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ABSTRACT

The Plate Load test is one of the most important tests for obtaining soil information,
particularly in regard to foundation design. In this thesis the 2D and 3D model was employed
in the interpretation of plate load tests using CONNECT Edition V20.02 PLAXIS 2D and
3D. Additionally, a parametric study of the effects of key parameters such as loading plate
diameter, plate roughness, elastic modulus and angle of internal friction of soil on the test
results was conducted. For both two-dimensional models and three-dimensional models, two
material models were used i.e., linear elastic for plate and Mohr-Coulombs for soils. Finally,
determined numerically analysis result using 2D and 3D plaxis were compared against
actual filed testing data. It has been observed that Numerical simulations in both PLAXIS
2D and PLAXIS 3D is an efficient way to evaluate the load-settlement behavior of plate load
test and gives the best convergence to test results. And also, the result of three-dimensional
model is better as compared to the two-dimensional model results. Moreover, the plate
diameter, plate roughness, elastic modulus and friction angle of soil can have a significant
effect on test results i.e., settlement increases proportionally with the increase size of the
plate dimensions, settlement is higher when the loading plate is smooth than those with a
rough plate, Settlement decreases proportionally with the increase of the elastic modulus of
soil located below the base of the plate up to depth two times of plate width (2B) and
settlement have no significant change with the increase of the modulus of elasticity of soil
below depth greater than two times plate width (2B), increase in friction angle of a soil
increase in resistance for a given settlement, Settlement decreases significantly with increase
cohesion of soil, Increasing values of the dilatancy angle of soil from (y = 0 to y = ¢)
increase in the resistance force and Increasing of Poisson’s ratio decreases gradually the

settlement.

Key words: plate load test, Finite Element Method, Load-Settlement curves, Simulation
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1 INTRODUCTION
1.1 Background

Due to rapid growth of urbanization, constructions of civil structures are increasing
tremendously. For the civil structures, design and analysis of foundation plays a vital role.
The calculation of Ground-foundations interaction is one of the most interesting problems
for geotechnical engineers and researchers, and has been one of the challenging issues in
geotechnical engineering since late nineteenth century. In a country like Ethiopia which is
developing at high growth rate and which needs many constructions works in the future,
geotechnical investigation on the engineering properties of the supporting material is very

essential.

Soil is the most important material which is used for construction of engineering structures;
therefore, it is necessary to understand and study the behavior of the soil under loads and the
factors that affect it (Waheed & Asmael, 2018). Field Plate loading test (FPLT) is one of the
most applicable in situ geotechnical tests which is employed to figure out the base soil
strata’s elasticity modulus, bearing capacity, coefficient of base reaction and etc. especially
when the foundation material is such that it is practically impossible to collect undisturbed
samples for foundation testing (Atarigiya & Ofori-addo, 2019). Although the test is
performing all around the world, However, there are several limitations associated with

performing the plate load test; It is exceedingly time-consuming and expensive.

Nowadays, the numerical simulation of structures is one of the most popular approaches
widely used in geotechnical and structural analysis. Numerical analysis provides immediate
and suitable solutions for various field problems which can be used for similar type of field
problems that arise in the future as well. During the past few years, there has been an obvious
trend towards developing finite element techniques as they give very reliable and accurate

solutions to complex engineering problems.

In comparison with other materials, soil has a more complex material due to the nature of
their components; In practice, engineers are looking for less difficult methods to simplify
computations for base soil strata’s elasticity modulus, bearing capacity, coefficient of base
reaction and etc. analysis since experimental analysis is time intensive and widely used

solutions like limit equilibrium are no longer relevant. As a result, computer systems based
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on the finite element approach have gotten a lot of attention in recent decades as a strong
tool for addressing complicated problems.

This master thesis aims to study the plate load tests numerically using Mohr-Coulomb’s soil
models and finite element method-based programs CONNECT Edition VV20.02 PLAXIS 2D
and CONNECT Edition V20.02 PLAXIS 3D, which are commercially available and widely
used in geotechnical engineering in order to simulate plate load test. Different relevant
reports of investigations and load tests are collected and studied. The appropriate parameters
required are identified and extracted to be used in Mohr-Coulomb’s soil model which is the
constitutive model used for numerical study of plate load test. Then discussed and compared
field plate load test with numerical simulation of such a test in similar conditions. Finally,
differences and difficulties in the results interpretation with their possible reasons are

discussed.

1.2 Statement of the Problem

When the foundation material is such that it is nearly difficult to gather undisturbed samples
for foundation testing, plate load tests can represent satisfactory findings in determining the
elasticity modulus, bearing capacity, coefficient of base response, and other soil stratum
properties. And it usually performed in different projects. However, the cost of running this
test and the time it takes is one of the difficulties that engineers faced in current geotechnical
practices. So, in this study the possibility of applying a finite element model to simulate the
plate load test is examined in order to compare results with actual plate load tests and to use
the model as one alternative for determining elasticity modulus, bearing capacity, coefficient
of base reaction and etc. of soil strata’s, at least for preliminary design purposes.

1.3 Objective of the study

1.3.1 General objective
The main objective of the present study is to conduct finite element analysis for plate load

test using both two- dimensional and three-dimensional analyses

1.3.2 Specific objective
¢ To validate the FEM model with actual plate load test results
%+ To compare the result of analysis using PLAXIS 2D and PLAXIS 3D

++ To conduct Parametric studies
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1.4 Significance of the Study

This study contributes in the creation of a plate load test model that uses finite element
analysis and Mohr-coulomb failure criteria to simulate plate load test. As a result, by
employing finite element models to estimate the overall behavior of the field plate bearing

test, the cost and time required to conduct the plate load test is reduced.

1.5 Scope of the study

The scope of this study is to simulating plate load tests with two-dimensional and three-
dimensional finite element software and comparing the results to Field plate load test results
to determine the validity of the finite element models used to predict the overall behavior of
the field plate load test.

Required data was obtained from various soil investigation and design reports of the separate
projects, as well as linked soil characteristics, in order to meet the above-mentioned study
objectives. And the major results and findings of this study are thus applicable for the

particular project sites and other comparable soil conditions.

1.6 Limitation of the Study

The study has the following limitations:

“+ Few correlations are available in the literature in terms of SPT N value for soil but
there is no clear explanation for selection of these correlations.
+¢ Due to the unavailability of soil investigation and plate load test data only two project

areas were adopted in this research.

1.7 Organization of the thesis

The content of this thesis is organized in to six chapters: The first chapter provides general
introduction with the research objectives, scope and significance of the study. The second
Chapter tried to point out the major works done related to this matter. It also reviewed case
studies and thesis reports done on PLAXIS and their results are discussed. Chapter three
presents methodology, material parameters, soil profile and plate load test data adopted for
modeling. The fourth Chapter is focus on numerical modeling of plate load test, geometry,
mesh, boundary condition, following that plaxis model has been developed and analysis
steps were presented. The fifth Chapter is analysis result and parametric study. In this chapter
results are presented and compared. It also gives a brief description procedure and the

geometrical input for the model in the software mentioned and influence of key parameters
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is also furnished. The last chapter, Chapter six, discusses the conclusions derived from this

study and limitations in the analyses and recommendations for future work.
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2 LITERATURE REVIEW

2.1 Introduction

Soil medium has very complex and erratic mechanical behavior, because of the Nonlinear,
stress dependent, anisotropic and heterogeneous nature of it. Field Plate Load Test (FPLT)
is one of the important tests especially in obtaining the necessary information about the soil
with particular reference to design of foundation which has certain limitations (Bowles,
1996).

Predicting Ground-foundations interaction is highly significant as it is a prerequisite for any
design and the failure mechanism of soil beneath footing. During the last three decades,
several experimental and analytical research have been done to assess the Ground-
foundations interaction. Aside from this, numerical approaches such as boundary element
and finite element methods were employed extensively to study the system due to their high
accuracy and capacity to tackle complicated issues. However, both of these powerful
numerical methods require a considerable amount of engineering judgment and computation
cost to completely solve the physical problem. Because of these reasons, researchers in this

area have focused on simplified and economical models to characterize the problem.

