicted on the plans.
The depth below the completed level of the road at which soil properties have a major
impact on pavement behavior (i.e., 800mm to 1,200mm depending on the traffic class) is
where subgrade may extend, provided that the nominal subgrade strength chosen for the
design is not exceeded [9,11]. But while constructing a subgrade, a variety of soils could

be encountered, tropical red soils being one of them.

Tropical red soils are a type of residual soil that is usually found in tropical and subtropical
regions. They are characterized by their high iron content, which gives them their

characteristic red color [21,22].

Unsuitable material consists of a broad range of subgrade and/or roadbed materials. Table
2-1 below lists the primary categories of subgrade materials that are not suitable for use in

road construction, as per Ethiopian standards.
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Table 2-1 Unsuitable material type [9]

Type  Unsuitable material description

Peat and other organic materials from swamps, marshes, and bogs that
1 contain compressible soils and excessive amounts of degradable organic
matter, such as decomposing wood and other vegetation.

Clay material having a liquid limit (LL) exceeding 60; or a plasticity Index
(PI) exceeding 30; or a CBR value less than 3% at 95% of modified
AASHTO compaction (AASHTO method T-180) after 4 days of soaking;

: or a swell value of more than 3% (with two surcharge rings) when
determined in accordance with AASHTO T-193 at 95% of modified
AASHTO compaction.

3 Other problem soils such as expansive clays; collapsible sands; dispersive
soils; saline soils; micaceous soils; and low strength soils.

4 Any material that is sufficiently wet and soft to prevent it from being

trafficked or excavated by normal bulk earth-moving equipment

2.2.2 Formation

Residual soils form through decaying vegetation, weathering, leaching, and disturbance,
forming parallel horizons. The soil profile can change as depth increases, affecting
engineering properties and mineralogy [7]. Thus, even though there are some
circumstances in which it might be the case, it can be said that it is highly unlikely that the
residual soil profile is homogeneous. With a gradual change in properties with depth and

the potential to contain joint or fault planes, it is far more likely to be heterogeneous.

2.2.3 Geotechnical characteristics

The unsuitable subgrade soils of the project studied falls into one or more classes of
unsuitable material defined in Table 2-1. Yet, it should be noted that the broad tropical red
subgrade soils include laterite soils, depending on climate conditions and the surrounding

environment [23].

Accordingly, understanding the overall nature and formation of tropical red soils requires
an understanding of their geotechnical properties. Several studies have been published
concerning the characteristics of tropical red clay soils. [24] surveyed tropical red clay

soils across different parts of the world, including Ethiopia.
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It is reported that average index values range in a suitable category for subgrade except for
some marginal soils. Liquid limit values range from 32% to 52%; plasticity index values
range from 14% to 31%; CBR values range from 18% to 67%; and activity values range
from 0.77 to 1.0.

Likewise, Akalu [25] has also investigated red clay soils found in western Addis Ababa
and assessed their suitability as per the existing codes and standards. The findings of the
study were clay content ranging from 55% to 65%, liquid limit value from 39% to 106%,

plasticity index values from 9% to 40%, and free swell value ranging from 5% to 80%.

Teferi [15] investigated the suitability of tropical red soils (lateritic soils) for road
construction material along the project route. For towns located along the project under
study, he has found that there are both suitable and unsuitable subgrade materials when
examined as per ERA standards. He concluded that lateritic soils from Seka Kebele are

poor subgrade, while samples from Babu and Limu towns are good subgrade.

Most of the literature reviewed in the study area focuses on the identification of suitable
subgrade soils or construction materials. They did not adequately address the extent to
which these subgrade soils are unsuitable, the detrimental impacts they would have if used
for pavement applications, or the necessary treatments if they were troublesome. In
addition, in order to properly and effectively utilize such subgrade soils, performance
characterization under pavements and vehicular load must be included. Hence, it is
important to further study unsuitable tropical red subgrade soils for appropriate treatment

measures.

2.2.4 ldentification

Before beginning any construction activity, such as constructing pavement infrastructure,
a geotechnical engineer must identify any unsuitable soils, especially expansive soils. The
main issue with unsuitable tropical subgrade soils is their propensity for expansive soil
properties, which could negatively impact the pavement structure that will be built on

them. Numerous studies have provided guidance on how to recognize these qualities.