The elasticity modulus, bearing capacity, coefficient of base reaction and etc. of soil is most
usually determined by experimental (Field Plate Load Test) or by empirical methods. with
the current rapid development of numerical analysis, the use of finite element method is
attracting engineer’s attention towards using this method as one option. And the study of
numerical methods to solve geotechnical problems are increasing tremendously such as
finite element method (FEM) (Sloan & Rondolph, 1982), (Griffiths, 1989) and the finite
difference method (Frydman & Burd, 1997). Different constitutive models are used to
simulate the soil with different structure interaction following the development of more and
more comprehensive constitutive models to describe the complex behavior of geo-material
under different loading conditions (Hashiguchi, 1989) (Collins & Kelly, 2002).

Elasto-perfectly plastic model with Mohr- Coulomb failure criterion, usually named as
Mohr-Coulomb model, is widely used in finite element analysis of geotechnical engineering,
due to its simplicity and sufficiently accuracy. The failure envelope, being dependent on the
major and minor principal stresses is defined by cohesion, ¢ and internal frictional angle, ¢.

And a constant stiffness is used in this model.
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2.2 Plate loading tests

Field Plate Load Test (FPLT) is one of the most commonly employed and suitable methods
for determining bearing capacity, elasticity modulus, coefficient of base reaction and etc. of
foundation soils especially when the foundation material is such that it is practically
impossible to collect undisturbed samples for laboratory testing and also the penetration tests
such as Standard Penetration Test (SPT) and other cone tests (i.e., CPT, SCPT etc.) cannot

be performed.

Plates, round or square, varying in size and thickness are employed for the test. The load on
the plate is applied by making use of a hydraulic jack. The reaction of the jack load is taken
by a cross beam or a steel truss anchored suitably at both the ends. The settlement of the
plate is measured by a set of three dial gauges of sensitivity 0.02 mm placed 120° apart. The
dial gauges are fixed to independent supports which remain undisturbed during the test
(Murty, 2007).

1 W =

Al

Figure 2.1 Diagram of plate load test

A diagram of plate load test is shown in Figure 2.1. For the load test to be performed, a ditch
of depth Dris excavated which should be not less than 4 to 5 times the size of the plate. If
the water table is above the level of the foundation, the water is carefully pumped out and
kept it at the level of the foundation. A suitable bearing plate is selected and placed on the
soil at the bottom of the pit, and incremental load on the bearing plate is applied. After the
application of an incremental load, enough time is allowed for settlement to occur. When the
settlement of the bearing plate becomes negligible, another incremental load is applied. In
this manner a load-settlement plot can be obtained as shown in Figure 2.2.
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Figure 2.2 Load — Settlement plot

Curve A: This type curve is obtained in case of loose to medium cohesion less
soil (i.e., 15 < N < 30). This type of curve shows no clear point of failure.

Curve B: This type curve is obtained in case of cohesive soil. As the load increases
the curve leans toward settlement curve.

Curve C: This type curve is obtained in case of partially cohesive soil (i.e., C-¢ soil).
This type of curve also does not show a clear point of failure.

Curve D: This type curve is obtained in case of dense cohesionless soil (i.e., N >

30). This type of curve is common in case of dense sand or gravel deposits.

2.3 Basics of Finite Element Analysis

Finite element analysis is a method of solving continuous problems governed by differential

equations by dividing the continuum into a finite number of parts (elements), which are

specified by a finite number of parameters (Zienkiewicz et al., 2005). FEM subdivides a

large problem into smaller, simpler, parts, called finite elements. The simple equations that

model these finite elements are then assembled into a larger system of equations that models

the entire problem. FEM then uses variational methods (mathematical analysis that deals

with maximizing or minimizing functional i.e., a function from a vector space into its
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underlying scalar field, or a set of functions of the real numbers) from the calculus of

variations to approximate a solution by minimizing an associated error function.
The subdivision of a whole domain into simpler parts has several advantages:

e Accurate representation of complex geometry
e Inclusion of dissimilar material properties
e Easy representation of the total solution

e Capture of local effects

FEM is best understood from its practical application, known as Finite Element Analysis
(FEA). FEA as applied in engineering is a computational tool for performing engineering
analysis. It includes the use of mesh generation techniques for dividing a complex problem
into small elements, as well as the use of software program coded with FEM algorithm. In
applying FEA, the complex problem is usually a physical system with the underlying physics
expressed in either PDE or integral equations, while the divided small elements of the

complex problem represent different areas in the physical system.
As described on (Potts et al., 2001), the finite element method involves the following steps.

Element discretization: this is the process of modeling the geometry of the problem under
Investigation by assemblage of small regions, termed finite elements. These elements have
nodes defined on the element boundaries, or within the element.

Primary variable approximation: a primary variable must be selected (e.g., displacements,
stresses etc.) and rules as to how it should vary over a finite element established. This
variation is expressed in terms of nodal values. In geotechnical engineering it is usual to

adopt displacements as the primary variable.
Global equations: Combine element equations to form global equations
{Md}= [Kc]{Adc} (2.1)

Where [Kg] is the global stiffness matrix, {Adc} is the vector of all incremental nodal

displacements and {Mqd} is the vector of all incremental nodal forces.

Boundary conditions: Formulate boundary conditions and modify global equations.
Loadings (e.g., line and point loads, pressures and body forces) affect {Mq}, while the

displacements affect {Adc}
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Solve the global equations: The global Equations (2.1) are in the form of a large number of
simultaneous equations. These are solved to obtain the displacements {Adg} at all the nodes.
From these nodal displacements secondary quantities, such as stresses and strains, are

evaluated.

2.3.1 Modeling by Plaxis

PLAXIS is a 2D finite element package for the analysis of deformation and stress of the soil
and soil-structure interaction problems. Geotechnical applications require constitutive
models for the realistic simulation of the non-linear and time dependent behavior of soils.
PLAXIS has the required features to deal with numerous problems encountered in most

geotechnical structures.

PLAXIS 3D Foundation is a family member of PLAXIS, which is a special purpose three-
dimensional finite element computer program used to perform deformation analyses for
various types of foundations in soil and rock. The program allows for a fully automatic
generation of 2D and 3D finite element meshes, which enables users to quickly generate a
true three-dimensional finite element mesh based on a composition of horizontal cross

sections at different vertical levels.

In the present study finite element analysis has been carried out using CONNECT Edition
V20.02 PLAXIS 3D & 2D software.

PLAXIS software program consists of four basic components, namely Input, Calculation,
Output and Curves. In the Input program the boundary conditions, problem geometry with
appropriate material properties is defined. The problem geometry is the representation of a
real three-dimensional and two-dimensional problem and it is defined by work-planes and
boreholes. The model includes an idealized soil profile, structural objects, construction
stages and loading. The model should be large enough so that the boundaries do not influence
the results. Boreholes are points in the geometry model that define the idealized soil layers
and the groundwater table at that point. Multiple boreholes are used to define the variable

soil profile of the project.

During mesh generation soil layers are interpolated between the boreholes so that the
boundaries between the soil layers coincide with the boundaries of the elements and Mesh

dimensions should be appropriately defined, to prevent the effects of boundary conditions.
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The mesh element size can be adjusted by using a general mesh size varying from very
coarse to very fine and also by using line, cluster and point refinements.

PLAXIS allows for a fully automatic generation of finite element mesh. The generation of
the mesh is based on a robust triangulation procedure, which results in “unstructured”
meshes. These meshes may look disorderly, but the numerical performance of such meshes

may Yield better results than for regular structured meshes.

Very fines mesh should be avoided in order to reduce the number of elements, thus to reduce
the memory consumption and calculation time. The program does not allow entering a new
structural element or a new soil cluster after the mesh is generated. If a new element or
cluster is added to the geometry model, the mesh generation should be repeated with the new
input.

After defining the model geometry and generation of mesh, initial stresses are applied by
using either Ko-procedure or gravity loading. The initial stresses in the soil are affected by
the weight of the soil and history of the soil formation. Stress state is characterized by vertical
and horizontal stresses. Initial vertical stress depends on the weight of the soil and pore
pressures; whereas initial horizontal stresses are related to the vertical stresses multiplied by
the coefficient of lateral earth pressure at rest. The Ko - procedure may only be used for
horizontally layered geometrics with a horizontal ground surface and, if applicable, a

horizontal phreatic level. In the present study the Ko-procedure has been used.

In this analysis the effect of ground water table is not taken into account. If it would have
been taken into account then the initial stress would have been calculated by effective stress
consideration. As the effect of ground water table is not considered it has been done by the

total stress consideration only.

oh = Koov (2.2)
where Ko is based on Jacky’s formula (1944) which is written as:

Ko=1-sin¢ (2.3)

PLAXIS program has convenient procedures for automatic load stepping and for the
activation and deactivation of loads and parts of the geometry (Staged Construction). Staged
construction is a very useful type of loading input. In this special PLAXIS feature it is

possible to change the geometry and load configuration by deactivating or reactivating loads,
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volume elements or structural objects as created in the geometry input. Staged construction
provides an accurate and realistic simulation of the various loading, construction and
excavation processes. This option can also be used to reassign material data sets to clusters

or structural elements.

As mentioned above the construction stages are defined by activating or deactivating the
structural elements or soil clusters in the work-planes and a simulation of the construction
process can be achieved. In every construction step, the material Properties, geometry of the
model, loading condition and the ground water level can be redefined. During the
calculations in each construction step, a multiplier that controls the staged construction
process (XMstage) generally starts at zero and is expected to reach the ultimate level of 1.0 at
the end of the calculation phase. (CONNECT Edition 20.04 PLAXIS 3D-Reference Manual,
2020)

2.3.2  Mohr coulomb soil model

Plaxis describes the mechanical behavior of soils and rocks as a stress-strain relationship
using constitutive models. Different soil models are incorporated in the software such as the
HB model, the Mohr coulomb model, soft soil model, hardening soil model, soft soil creep
model, and jointed rock model. The feature also enables the use of self-programmed or user-

defined constitutive models.

Elasto-perfectly plastic model with Mohr- Coulomb failure criterion, usually named as
Mohr-Coulomb model, provides a failure criterion of soil material using a critical
combination of normal and shear stress. And is widely used in finite element analysis of
geotechnical engineering, due to its simplicity and sufficiently accuracy. The failure
envelope, being dependent on the major and minor principal stresses is defined by cohesion,
c and internal frictional angle, ¢. In the MC model a constant stiffness is used. The model
involves five parameters, i.e., young’s modulus, E, Poisson’s ratio, v, cohesion, c, internal

friction angle, ¢, and dilatancy angle, .

2.4 Related studies

Different researchers are developing a finite element model to simulate and analyze the field

plate load test. Some of related studies are outlined below:

Khanal (2013) studied back-calculate the plate load tests using advanced soil models in
PLAXIS 2D in order to gather experience on soil behavior and constitutive models. For this,
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extensive study of literature with full-scale load tests was carried out. Both tests on clay and
sand were the theme interest. To examine the plate loading tests, he used three case studies
were selected which are case study on clay till from Sweden, case study on saprolite soil
from Portugal and case study on sand from Texas A&M, USA. And, the load-settlement
responses of vertically loaded footings placed on both sands and clay were analyzed using
the finite element method. The numerical analysis was performed using PLAXIS 2D. The
soil profiles and parameters used in the analysis were based on either in situ tests or
laboratory tests. He was used The Hardening Soil model as a material model to analyze the
soil behavior. Finally, he was concluded that the load-settlement curves obtained from finite
element analysis were compared with those from plate-load tests are well fitted.

Fu et al., (2009) Conducted Discrete Element Simulations of Shallow Plate-Load Tests. He
was simulated Shallow plate-load tests using a two-dimensional discrete element procedure
together with parameters calibrated from a series of biaxial compression experiments on
aluminum rods. In the study the deformation and force transmission characteristics within
ground materials were investigated first, and then attentions were focused on studying the
influences of the interparticle friction coefficient, the roughness of the loading plate, and the
size of loading plate on the testing results, including the ultimate bearing capacity, the
deformation behavior, and the failure mode. He was also analyzed the well-known scale
effect in plate-load tests from the perspectives of both continuum mechanics and discrete
element method simulations. Finally, the result was proven that the nonlinear strength
behavior of the materials beneath the foundation is a possible source of the scale effect;
however, this effect may be counterbalanced by the boundary restriction effect in laboratory

experiments.

Zhang & Zhou, (2020) they were developed a 3D-finite element model using Plaxis 3D
software to simulate the plate load tests and compared the finite element results with those
obtained from experimental tests. For the study Twenty-seven plate load tests were carried
out on three different types of subgrade soils which are collected from different sites in
Kerbala city and tested under static load under three degrees of compaction. The
experimental results were verified numerically using the finite element method. In the
numerical simulation, the Mohr-Coulomb model was used to represent the behavior of soil.

finally, the numerical and experimental results were analyzed and compared and the results
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showed a good agreement with experimental work, also showed the possibility of using
Plaxis 3D in the simulation of the static plate load test.

Naeini & Taherabadi, (2015) conducted three-dimensional simulation of PLT, investigated
by using finite element code, and compares the results obtained from site studies with the
results of the numerical modelling. During verification, it was found that a constant number
must be used to be multiplied in the modulus of elasticity as an input of finite element code
(ABAQUS). This constant is estimated to be 3. Then, the obtained constant was used to
estimate the Ks of another site and the results show that the relation has sufficient accuracy
in soft soils but it cannot be reliable in coarse one. Also, the goal of their research was to
explore the ability of numerical modeling to evaluate the value of Ks without performing

some plate load tests, was achieved.

Ziaiemoayed et al. (2017) Investigated analysis of plate load test results in the case of loose
and dense sandy soil to investigate the effects of chamber dimension on plate load test
results. FLAC3D was used investigated the results of FPLT test numerically. The
experiments conducted on 30x30cm? plate load tests with 1x1x1 m3 chamber show that the
boundary conditions have no significant effect on the results and thus they are applicable to

in situ conditions.

Lee & Salgado (2000) analyzed the FPLT test numerically using 3D finite element program
ABAQUS, to study the size effects of plate resistance for sand soil at different relative
densities. They compared the experimental and numerical results and found a good

agreement with a maximum error of 20% between the results.

Teodoru & Toma (2009) Studied A numerical simulation of plate loading test, in order to
underlines the size effect on settlements and derived values of geotechnical parameters. The
study was based on the comparison between the results obtained by Finite Element Method
(FEM) using the Mohr-Coulomb soil model and by some observations from literature. The
obtained numerical results revealed that the subgrade reaction coefficient is strictly
dependent on parameters like size of the loaded area and loading magnitude, and thus
completely general and generic, and not a fundamental material property of soil that can

somehow be determined rationally, as often one claims to be.
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3 METHODOLOGY
3.1 Method of the study

The aim of this research work is to model the plate load tests using FEM in order to gather
experience on soil behavior and constitutive models and this section consists of the research
methods used to achieve the study's general and specific aims. This research started with
unstructured literature review during proposal preparation: to get an in-depth knowledge of
the subject area attributed to the plate load test and numerical method; to assess the level of
existing knowledge and identify gaps to select thesis topic; and identify suitable research
methods for data collection and analysis. Conceptual and contextual literature reviews were

followed once the main research work is started.
In pursuance of the presented objectives, the following methods were employed:

e A thorough review of current literature and theories was conducted to gain a better
knowledge related to the study area.

e Collection of soil parameters from investigation reports done in the lab and from
field tests, and gathering actual plate load test data are the first and foremost steps
required to start this study. Different correlation techniques are also used to
determine soil parameters that are not included in the soil investigation report.

e Once we get all the required soil parameters, The finite element analysis was
performed using CONNECT Edition 20.04 PLAXIS 2D and CONNECT Edition
20.04 PLAXIS 3D. For both investigations, two primary finite element material
models were incorporated they are Linear elastic and Mohr-Coulomb model.

e Discussed about the comparison of field test and finite element analysis based on the
output of PLAXIS 2D and 3D results.

e Finally, conclusion and recommendation were given on all over the research results.