Chen [26] has offered a thorough method for carrying out these kinds of tasks. He proposed
three different approaches to classifying expansive soils: mineralogical identification,

direct measurement, and indirect methods.
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2.2.4.1 Mineralogical Identification

A crucial step in assessing the properties of clay materials with regard to swelling is the
identification of the clay minerals they contain using the mineralogical identification
method. X-ray diffraction, a widely used technique in Ethiopia, could be used to

implement this method.

Teferi [15] determined the mineralogical composition of Jimma City, Limu Woreda, and
Seka Kebele, which are situated along the project under study, using X-ray diffraction
analysis. He discovered that the soils in Jimma City contain 32.6% quartz, 32.6% albite,
and 34.9% ferrosililite. The soils in Limu Woreda, on the other hand, contain 40.4%
keolinite and 50.6% ferrinatrite. Finally, the soils in Seka Kebele contain 66.3% Quartz,
15.1% Goethite, and 18.6% Lindgrenite.

2.2.4.2 Direct Measurement

The direct measurement method offers an excellent way of determining the swelling
potential and swelling pressure of an expansive clay. This method can be achieved by
using the conventional one-dimensional consolidometer. It accurately simulates the site

conditions.

Muhammed et al. [27] have studied Jimma City's soils, particularly the tropical red clay
soils. His research, however, did not address the swelling pressure in these soils. His
consideration of these tests was limited to other categories of expansive soils; nevertheless,
since the research project starts in Jimma city, the results are presented here. According to
their investigation, expansive soils in Jimma have swelling pressures between 135 and 210
kPa.

Consequently, the researcher noted a gap in the literature when he was unable to locate

any local studies on the subject of tropical red soils' swelling pressure.

2.2.4.3 Indirect Methods
Indirect methods that are useful for assessing the swelling property of soil include the
activity method, the potential volume change (PVC) method, and the index property. Index

properties and activity methods are more prevalent in Ethiopia [20].

Gidigasu [18] in his comprehensive review of laterite soils, however, stated that these

identification techniques might be deceptive.
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This is because index properties like Atterberg limits, which are greatly influenced by
pretest preparations and testing procedures, may not produce repeatable results.
Additionally, because clay-size content and plasticity index vary depending on sample
preparation and testing methods, the activity method may be misleading for some laterite

soils.

In conclusion, this study will employ direct measurement and mineralogical identification

techniques since they are more dependable and accurate for identification.
2.3 Modeling of Tropical Red Subgrade Soils

2.3.1 PLAXIS 2D software

Geotechnical engineering and rock mechanics use PLAXIS 2D, a robust and intuitive
commercial finite-element software, for 2D deformation and stability analysis. Initiated by
the Dutch Department of Public Works and Water Management, PLAXIS development
started in 1987 at the Technical University of Delft. The original objective was to create a
user-friendly 2D finite element code for river embankment analysis on the soft soils of the
Holland lowlands. Even now, the primary aim of PLAXIS is to offer geotechnical
engineers, who may not be numerical experts, a practical analysis tool. Leading institutions
and engineering firms in the geotechnical and civil engineering sectors use PLAXIS
globally. Applications such as tunneling, mining, oil and gas, reservoir geomechanics,
embankments, and foundations are all well suited for PLAXIS 2D. With the exception of
creep, steady state groundwater or thermal flow, consolidation analysis, or any time-
dependent effects, PLAXIS 2D has all the necessary components to conduct deformation
and safety analyses for soil and rock [28].

The use of PLAXIS in the road and highway industries is likewise well established.
PLAXIS 2D was used by several researchers to examine subgrade and pavement
deformation. Using PLAXIS 2D, [29,30] carried out finite element analysis on flexible
pavements. Also, [31-36] used the same application to study the deformation of the
subgrade and pavement structures. Relatedly, [37] examined the damaging impact of
expansive soil on pavement overlaying. Therefore, with an accurate and reasonable
estimate, PLAXIS 2D could be used to assess the deformation of unsuitable subgrades of

the project under study.
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2.3.2 Finite Element Modeling Approach

Finite Element Analysis (FEA), sometimes referred to as Finite Element Modeling (FEM),
is a numerical technique used to forecast the behavior of physical systems, including
thermal, fluid, electromagnetic, and structural ones. The technique necessitates breaking
down the component under study into discrete elements, which produce a finite element

mesh.

The behavior of the individual elements is then modeled by assembling the simple
equations that describe them into a larger system of equations that models the entire
problem. A direct or iterative solver is used to solve the resulting system of equations,
depending on whether nonlinear effects are present [38].

Because they are made of so many different layers, materials, and boundary conditions,
flexible pavements are complex engineering structures [39]. Hence, finite element

modeling of flexible pavements should follow proper methodology for accurate analysis.

2.3.2.1 Geometry and General Inputs

Two types of models can be used to simulate real-world scenarios: axisymmetric models
and plane strain models. With the help of a practical graphical user interface, users of
PLAXIS 2D can quickly create a geometry model and finite element mesh using a
representative vertical cross section of the given scenario. Plane strain analysis is based on
the assumption that the problem is infinitely long and normal to the plane section of the
analysis. In a plane strain analysis, the out-of-plane displacement (strain) is, by definition,
zero. The axisymmetric analysis allows for the analysis of a 3D problem which is
rotationally symmetric about an axis. Although the input is two-dimensional, one is
actually analyzing a symmetric three-dimensional problem due to the rotational symmetry
[28]. The axisymmetric analysis consisting of 15-node triangular elements is commonly
applied to flexible pavement modeling. Researchers, [29,32,34], could be taken as

examples.

A large variety of inputs are available in PLAXIS 2D, making modeling simple for users.
In general, there are two input modes available for modeling: geometry modes and
calculation modes. The geometric configuration of the model is defined in geometry
modes, which enable all geometry modifications (e.g., creation, relocation, modification,

or removal of entities).
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The two modes that make up the geometry mode are the soil and structure modes. The
definition of soil stratigraphy, the overall water levels, and the initial conditions of the soil
layers are all made possible by the soil mode. On the other hand, the structural components,
forces, and geometric entities in the model are defined in the structure mode. Within the
calculation modes, the calculation process is defined. Flow conditions, staged
construction, and mesh make up the calculation mode. Additionally, phase definition

modes are the flow conditions and staged construction modes [28].

2.3.2.2 Materials

In PLAXIS 2D, there are seven different types of material sets grouped as data sets for:
soil and interfaces, discontinuities, plates, geogrids, embedded beams, cables and anchors
[28]. Considering the scope of the study, only soils and interfaces are discussed to model

flexible pavements on unsuitable subgrade.

Depending on the constitutive models chosen, PLAXIS 2D can be used to model both the
subgrade and multi-layer pavement materials. Whenever subgrade modeling and analysis
is made, for simplicity and to save calculation time, researchers like, [29,32,33,37],
preferred the use of either the linear elastic or Mohr-Coulomb models for pavement layers.
Nonetheless, more practical and precise models, such as the hardening soil model, are
employed whenever modeling unsuitable soils or generally subgrade soils [31,34].

2.3.2.3 Load and Tire-Pavement Contact Area

Vehicular loading is transferred to the pavement through the vehicle’s axle and tires. The
contact area between the tires and the pavement must somehow be precisely determined
in order to calculate the stress and strain that are generated. Better accuracy in contact area
determination is necessary for proper vehicular load modeling. Vuuren [40] developed a
curve that shows the general relationship between tire contact pressure and tire inflation
pressure for tires used on road vehicles, as presented in Figure 2-1. Also, Yap [41] showed
that the contact area of 11R24.5 dual tires is 114 inch? for a 4,250 Ibs load. However, the
contact area recommended by Huang [42] is commonly used for modeling. He assumed
that the contact area is composed of a rectangle and two semicircles for each tire, as shown
in Figure 2-2. Considering length L and width 0.6L, the area of the contact, Ac = 0.5227
L2. Using one equivalently larger circle rather than two separate circles, as shown in Figure
2-2, is recommended for simplicity and to obtain more approximate results in calculations
[36,42].
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2.3.3 Constitutive Models

Different models are supported by PLAXIS 2D to simulate the behavior of soil and other
materials under vehicular or cyclic loading. The linear Elastic, Mohr-Coulomb, and
hardening soil models are the most widely used. Additionally, the hardening-soil model
with small-stiffness is used in the literature to estimate deformations under cyclic loading
more accurately [34,43].

2.3.3.1 Linear Elastic Model

Hooke's law is the foundation for PLAXIS's linear elastic model, which is used to simulate
isotropic linear elastic behavior. It has two parameters: the effective Poisson's ratio (v')
and the effective Young's modulus (E'). Although simulating non-linear soil behavior is
generally inappropriate, it is useful for simulating structural behavior like thick concrete

walls or plates, whose strength properties are typically much higher than those of soil [28].