The data necessary for this study are from Addis Geosystem plc (AGS) and other
acknowledged publications. The entire procedure is summarized on the flow algorithm
below (Figure 3.6):
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Modeling plate load test

Discussion and Comparison

Conclusion and
Eecommendation

Documentation and report

Figure 3.3.1 General flow of work

3.2 Reports used for the study and analysis
In this research study numerical modeling of different plate load test using FEM are modeled
in layered soil profile. The soil parameter used in the modelling and plate load test data are

incorporated from geotechnical site investigation reports.

A geotechnical site investigation is the process of gathering information and assessing the
site's conditions in order to design and construct foundations for various structures such as

buildings, dams, and bridges.

Soil investigation and detailed material report data are the basic input, for the FEM analysis
of different geotechnical problems. Most of geotechnical reports that are usually available
and/or used in current design and construction practices are commonly done with the
intention of determining only the basic soil parameters like cohesion and angle of internal
friction. However other important parameters should be determined to get sufficient input

parameters for the FEM model.
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Availability of such soil data is the main factor governing the selection of the study area of
this thesis. Two different sites are selected with sufficient data and high-quality plate load

tests for this study in various areas of the country, namely:

e Effluent Treatment Plant Project (Sebeta Town, Oromia region)

e Potash Evaporation Pond Design project (Dallol, Afar Region)

3.2.1 Effluent Treatment Plant Project (Sebeta Town, Oromia region)

The investigation work carried out for a proposed Effluent Treatment Plant in Oromia
Region, Alemgena, Jemo-Furi Railway station area. The Geotechnical Investigation was
carried out for Repi Soap and Detergent PLC and Addis Geosystem plc was carried out the
soil investigation task to determine the engineering properties of soil and nature of the

subsurface geological material.

—

Figure 3.2 Partial view of the proposed Effluent Treatment Plant site.

Core drilling of three boreholes up to a depth of 12m, and along with in situ and laboratory
tests has been conducted. Accordingly, the following engineering geological layers have

been identified.

1. Top soil (soft, dark, silty clay with grass roots)
2. Very stiff to hard, light brown, silty clay

Ground water was encountered in all the three boreholes at 1.9m, 2.2m and 2.6m depth in
BH-1, BH-2 and BH-3 respectively. The summarized soil properties of those layers are

shown in Table 3.1
|
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Table 3.1 Description of soil strata (Effluent Treatment Plant Project), (obtained from the

soil investigation report by Addis Geosystems plc)

soft, dark, silty clay with | Very stiff to hard, light
Soil type grass roots at the top. brown, silty clay
Layer Thickness (m) 2.3 15.7
Adjusted N value 11 17
Bulk unit weight () (kN/m?) 17 18
Dry unit weight (yary) (KN/m?) 13.83 13.73
Friction angle (¢) (°) 5 10
Cohesion (c) (kN/m?) 20 27

The Cyclic Plate Load Test was conducted to measure in-situ determination of Bearing
Capacity and Settlement of foundation at proposed foundation level when subjected to the
designed test load and the test was performed according to methods and procedures
described in ASTM - D1194. The test was carried out at one location in a test pit excavated
manually having a plan dimension of 8.0 m X 3.0 m and 1.5m depth from NGL. A 600mm
diameter and 25mm thick plate was used in the test. A wheel loader weighing about 17.5
Tones was used as reaction load. Two cycles i.e., unloading at interval of 1kg/cm2 load
increment was adopted while just unloading gradually at the end of the test was adopted for

the plate load test. The load vs settlement curve of the plate load test is shown in Fig. 3.2.

Load (kN/m?)
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o K~ O
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[EEN
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Figure 3.3 Load —settlement graph, Effluent Treatment Plant Project (from test reports by

Addis Geosystems plc)
. _______________________________________________________________________________________________________________________|
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For further reference on loading test data and borehole log sheets, refer Appendix A

3.2.2 Potash Evaporation Pond Design (Dallol, Afar Region)

Ground Investigation works carried out for Design of Evaporation Pond in Yara Dallol’s
Potash Development project located in Afar National Regional State of Ethiopia. The
purpose of the ground investigation was to explore and evaluate the surface and sub-surface
conditions of the proposed Evaporation Pond area, in order to provide Geotechnical design
parameters for the design and construction of evaporation ponds for the potash Mining

project. Addis Geosystem plc. had carried out the soil investigation task.

Figure 3.4 Close and distant view of Evaporation Pond site

Sixteen boreholes to maximum depth of 20m each were drilled to identify subsurface
conditions and 15 test pits (TP-100 to TP-114) excavated to maximum depth of 3m. And
generally, three distinct geotechnical layers have been encountered in the boreholes which
are repeated at different depths from borehole to bore hole. These layers include

1. Halite,

2. Silty clay/Clayey silt and

3. sandy silt/Silty sand
Ground water was encountered in all test pits and boreholes with water level ranging between
0.10m to 0.80m depths from surface. the summarized soil properties of those layers are
shown in Table 3.2 to Table 3.4.
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Table 3.2 Description of soil strata at TP-100 (Potash Evaporation Pond Design project),
(obtained from the soil investigation report by Addis Geosystems plc)

Soil type

Soft, dark grey Silty
CLAY with some very
thinly bedded halite and

few halite crystals

Dense, dark grey to light grey, thinly
bedded crystalline HALITE
interlayered with soft, dark grey,
thickly laminated silty clay which
mostly coats the halite

Layer Thickness (m)

1.7

7.3

SPT N value

5

40

Table 3.3 Description of soil strata at TP-108 (Potash Evaporation Pond Design project),

(obtained from the soil investigation report by Addis Geosystems plc)

Soil type

Dense, dark grey to light grey, medium to coarse
grained crystalline HALITE interlayered with firm
dark grey very thinly bedded Silty CLAY and thin

layers of gypsum/anhydrite.
Layer Thickness (m) 9
SPT N value 46

Table 3.4 Description of soil strata at TP-112 (Potash Evaporation Pond Design project),
(obtained from the soil investigation report by Addis Geosystems plc)

Soil type

Dense to very dense,
light grey to dark gray
thinly bedded

Firm to stiff, dark
grey Silty CLAY

with some halite

Dense to very
dense, light grey
to dark gray thinly

crystalline HALITE crystals. bedded crystalline
with soft to firm, dark HALITE with soft
gray, very thinly to firm, dark gray,
bedded Silty CLAY. very thinly bedded
Silty CLAY
Layer Thickness (m) 1.6 0.8 6.6
SPT N value 40 33 40

. _______________________________________________________________________________________________________________________|
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Plate load test was carried out to replace field CBR test as it was not available. The test was
carried out as per the test procedures described in ASTM D-1194 (Standard Test method for
Bearing Capacity of Soil for static load and spread footing). The test was conducted at 15
test pit location at natural ground level (TP 100 — TP 114). A 300mm diameter and 25mm
thick plate was used in the test and an excavator weighing about 41.5 Tons was used as
reaction load. The testing load ranges between 75 to 325Kpa. In this study | was allocated
three of them, i.e., plate load tests at TP-100, TP-108 TP-112. The load vs settlement curve
of the plate load test is shown in Fig. 3.3, Figure 3.4 and Figure 3.5
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Figure 3.5 Load —settlement graph of TP-100, Potash Evaporation Pond Design project
(from test reports by Addis Geosystems plc)

Load (kN/m?)
50 100 150 200 250 300 350

o
o

=

—=—Field result

N

w

Settlement (mm)

I

Figure 3.6 Load —settlement graph of TP-108, Potash Evaporation Pond Design project

(from test reports by Addis Geosystems plc)
. _______________________________________________________________________________________________________________________|
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Figure 3.7 Load —settlement graph of TP-112, Potash Evaporation Pond Design project
(from test reports by Addis Geosystems plc)

For further reference on loading test data and borehole log sheets, refer Appendix B

3.3 Correlation and Determination of basic Soil Parameters

The soil investigation results, that have been obtained and are used in this study are tabulated
and shown in the preceding sections. However, almost all the above data are not complete
in terms of the requirement of soil parameters for the numerical analysis. Usually, only basic
soil parameters are likely to be obtained from geotechnical reports. Parameters necessary for
the numerical analyses in this study have been determined in two ways; by taking directly
from the field and laboratory test results and the remaining, perhaps most of the parameters
which could not be obtained directly from the laboratory tests, have been indirectly derived
by using empirical correlations based on the recommendations of different literature,

international geotechnical codes and standards.