When compared to soils, asphalt concrete layers show stronger properties, and researchers

commonly use the linear elastic model for numerical analysis [29,31,32,36].
2.3.3.2 Mohr-Coulomb Model (MC Model)

q4 Parfactly Plastic

A
et

/B /Real soil behavior

& Perfectly Plastic
¢ Plasti ga -

L

Figure 2-3 Mohr Coulomb Model [44]

The Mohr-Coulomb model, also known as the elastic perfectly-plastic constitutive model,
uses Hooke's law and the Mohr-Coulomb failure envelope to model linear elastic

deformation behavior in soils below the failure envelope [45].
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As shown in Figure 2-3 (a), the Mohr-Coulomb bilinear elastoplastic approach divides
soil's nonlinear behavior into two bilinear lines, with soil stiffness constant, defined as Es,
until stress reaches the plastic zone. However, soil exhibits nonlinear behavior, varying
according to stress levels within the soil mass. The model can over-predict ground
movement at stress levels less than 50% of the ultimate strength and under-predict it at
stress levels higher than 50%. Additionally, as shown in Figure 2-3 (b), the Mohr-Coulomb
model assumes that the stiffness modulus of soil unloading and reloading, E,,, equals the

stiffness of soil loading, Ex.

This results in inaccurate predictions of soil movement when compared to the actual
conditions shown in Figure 2-3 (c), and it has limitations when analyzing undrained

problems because it overpredicts the shear strength of the undrained soil [44].

The model requires two stiffness properties: elastic modulus, E, and Poisson’s ratio, v; and
three shear strength properties in a drained condition: cohesion, c, friction angle, ¢, and
dilatancy angle, . Because of its simplicity to get rapid rough estimates, several scholars
and researchers, like [29,32,36] used the Mohr-coulomb model for analyzing pavement

layers below the asphalt concrete layer.

2.3.3.3 Hardening-Soil Model (HS Model)

Schanz et al. [46] have developed a constitutive formulation using a double-stiffness
model for elasticity and isotropic strain hardening, replacing Hooke's single-stiffness
model with ideal plasticity. This model, called the Hardening-Soil Model, greatly
outperforms the earlier models because it incorporates soil dilatancy, applies the yield cap,
and applies the theory of plasticity rather than the theory of elasticity. In contrast to an
elastic perfectly-plastic model, the hardening plasticity model distinguishes between shear
and compression hardening types by allowing plastic straining to expand its yield surface.
The model contains both kinds. It is also frequently used to assess hard ground conditions
or soft soils that make it suitable for flexible pavement modeling [28].

The hardening soils model was developed to simulate the fundamental macroscopic
behaviors of soils, including plastic yielding, dilation, stress-dependent stiffness,

densification, and soil stress history [47].
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The hardening soil model has limitations, despite possessing all the best attributes for
accurately analyzing geotechnical problems. Under cyclic loading, it is unable to capture
the material model's incremental cumulative deformation. Furthermore, higher values of
soil stiffness associated with very small strain levels are not taken into account [45]. The
hardening soil model is widely used to analyze unsuitable or even soft soils, despite its

limitations.

2.3.3.4 Hardening-Soil Model with Small-Stiffness (HSS Model)
The Hardening Soil model with small-strain stiffness used in PLAXIS is based on the

Hardening Soil model and has essentially identical properties.

To characterize stiffness changes with strain, just two factors are required: the initial or
very small-strain shear modulus and the shear strain level at which the secant shear

modulus is lowered to around 70% of the initial shear modulus [28].

2.3.4 Model Parameters for Hardening Soil Model
The basic parameters for the hardening-soil model are - failure parameters: cohesion, ¢,

friction angle, ¢, and dilatancy angle, 1, Basic parameters for stiffness: Ei¢’, ELc”,

Eft‘;’f and n7; and advanced parameters: v,,,., P"®/, K and R, [46]. This subsection will

address the parameters of the hardening soil model as well as the laboratory tests required
to determine those parameters.

2.3.4.1 Reference Secant Stiffness (ng,f )

Its purpose is to explain plastic straining at a chosen reference pressure resulting from

primary deviatoric loading. The test required to ascertain the parameter is: test of drained

triaxial compression. Considering Figure 2-4, stiffness parameter E;gf, a selected

confining pressure can be determined from triaxial compression test results using equation
(2-1). Es, is equal to 50% of the peak deviatoric stress divided by the corresponding axial
strain [48].

;. m
C COS — 0, SIn
Eso = E”f< L b ) (2-1)

50 \ccosg +p"¢f sing
p"¢/ is the referenced confining pressure, and in PLAXIS, a default setting p™¢/= 100

stress units is used. a3 is effective confining pressure.
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Figure 2-4 Determination of soil model parameters E5q, and E,,,. from triaxial

compression test results [39]

2.3.4.2 Reference Tangent Stiffness (E. %)

Its purpose is to explain plastic straining at a chosen reference pressure resulting from
primary compression. The test required to ascertain the parameter is: Principal loading in
oedometer tests. Then, equation (2-2) is used for the computation. Figure 2-5 shows how

to determine E7¢/; however, E'¢/ ~ E1¢’, the default value recommended by PLAXIS,

could be used if an oedometer test of the soil is not performed [48].

Ty
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Figure 2-5 Determination of soil model parameter Eg:{; at a selected reference pressure

from oedometer test results [48]

;o m
ccos@ — 0, sing
E — ref }

oed — Toed (c cos @ + p"ef sin (p) (2-2)

o, is vertical stiffness or primary loading.
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re

2.3.4.3 Reference Unloading/reloading Stiffness (E,,,")

It is used to characterize elastic unloading/reloading behavior at a selected reference
pressure. Unloading/reloading in triaxial compression tests is required to determine the
parameter (default value suggested by PLAXIS: E.¢/ ~ 3ELST). Considering Figure 2-4,
stiffness parameter E,Zﬁf , a selected confining pressure can be determined from triaxial

compression test results using equation (2-3) [46,48].

Eref< ccos @ — a5 sin@ >m

Bur = Eur ccos@ + pref sing (2-3)

2.3.4.4 Failure Parameters ¢, ¢ and y

The cohesion ¢, friction angle, ¢, and dilatancy angle, ¥ requires drained triaxial
compression test loaded to failure and a drained triaxial test with measurement of volume
change, respectively. ¢ and ¢, could be determined from the Mohr-coulomb failure
envelope. On the other hand, 1 can be determined from the volume change curve obtained

from drained triaxial tests, as shown in Figure 2-6 [48].
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Figure 2-6 Determination of dilation angle 1 and unloading-reloading (elastic) Poisson’s
ratio v,,- by the initial part of volume change curve obtained from drained triaxial tests
[48]

2.3.4.5 Elastic Poisson’s Ratio (v,;.)
Test required to determine the parameter: Unloading/reloading in triaxial compression
tests. Figure 2-6 illustrates how the volume change curve's initial portion can be used to

estimate it. However, the default value suggested by PLAXIS v,,,.= 0.2 could be used [48].
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2.3.4.6 Power (m)
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Figure 2-7 Determination of the stiffness stress dependency parameter m from three
curves derived from the triaxial drained compression tests [47].
Power of a power law used to describe the level of stress dependency of soil stiffness. Test
needed to determine the parameter: drained triaxial compression test. Typical range of
value: 0.5 < m < 1; default value suggested by PLAXIS: m = 0.5 (m = 1 for logarithmic
stress dependency (as in soft clay); m = 0.5 in Norwegian sands and silts) [48]. The

parameter determination is as shown in Figure 2-7.

2.3.4.7 Reference Pressure (P™)
Introduced to make parameter m independent of units used for stresses: E,.q =

E,.q(c/PT¢1)™, No test is needed to determine the parameter. Default value suggested by
PLAXIS is P™¢f = 100 kPa [48].

2.3.4.8 Failure Ratio (Ry)

R = (01 — 03)faiture/ (01 — 03)witimate V€St needed to determine the parameter:

drained triaxial compression test. Default value suggested by PLAXIS is R = 0.9 [48].

2.3.4.9 Value For Normal Consolidation (K§°)
No test is needed to determine the parameter. Default value suggested by PLAXIS is

K{* = 1 — sin ¢ (coefficient of earth pressure at rest) [44,48].
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2.3.5 Additional Model Parameters for HSS Model

2.3.5.1 Reference Shear Modulus at Very Small Strains (G’(;ef )

This parameter could be measured in laboratories (triaxial tests) and/or field tests
(geophysical). Using data from the triaxial test, it is determined using equation (2-4). In
the absence of test data, it could be estimated using correlation from geotechnical tests
[28,49].