3.3.1 Modulus of elasticity (E)

The modulus of elasticity E is a basic parameter that describes the load-settlement behavior
of soils and governs the results of settlement related problems. The use of a practical and
reasonable stiffness values representing the in-situ conditions is of great importance in finite
element analysis for better simulation of the actual condition of the soil. Several methods are
available for estimating the modulus of elasticity of a soil as described. the modulus of
elasticity values which could not be obtained directly from the laboratory tests, will be
indirectly derived by using the following empirical correlations methods
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Empirical formulas of modulus of elasticity equations by several test methods based on
the adjusted SPT Nss value for different types of soil specified in (Bowles, 1996)

For sand

E = 500(N+15) (3.1)
= 7000(N)*? (3.2)
= 6000(N) (3.3)

For gravely Sand

E = 600(N + 6), for N < 15 (3.4)

E = 600(N + 6) + 2000, for N> 15 (3.5)

For clayey sand

E = 320(N+15) (3.6)
For Silts, sandy silt, or clayey silt

E = 300(N+6) (3.7)
Where, N= Nss

Thus, correcting for field procedures, and on the basis of field observations, it appears
reasonable to standardize the field SPT number as a function of the input driving energy and
its dissipation around the sampler around the surrounding soil. SPT N-Value obtained from

field test is corrected by using the following formula by Skempton, (1986)

Where,

EyCpCsCr N
0.6

N60 = (Skempton, 1986) X 3.8

Neo = Corrected SPT N-value for field procedures
En = Hammer efficiency (Table C.1)
Cg = Borehole diameter correction (Table C.1)

Cs = Sampler correction (Table C.1)
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Cr = Rod length correction (Table C.1)
N = Measured SPT N-value in field
This correction is to be done irrespective of the type of soil.

Table 3.5 modulus of elasticity value for Effluent Treatment Plant Project

Layer Description SPT. (Ncor - modulus of elasticity
Thickness values) (E)
(m) (KN/m?)
2.3 soft, dark, silty CLAY with 11 5100
grass roots at the top.
15.7 Very stiff to hard, light brown, 17 6900
silty CLAY

The modulus of elasticity (E) has been determined using Equation 3.7, since is applicable

for Silts, sandy silt or clayey silt of each soil layer.

Table 3.6 modulus of elasticity value for TP-100 (Potash Evaporation Pond Design

project)
modulus of
Layer Description SPT. (Ncor- elasticity (E)
Thickness (m values) (KN/m?)
Soft, dark grey Silty CLAY with
1.7 some very thinly bedded halite 5 3435
and few halite crystals
Dense, dark grey to light grey,
thinly bedded crystalline HALITE
7.3 interlayered with soft, dark grey, 37 13899
thickly laminated silty clay which
mostly coats the halite

The modulus of elasticity (E) has been determined using Equation 3.7, since is applicable
for Silts, sandy silt or clayey silt of each soil layer. And SPT N-value corrected based on
equation 3.8.
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Table 3.7 modulus of elasticity value for TP-108 (Potash Evaporation Pond Design

project)
Layer Description SPT. (Ncor- | modulus of elasticity
Thickness values) (E)
(m (kN/m?)

Dense, dark grey to light grey,

medium to coarse grained crystalline
9 HALITE interlayered with firm dark 42 15534
grey very thinly bedded Silty CLAY
and thin layers of gypsum/anhydrite.

The modulus of elasticity (E) has been determined using Equation 3.7, since is applicable
for Silts, sandy silt or clayey silt of each soil layer. And SPT N-value corrected based on

equation 3.8.

Table 3.8 modulus of elasticity value for TP-112 (Potash Evaporation Pond Design

project)
Layer modulus of
Thickness Description SPT (Ncor | elasticity (E)
(m) - values) (KN/m?)

Dense to very dense, light grey to dark gray
thinly bedded crystalline HALITE with soft to

1.6 firm, dark gray, very thinly bedded Silty 37. 13899
CLAY.
Firm to stiff, dark grey Silty CLAY with some

0.8 halite crystals 30 11610

Dense to very dense, light grey to dark gray

thinly bedded crystalline HALITE with soft to
6.6 firm, dark gray, very thinly bedded Silty 37 13899
CLAY.

The modulus of elasticity (E) has been determined using Equation 3.7, since is applicable

for Silts, sandy silt or clayey silt of each soil layer. And SPT N-value corrected based on

equation 3.8.

. _______________________________________________________________________________________________________________________|
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3.3.2 Shear Strength Parameters

Shear strength parameters, namely, angle of internal friction (¢’) and cohesion (c’) are
determined mostly from the direct shear test result that are taken from samples obtained from
shallow depth. But for layers, where laboratory test results are not available, are estimated

using different correlations techniques.

3.3.2.1  Cohesion (C)

» Correlation method provided by Daniel (2001) has been used to determining cohesion

of soil.
C =-2.2049 + 6.484N for cohesive soils (Kumar et al., 2016) 3.9
C =-16.5 + 2.15N for intermediate soils (Kumar et al., 2016) 3.10

Where N is uncorrected number of blows

3.3.2.2 Internal friction (¢°)
Correlation method provided by Daniel (2001) has been used to determining angle of internal

friction

¢ = 27.12+ 0.2857N, N value (range 4to50) (Kumar et al., 2016) 3.11

Where N is uncorrected number of blows

3.3.3 Saturated and Unsaturated Unit Weight Determination

The saturated unit weight is determined Correlation method provided by B.Peck et al.,
(1974). And the Bulk unit weight is determined from Figure C.1 which are given by Bowles,
(1977).(Caltrans Geotechnical manual, 2021)

For cohesive soil

vsat = 16.8 + 0.15Ng0 (KN/m?) (B.Peck et al., 1974) 3.12

3.3.4 Poisson’s Ratio, v

Poisson's ratio is a characteristic that represents a material's volume change in a direction
perpendicular to the load application. It's the proportion of axial compression to lateral
expansion in soils. For most clay, (Bowles, 1996) recommends a Poison's ratio of 0.4 to 0.5,
and 0.2 to 0.4 for medium to dense cohesiveness less soil. As a result, for the numerical
analysis of this study, typical values of 0.4 and 0.3 were used from Table C.2 given by
(Bowles, 1996).
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3.3.5 Dilatancy angle (y)
As an attempt to improve the result of the analysis the value of the angle of the dilatancy, v,
for clays are (v ~ 0) and for non-cohesive soils (sand, gravel) with the angle of internal

friction ¢ > 30° the value of dilation angle was estimated as y = ¢ - 30°.