G = Gref< cCcos @ — o3 sin@ >m
0

0 \ccosg+psing (2-4)

2.3.5.2 Shear Strain (yq.7)

Identification of the parameter y, , at which the secant shear modulus, G, °f is reduced to

0.722G3*’, requires the use of advanced laboratory devices in order to determine the S-
shape curve at very small strain levels. In practice, it may prove to be time-consuming and
expensive, and therefore, it is suggested to estimate y,, by means of typically observed

experimental curves. In cohesive materials, y,, may mostly depend on the plasticity index
(P). To identify the parameter y,, that reduces the secant shear modulus, G, f to

0.72265“” , modern laboratory instruments are required to detect the S-shape curve at
extremely tiny strain levels. To save effort and cost, it is recommended to estimate y, -,
using commonly observed experimental curves. In cohesive materials, y, ; may primarily

depend on the plasticity index (P1) [47].
2.4  Treatment with Undercut or Removal and Replacement

In Ethiopia, a range of techniques are suggested and used for treating unsuitable or
problematic subgrade soil under specific project requirements. Undercutting (removal and
replacement), soil stabilization with chemical and mechanical modifiers, and soil
stabilization with geotextiles and geogrids are some of the techniques used [50].
Nonetheless, removal and replacement treatments are most frequently employed,
particularly in situations where undercut material spoilage areas and suitable replacement

materials are abundant [13].

The main objective of the undercut or removal and replacement method of subgrade
treatment is to completely eradicate any issues related to problematic soil up to a point
where it significantly affects the structure of the pavement [51].
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As discussed in the subsections below, various authorities and scholars have different

undercut criteria for various kinds of conditions.

However, given their geotechnical characteristics, the researcher was unable to track down
undercut criteria developed specifically for unsuitable tropical red soils in the literature;

therefore, the assessment uses the currently established criteria.
2.4.1 Undercut Criteria and Depth

2.4.1.1 International Agencys’ or Autorities’ Practices

The undercut and backfill criteria of the Illinois Department of Transportation's guidelines
have been succinctly presented by Chou et al. [51]. The thickness requirements they
presented for the backfill (replacement) material are based on a modified design approach
developed by the Corps of Engineers. Generally speaking, they recommended the

thickness of the granular layer needed for subgrade soils depending on their CBR value.

Remedial action is optional for CBRs between 6 and 8 and required for CBRs below 6,
but it is not required for CBRs above 8. For CBR values of 1 through 8, the recommended
thicknesses are roughly 58.42, 40.64, 33.02, 30.48, 25.4, 22.86, 22.86, and 22.86 cm.

As thoroughly discussed by Mousavi et al. [45], in order to replace the poor subgrade soils
with selected fill, North Carolina developed undercutting criteria. The DCP test must be
performed, and a value greater than 38 mm/blow is deemed weak and requires

undercutting.

Additionally, as illustrated in Table 2-2, they have provided a thorough synopsis of the
guidelines and practices followed by a number of agencies for unsuitable subgrade
treatment. On the other hand, Borden et al. [52] proposed undercut criteria based on
numerical analyses and prototype scale testing in the laboratory. They assessed the impact
of shallow layer shear strength on surface rutting and deep layer stiffness on pumping
using axisymmetric and plain strain models. An acceptable rut of less than 1-inch and a

performance capacity ratio of 1.5 served as the foundation for the undercut criterion.

JIiT Geotechnical Engineering Page 22



Numerical Analysis of Unsuitable Tropical Red Subgrade Soils for Assessing Undercut
Depth: A Case Study of Merewa-Seka Road Project (MSc Thesis)

Table 2-2 Summary of agencies’ practice on treating unsuitable subgrade soils [51]

Agency Subgrade treatment Remark
- ania DOT Soils with a CBR below 5 are enhanced either CBRis
ennsylvania i
Y with a cut and backfill or stabilization governing
parameter
o 45 cm removal and replacement with granular
Michigan DOT
layer
Th tions: 60 i dercut: Based on soil
ree options; 60 cm compaction undercut; boring data and
Indiana DOT 40 cm chemical treatment; 30 cm undercut test on
with aggregate replacement. undisturbed
samples
Minnesota DOT ~ Cut and backfill Based on soil
boring data

For both the plain strain condition and the axisymmetric load condition, they offered sets
of design charts and graphs. Elastic modulus (E), cohesion (c), angle of internal friction
(), and performance capacity ratio ({) were the required input parameters for the charts.
They have also shown that field tests/data like the Dynamic Cone Penetratio Index (DCPI)

could be effectively used to assess subgrade soils with the proposed undercut citeria.