3.4 PLAXIS Software and Procedure

The two-dimensional and three-dimensional finite element program PLAXIS is used to
simulate the plate load test. To carry out a finite analysis using PLAXIS the software requires
the following parameters to model the problem; which are excavation width & depth, plate
dimension, soil and interface properties such as material model type, unit weight, young’s
modulus, Poisson’s ratio, cohesion, friction angle, dilatancy angle and interface reduction
factor. A finite element mesh has been created and the material properties and boundary
conditions are specified. To set up a FEM, geometry model composed of points, lines and
other components has been created in the XY-plane for PLAXIS 2D and XYZ-plane
PLAXIS 3D. The finite element mesh was generated in PLAXIS after the material properties
and boundary conditions are assigned. For the generation of mesh, it is advisable to set the
Global coarseness to fine. Then finally the initial conditions are generated and simulation is
followed by one or more further analysis stages, each of which is coupled with a specific

procedure that specifies the kind of analysis to be conducted.

3.4.1 Inputs

Foundation soil:

In this project, two case studies was done from different places. For the first case from
Ethiopia, Oromiya Region, Alemgena area, Sebeta Woreda, 08 Kebele, around Jemo-Furi
Railway Station, black cotton soil at the top and expansive silty CLAY soil; for second case
from Dallol, Afar Region, Danakil Depression, Ethiopia, it is Halite, Silty CLAY/Clayey
SILT and sandy SILT/Silty SAND soil. The Mohr - coulomb soil model was used to

represent the soil for all cases.
Plate:

The PLAXIS program allows for elastic or Elasto-plastic material behavior in plate or
footing elements. In these cased, elastic plate elements are used. Different sizes of footings
or plates are used according to the case studies.
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Loading:

The distributed load A is applied vertically in the plate for the simulation of bearing capacity

and settlement of the plate.
Interfacial strength:

The purpose of interface element is to simulate the relative friction between plate and soil.
According to (CONNECT Edition 20.04 PLAXIS 3D-Reference Manual, 2020) the
roughness of the interaction is modeled by selecting an appropriate value for the strength
reduction factor (Rint) in the interface. If there is no relative sliding between the soil and
plate, Rint = 1. If the deformation or sliding of plate is more than the soil body, Rint < 1. Rint

=1 is used in the model.

3.4.2 Procedure and Simulation

The procedures in numerical simulation for steel plates from different case studies are done
by excavating to the foundation level and placing the plate above it. During construction
stage, the plate and load are activated. The incremental load is applied on the plate and
performing staged construction by increasing load with each step increment until failure and
extracting settlement contour at the founding level a pressure-settlement curve can be
attained to ultimately evaluate the bearing capacity and subgrade coefficient for that set of

soil parameters and plate system.

3.5 Comparison between PLAXIS 2D & 3D results with field

measurements
The output obtained from numerical simulation of the plate load test using PLAXIS 2D &
3D is analyzed and plotted in load-settlement curve is compared with measured load-

settlement curve in the field.
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4 FINITE ELEMENT MODELING

4.11Introduction

In this chapter numerical modeling procedure of different plate load test in layered soil
profile are presented. Finite element method could be used to simulate the plate load test.
Selecting an appropriate constitutive model has a significant influence on the accuracy of
the solutions. In the analysis plaxis software (i.e., two dimensional and three-dimensional)
used and for modeling two material models were used i.e., linear elastic for plate and Mohr-
Coulombs for soils.

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. And in
order to have good modeling it is necessary to carry out preliminary check that is sensitivity
analysis such as mesh, geometry distance to the boundary to ensure the accuracy of

numerical modeling.

4.2 Model generation using PLAXIS

To simulate plate load test, an attempt was made using numerical modeling and analyze
using finite element software packages CONNECT Edition V20.02 PLAXIS 2D and
PLAXIS 3D. The input techniques, mesh generation, and analysis steps of a PLAXIS model
used in this work are depicted below.

4.2.1 Geometric modeling

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)
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.
Because the reaction forces and displacement created at these borders can affect the impact
of 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
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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.

Practically the sensitivity analysis was carried out on the model for both side and bottom
boundary. The plate and the soil make up the model. The diameter of the plate, D, defines

the rest of the geometry.

Because findings in plate settlement assessments done with closer limitations have been
influenced by the distance between the symmetry axis and the vertical outer boundary, it
should be equal to or greater than 50 x radius of loading plate in horizontal direction and 60
x radius of loading plate in vertical direction in order to reduce an effect of boundary
conditions (Fengier et al., 2013). This restriction will be applied in every example studied,
and it is especially important because the geometry size has a significant impact on plate

settling findings.

30D

]

} -
X

| 25D

Figure 4.1 Geometry of the model (PLAXIS 2D).

5oV

Figure 4.2 Rectangle and soil block (PLAXIS 3D).
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The acceptance of geometry of the model was assured by varying horizontal and vertical
boundaries in terms of plate diameter (D) for the same applied load and the following result

obtained

20
15.75
19.5

15.25
—o— Seriesl

Uz (mm)

19
18.75

18.5
0 oD 20D 30D 40D 50D 60D

X&Y

Figure 4.3 Settlement versus horizontal boundary in terms of D
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4.25

—— Seriezl
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0 10 20 30D A0 500D &00)
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Figure 4.4 Settlement versus vertical boundary in terms of D

From figure 4.3 and 4.4 it is concluded that the distance between the symmetry axis and the
vertical outer boundary, should be equal or higher than 25D and the distance between the
surface and the rigid layer, should be equal or higher than 30D. It is observed that plate
settlement results have been affected when analyses performed with closer limits.

. _______________________________________________________________________________________________________________________|
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4.2.2 Boundary Condition (fixities)

To depict the actual situation, appropriate boundary conditions (both essential and natural)
must be applied during modeling. Fixities, loads, and regulated displacements were all part

of this and default boundary conditions are automatically applied in plaxis.

Plaxis 2D

The geometric boundaries were horizontally constrained on the left and right sides (ux = 0

and uy = free) and entirely fixed (ux = uy = 0) at the bottom of the geometry in the models.

Plaxis 3D

o Vertical model boundaries with their normal in x-direction (i.e., parallel to the yz-
plane) are fixed in x-direction (ux = 0) and free in y- and z-direction.

o Vertical model boundaries with their normal in y-direction (i.e., parallel to the xz-
plane) are fixed in y-direction (uy = 0) and free in x- and z-direction.

« Vertical model boundaries with their normal neither in x- nor in y-direction are fixed
in x- and y-direction (ux = uy = 0) and free in z-direction.

e The model bottom boundary is fixed in all directions (ux = uy = u; = 0).

e The 'top surface' is free in all directions.

top surface: free

l

| model boundary model boundary

i in xz-plane: in yz-plane:

| Uy = 0, Ux = O,

| uxand u: are free uy and u: are free

bottom: fully fixed (u« = uy = u. = 0)

Figure 4.5 Boundary condition in plaxis 3D
. _______________________________________________________________________________________________________________________|
Adama Science and Technology University 31



4.2.3 Material Modeling

Plaxis distinguishes between soil data sets and loading plates data sets. Table 4.1, Table 4.2,
Table 4.3 and Table 4.4 shows the soil properties of each project site used for modelling.
And the properties of the loading plate are presented in Table 4.5. The Mohr coulomb soil

model for soil and linearly elastic model for plate was used for this study.

Table 4.1 Summary of soil input parameters for Effluent Treatment Plant Project

soft, dark, silty CLAY | Very stiff to hard, light
Soil type with grass roots at the | brown, silty CLAY
top.
Material depth(m) 2.3 9.7
Model MC MC
Adjusted N value 11 17
Bulk unit weight (y) (kN/m?3) 17 18
Dry unit weight (yary) (KN/m?) 13.83 13.73
Saturated unit weight (ysat) (KN/m?®) 18.27* 18.03*
Friction angle (¢) (°) 5 10
Cohesion (c) (kN/m?) 20 27
Poisons ratio (v) 0.3* 0.3*
Dilatancy angles () 0* 0*
Modulus of elasticity, (E) (kN/m?) 5100* 6900*
R interface 1.0* 1.0*

The entry * indicates indirectly derived by using charts, tables and empirical correlation

. _______________________________________________________________________________________________________________________|
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Table 4.2 Summary of soil input parameters for Potash Evaporation Pond Design project

(TP-100)

Soil type

Soft, dark grey
Silty CLAY
with some very
thinly bedded
halite and few

Dense, dark grey to light grey,
thinly bedded crystalline
HALITE interlayered with soft,
dark grey, thickly laminated
silty clay which mostly coats

halite crystals the halite
Material depth(m) 1.7 7.3
Model MC MC
SPT N value 5 40
Adjusted Neo value 5 37
Bulk unit weight (y) (kN/m?3) 16.9* 20.42*
Saturated unit weight (ysa) (KN/m®) 17.55* 22.3*
Friction angle (¢) (°) 28.5* 38.5*
Cohesion (c) (kN/m?) 30* 69.5*
Poisons ratio (v) 0.3* 0.3*
Dilatancy angles () 0* 8.5*
Modulus of elasticity, (E) (kN/m?) 3435* 13899*
R interface 1.0* 1.0*

The entry * indicates indirectly derived by using charts, tables and empirical correlation
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Table 4.3 Summary of soil input parameters for Potash Evaporation Pond Design project

(TP-108)
Dense, dark grey to light grey, medium to coarse
grained crystalline HALITE interlayered with firm
Soil type dark grey very thinly bedded Silty CLAY and thin

layers of gypsum/anhydrite.

Material depth(m) 9

Model MC

unadjusted N value 46

Adjusted N value 42

Bulk unit weight (y) (kN/m?) 20.42*

Saturated unit weight (ysat) (KN/m?®) 23*

Friction angle (¢) (°) 40*

Cohesion (c) (kN/m?) 82.4*

Poisons ratio (v) 0.3*

Dilatancy angles (y) 10*

Modulus of elasticity, (E) (kN/m?) 15534*

R interface 1.0*

The entry * indicates indirectly derived by using charts, tables and empirical correlation

. _______________________________________________________________________________________________________________________|
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Table 4.4 Summary of soil input parameters for Potash Evaporation Pond Design project

(TP-112)
Dense to very Firm to Dense to very
dense, light grey | stiff, dark | dense, light grey to
to dark gray grey Silty dark gray thinly
thinly bedded CLAY bedded crystalline
crystalline with some | HALITE with soft
Soil type HALITE with halite to firm, dark gray,
soft to firm, dark | crystals. | very thinly bedded
gray, very thinly Silty CLAY
bedded Silty
CLAY
Material depth(m) 1.4 1.6 6
Model MC MC MC
uncorrected N value 40 33 40
corrected N value 37 30 37
Bulk unit weight (y) (kN/m®) 20.42* 20* 20.42*
Saturated unit weight (ysat) 22.3* 21.3* 22.3*
(KN/m?)
Friction angle (¢) (°) 38.5* 36.5* 38.5*
Cohesion (c) (KN/m?) 69.5* 54.45* 69.5*
Poisons ratio (v) 0.3* 0.3* 0.3*
Dilatancy angles (y) 8.5* 6.5* 8.5*
Modulus of elasticity, (E) 13899* 11610* 13899*
(kN/m?)
R interface 1.0* 1.0* 1.0*

The entry * indicates indirectly derived by using charts, tables and empirical correlation
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Table 4.5 summary of material properties of the loading plate

Parameters Name Steel plate Unit
Diameter D 300,600 Mm
Thickness d 0.025 M
Elastic modulus E 200 GPa
Poisson’s ratio % 0.33

Type of behavior Type Elastic, isotropic

Unit weight v 78.5 KN/m?
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Figure 4.6 Borehole and Soil Parameters Definition

4.2.4 Mesh Generation

The finite element numerical approach is based on the discretization of a continuous into
finite elements, with each element's behavior or actions described and then connected to
represent the continuum. Different sorts of elements, such as a beam, shell, or solid, as well
as different types of forms, such as triangular, quadrilateral, and tetrahedral, can be employed
in FE discretization, depending on the nature of the project. The 4th order 15-node triangular
element for 2D model and 10-node tetrahedral element for 3D model were used in this study.

In general, decreasing element size and increasing the order of interpolation improves the

36
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accuracy of the answer (i.e., quadratic is more accurate than linear). However, when the
element size decreases and the sequence of interpolation increases, the computation time
increases (CONNECT Edition 20.04 PLAXIS 3D-Reference Manual, 2020).

A mesh sensitivity analysis was used to explore the impact of the number of elements on the
accuracy of the finite element model. Here, one of the models is chosen, and the influence
of mesh size adjustments on model output outcomes is compared. The mesh size is very
coarse, coarse, medium, fine and very fine.

Table 4.6 Effect of the mesh size changes on the 75 kN/m? and 325 kN/m? of the load
displacement (PLAXIS 3D)

Settlement for 75 kN/m? load Settlement for 325 kN/m? load Mesh size
4.35 mm 19.65 mm Very course
4.29 mm 19.64 mm course
4.28 mm 19.48 mm Medium
4.15 mm 18.67 mm fine
3.98 mm 17.61 mm Very fine

Load (kN/m?)

0 100 200 300 400

0

5 insitu result
c very fine
§ 10 fine
S medium
1&) coarse
© 15 ——Very coarse
(9p]

20

25

Figure 4.7 Effect of the mesh size changes
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From Figure 4.8 it is concluded that very fine mesh size has better accuracy compared to
field test, but has longer computational time and memory consumption. so, in order to avoid

such difficulty, | was used fine mesh size for all the subsequent FEA.

Figure 4.8 PLAXIS 2D finite element mesh generation

Figure 4.9 PLAXIS 3D finite element mesh generation
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4.2.5 Analysis Steps
The general analysis step, which can be used to analyze linear and or non-linear response, is
selected for the analysis, (CONNECT Edition 20.04 PLAXIS 3D-Reference Manual, 2020).

The initial step and the analysis step are two types of analysis steps. Plaxis adds a separate
initial phase at the start of the model step that allows you to declare boundary conditions and
predefined fields. The analysis phase is followed by one or more further analysis stages, each
of which is coupled with a specific procedure that specifies the kind of analysis to be
conducted. Different analytical processes were used in this work to imitate actual plate
loading tests, as shown below:

1. [Initial stress condition (geostatic condition)

The actual in situ stress initial condition of the soil mass is simulated in this step. Equilibrium

condition of the internal stress is checked here.
2. Excavation:

In this step soil excavation for the plate to be installed are modelled and simulated by
deactivating the corresponding finite elements in the model. When the elements are
deactivated in the analysis, the contribution of mass and stiffness of that element is removed
from the global Mass and Stiffness matrix. The excavated soil above the foundation level

was removed in this step-in order to account the relief pressure.
3. Plate installation:

In this step installation of the test plate and interface is simulated by putting in place finite
elements representing the plate at the location where the preceding step performed removal

of soil elements.
4. Loading:

In this step the test loads are applied in incremental manner to simulate the actual plate load

test procedures.

Adama Science and Technology University 39



5 RESULT DISSCUTION AND PARAMETRIC STUDY

5.1Presentation of results

In order to see if a finite element model could be used to simulate the plate load test and to
determine the validity of the finite element models used to predict the overall behavior of
the field plate bearing test a total of eight finite element modeling has been carried out for
plate load test at Effluent Treatment Plant Project and Potash Evaporation Pond Design

project using PLAXIS 2D and PLAXIS 3D. some of those model results are given below:

5.1.1 Finite Element Analysis result of a plate load test Using PLAXIS 2D
5.1.1.1  Effluent Treatment Plant Project

The tests were conducted using diameter of 0.6m steel plate. Due to this the geometry

dimension of the model is 15m in horizontal and 18m in vertical direction.

18m
Y A
35 -
X

15m

Figure 5.1 Geometry of the model, D=0.6m.
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Figure 5.2 Settlement contours of Effluent Treatment Plant Project soil for maximum test

load
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Figure 5.3 load-settlement curve from 2D FEA for Effluent Treatment Plant Project
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5.1.1.2  Potash Evaporation Pond Design project
The tests were conducted using diameter of 0.3m steel plate. Due to this the geometry

dimension of the model is 7.5m in horizontal and 9m in vertical direction.