Furthermore, Mousavi et al. [45] evaluated the undercut criteria proposed by Borden et al.
[52]. They came to the conclusion that, when subjected to fewer than 1000 truck passes,
the design charts were consistent with field observations and that they could reliably assess

the effectiveness of stabilization measures.

2.4.1.2 Minimum undercut Depth Based on Ethiopian Roads Authority

It is necessary to treat any subgrade or roadbed soils that meet the criteria listed in Table
2-1 as being deemed unsuitable. Unlike international practices, with the exception of
expansive or black cotton soils, however, the undercut depth and degree of treatment with
alternative technigues have not been specified; instead, they are left up to specific contract

requirements and the engineer's guidance [9,11].
On the other hand, expansive or black cotton soils are required to be treated as follows [9]:

e If the finished road level is designed to be less than two meters above natural
ground level, the problematic soil must be removed to a minimum depth of 60

centimeters throughout the entire road's width.
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e Remove the problematic soil to a depth of 60 cm below ground level beneath the
unsurfaced area or shoulder of the road structure if the finished road level is
designed to be higher than two meters above natural ground level; or

e Remove the expansive soil to its full depth if it is less than or equal to one meter in
depth.

2.4.1.3 Minimum undercut Depth Based on Merewa-Seka road project specification
With only minimal modifications, the treatment criteria and level of treatment provided in
subsection 2.4.1.2 remain in effect. That is, the problematic soil must be excavated to a
minimum of 100 centimeters throughout the whole width of the road if the final road level

is designed to be lower than two meters above the naturally existing ground level.

In addition, it is required to include the following requirements: when the subgrade CBR
is less than 5% and the section is classified as S1 or S2, it must be excavated to a minimum
depth of 60 cm. Then, S3 or better borrow material - which has a minimum CBR of 5%
and a swell index of less than 2% - must be replaced, making sure that the earthwork cover

is at least 1 meter high, or at least 60 cm deep (replacement plus an additional 40 cm fill).

As a result, only expansive soils and weak subgrade soils (CBR<5%) are designated for
undercut treatment options with appropriate depth, leaving the other unsuitable soils
without a specified treatment option. This will typically lead to a conservative and
ambiguous approach; that is, all unsuitable soils may be labeled as expansive, and

instructions to treat them as such may appear.

Table 1-1 presents the actual test results of the project under study (secondary data), and
it could be noted that around 8.7%, or 7.5Km of the subgrade soils are required to be
treated using the requirements stated above. However, around 30.7% of the subgrade soils
are unsuitable as per requirement despite having a CBR value greater than 5% by
considering Atterberg limit values and CBR-Swell values. Such soils are required to be
treated by the same standard specification; however, it doesn’t specify the extent or type

of treatment to be applied; rather it leaves it open for the engineer to decide.

The actual test results for the project under study are shown in Table 1-1, where it can be
seen that 8.7%, or about 7.5 km, of the subgrade soils must be treated in accordance with

the aforementioned requirement.
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Even though the subgrade soils have a CBR value of more than 5%, about 30.7% of them
are not suitable according to [9] requirements when Atterberg limit values and CBR-Swell
values are taken into account. These soils need to be treated according to the same standard
specification, but it leaves it up to the engineer to determine how much and what kind of

treatment should be applied.

Ultimately, determining the proper treatment for each category of unsuitability is crucial.
In order to address this gap, this study assesses the proper undercut depth for unsuitable

tropical red subgrade soils.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

The goal of the study is to determine the undercut depth required to lessen the influence
of unsuitable tropical red subgrade soils that take deformation as a primary criterion.
Specifically, the distinctive geotechnical properties of these soils were investigated and
modeled using a finite element method. This section presents methods for soil sampling,

laboratory testing, modeling, and analysis.

An experimental program was used to determine the geotechnical properties of the
subgrade soils that were collected (for each of the three categories and replacement
material), and PLAXIS 2D was employed to numerically model the subgrade soils
underneath flexible pavement. The laboratory tests were carried out in the project
laboratory, Jimma University's geotechnical engineering, materials science, and
agricultural laboratories, the Ethiopian Construction Design and Supervision Works
Corporation's (ECDSWC) geotechnical laboratory, and the Geological Institute of
Ethiopia's geochemical laboratory. A personal computer was used for PLAXIS 2D finite
element modeling with experimental data input. Subgrade soils were then evaluated for
the appropriate undercut depth using the model analysis and experimental data. A few

additional relevant data points were obtained for the modeling from the literature.

This study provides valuable insights into the deformation characteristics of tropical red
subgrade soils. The findings will contribute to the understanding of essential soil properties
and interventions aimed at economical and environmentally friendly utilization of these

soils.
3.2 Study area

The study has explored the Merewa-Somodo-Seka and Somodo-Limu Junction spur
Design and Build Road Project in Ethiopia, a key link road connecting Addis-Jimma-Metu
and Addis-Ambo-Nekempt-Gimbi. The project road, starting in Jimma City and ending at
Seka Kebele, will have a total length of 93.95 km, including a 5.06 km spur, meeting the
DC5 design standard as per [53].
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The project starts at Addis-Ababa-Jimma-Agaro road and ends at Seka Kebele, accessible

via standard gravel road from Limu Junction and partially via URRAP road from Merewa

to Somodo. The location map of the project area is shown in Figure 3-1.
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Figure 3-1 The location map of the project [10]
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3.2.1 Climate

The climatic condition analysis uses meteorological data from Jimma City Meteorological
Station, the closest station to the project region, encompassing 31 years (from 1986 to
2017). As a result, the temperature distribution shown in Figure 3-2 is used to classify the
climate of the project area according to the ERA manual [20] recommendation. Therefore,
the climate zone of the road project is warm-cool, or Weina Dega. In addition, the
maximum and minimum average annual temperature recorded are 27.7°C and 12.2 °C,

respectively.
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Figure 3-2 Average monthly temperature distribution of the road project [10]
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Figure 3-3 Average monthly rainfall distribution of the road project [10]

Figure 3-3 presents rainfall data that was collected for three stations (Jimma, Somodo, and
Limu Seka) during a ten-year period from 2010 to 2019. According to these meteorological
data, Jimma, Somodo, and Limu Seka have annual average rainfalls of 1573.3 mm, 1936.3

mm, and 1541.7 mm, respectively.
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The project area receives rainfall in all months of the year, even during relatively dry
seasons, with monthly rainfall below 60 mm extending from December to February.

Accordingly, the area could be considered as seasonally wet region.
3.2.2 Geological Condition
The geology of the road project could be obtained from two studies by Haro et al. [55] and

Alemu et al. [54] for the Jimma map and the Arjo map, respectively, as shown in Figure
3-4.

Legend
Arjo Map (Top)

Tv3 Trachyte and Pyroclastics

Tud Basalt

v Basalt

Jimma Map (bottom)

Sentema basalt; layered

- basalts-aphanitic and
porphyritic

- Middle basalt flows; basalt
with minor trachyte.

Middle trachyte flows;

- mainly trachyte flows with
minor basalt.

—— Project road alignment

Figure 3-4 Regional geological setting of the project area; at the top Arjo map [54] and at
the bottom Jimma map [55]
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Further, joining the geological map of the two studies will give better understanding of the
general geology of the project area. The project route up to Ambuye Kebele consists of
Sentema basalt, Middle trachyte flows (TV6), and Middle basalt flows (TV5). Sentema is
composed of porphyritic to aphanitic basalt, while TV6 is light gray, fine to medium
grained trachyte [44]. From Amubye Kebele to the end of project, the Arjo geological map
reveals Trachyte and pyroclastics (TV3), Basalt (TV4), and Basalt (TV6) lithology. TV3
rock has light gray to grayish black coloration, texture ranging from aphanitic to phyric,
and porphyritic characteristics [45]. Generally, the project area is predominated by the
weathering products of these rock formations having reddish or reddish-brown soils at the
top shallow depth, which are apparently used as subgrades or bedding for the flexible
pavement [10,56].

3.3 Research Design

This research study employed a quantitative research design that included field and
laboratory testing to investigate the geotechnical properties of unsuitable tropical red
subgrade soils for measuring undercut depth in the Merewa-Seka Road Project after

modeling it with the finite element method.

PLAXIS 2D software was used to create finite element models, assess soil undercut depth,
and evaluate the effectiveness of undercut treatment for unsuitable tropical re