LU

9m

Yt
5 -

X
T.5m

Figure 5.4 Geometry of the model, D=0.3m.
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Figure 5.5 Settlement contours of Potash Evaporation Pond Design project @ TP-100 soil

for maximum test load
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Figure 5.6 Settlement contours of Potash Evaporation Pond Design project @ TP-108 soil

for maximum test load
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Figure 5.7 Settlement contours of Potash Evaporation Pond Design project @ TP-112 soil
for maximum test load
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Figure 5.8 load-settlement curve from 2D FEA for TP-100, Potash Evaporation Pond
Design project
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Figure 5.9 load-settlement curve from 2D FEA for TP-108, Potash Evaporation Pond

Design project
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Figure 5.10 load-settlement curve from 2D FEA for TP-112, Potash Evaporation Pond

Design project

5.1.2 Finite Element Analysis result of a plate load test Using PLAXIS 3D
5.1.2.1  Effluent Treatment Plant Project

The tests were conducted using diameter of 0.6m steel plate. Due to this the geometry

dimension of the model is 30m in horizontal (X and Y) direction and 18m in vertical

direction.

Figure 5.11 Geometry of the model, D=0.6m.
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Figure 5.12 Settlement contours of Effluent Treatment Plant Project soil (cross section) for

maximum test load
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Figure 5.13 load-settlement curve from 3D FEA for Effluent Treatment Plant Project
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5.1.2.2  Potash Evaporation Pond Design project
The tests were conducted using diameter of 0.3m steel plate. Due to this the geometry

dimension of the model is 15m in horizontal (X and Y) direction and 9m in vertical direction.

Figure 5.14 Geometry of the model, D=0.3m.

[¥10° m]
1.00

-1.00
-3.00

-5.00

-7.00

-9.00

-11.00
L -13.00
X -15.00

l -17.00

-19.00

Total displacements u, (scaled up 50.0 times) (Time 75.00 min)
Maximum value = 0.000 m

Minimum value = -0.01880 m

Figure 5.15 Settlement contours of TP-100 soil (cross section) for maximum test load
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Figure 5.16 Settlement contours of TP-108 soil (cross section) for maximum test load
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Figure 5.17 Settlement contours of TP-112 soil (cross section) for maximum test load

Adama Science and Technology University 48



Load (kN/m?)
0 50 100 150 200 250 300 350

0
4
e
E
)
S 8 —=— Plaxis 3D result
&
£
=
3 12
16
20

Figure 5.18 load-settlement curve from 3D FEA for TP-100, Potash Evaporation Pond

Design project
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Figure 5.19 load-settlement curve from 3D FEA for TP-108, Potash Evaporation Pond
Design project
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Figure 5.20 load-settlement curve from 3D FEA for TP-112, Potash Evaporation Pond

Design project

5.2Validation of FEM Result

The validation is carried out to evaluate the efficiency analysis of the numerical results using
the program for predicting the behavior of the experimental data. The case study for
validation was selected from the field tests performed by Addis geosystem plc. And to carry
validation the load-settlement response obtained from both PLAXIS 2D and 3D numerical
analysis is compared with experimental test, shown in Figure 5.21 to Figure 5.24 and
Comparison of finite element analysis results with field plate load test was made basing on

vertical settlement corresponding to maximum, shown Table 5.1.

5.2.1 Effluent Treatment Plant Project
Plate is loaded up to 200 KN/m? load. The stage wise loading is applied by load increments

of 100 and 200 kN/m? at the plate and the observed settlement for the corresponding loads

was plotted.
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Figure 5.21 The load-settlement response of experimental test and finite element analysis

of the Effluent Treatment Plant Project

5.2.2 Potash Evaporation Pond Design project
Plate is loaded up to 325 kN/m? load. The stage wise loading is applied by load increments

of 75,125,200,250 and 200 kN/m? at the plate and the observed settlement for the
corresponding loads was plotted.
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Settlement (mm)

16
20

24

Figure 5.22 The load-settlement response of experimental test and finite element analysis
of the Potash Evaporation Pond Design project, @ TP-100)
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Figure 5.23 The load-settlement response of experimental test and finite element analysis

of the Potash Evaporation Pond Design project, @ TP-108)
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Figure 5.24 The load-settlement response of experimental test and finite element analysis

of the Potash Evaporation Pond Design project, @ TP-112)

From the above load settlement plot (Figure 5.21 to Figure 5.24), It can be seen that the
experimental and the numerical curve are more or less similar for the plate load test

investigated.
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Comparison of finite element analysis results with field plate load test was made basing on
vertical settlement corresponding to maximum test load (ultimate load up to which the plate
load test was carried out) 200 kN/m? for Effluent Treatment Plant Project and 325 kN/m? for
Potash Evaporation Pond Design project and presented in a tabular form as shown in Table
5.1

Table 5.1 Comparison of vertical settlement 2D, 3D and field test

Vertical settlement (mm) Difference Difference

project Field | Plaxis Plaxis | (%) of plaxis | (%) of plaxis

result 2D 3D 2D with field | 3D with field
analysis | analysis result result
Effluent Treatment Plant | 23.12 24.6 22.12 6.01 -4.52
Potash TP-100 | 17.38 | 21.14 18.5 17.79 6.05
Evaporation | TP-108 | 4.46 4.7 4.14 5.12 -7.73
Pond Design | TP-112 | 7.04 7.79 6.87 9.63 -2.47

As it is shown in Table 5.1, the difference value obtained from the finite element analysis
and field plate load test for the Effluent Treatment Plant project is 6.01 % and -4.52 % using
plaxis 2D and 3D respectively. From the same table, difference value obtained from the finite
element analysis and field plate load test for the Potash Evaporation Pond Design project at
TP-100, TP-108 and TP-112 are 17.79 %, 5.12 % and 9.63 % respectively using plaxis 2D
and 6.05 %, -7.73 % and -2.47 % respectively using plaxis 3D. Here the positive %age
difference value shows that the percentage increase in Plaxis with that of field result and the

negative values shows that increase in field result than that of the Plaxis.

The result of the two — dimensional and three — dimensional models are close to field test
results. thus, the results of the Plaxis program fit with measured results and the finite element
results is validated. For all plate load test, numerical analysis results obtained using PLAXIS
3D shows a closer result towards the actual load test as compared with the other results
obtained using PLAXIS 2D. It is very clear that the above correlation techniques and FEM
analysis models i.e., Linear Elastic & Mohr- Coulomb models are the best models to predict
realistic load- settlement behavior of plate load test. But it is necessary to perform more

analyses of static plate load test to give general recommendation.
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5.3 Parametric study

The results of plate-load tests are influenced by many factors, including the soil modulus of
elasticity, soil internal angle of friction, cohesion of soil, dilatancy angle of soil, Poisson
ratio of soil, plate size and roughness of the loading plate. However, studying the effects of
these factors is not so easy in field tests. In this thesis study the effect of variation of the such
parameters on the load-settlement behavior of plate load test is conducted and the results are

shown below.

5.3.1 Effect of Plate Size

Plate load test at Potash Evaporation Pond Design project, TP-100 has been chosen to carry
out this study to evaluate the influence of plate loading test size on the finite element analysis
of soil. In each numerical test, the plate size was allowed to fluctuate while the other factors
were maintained constant to isolate the influence of size. Five finite element calculations
were done to expand the connection between applied pressure and settlement, as shown in
Figure 5.36, and different values of plate size were explored in order to study the influence
of plate size on the soil. This parameter has been set to diameter 0.3m,0.4m,0.5m,0.6m, and
0.7m.

Total displacemants u, (scaled up 50,0 times) (Time 75.00 min)

Maximum visle = 0,000 m
Minimum value = -0,01680 m

Figure 5.25 Distribution of deformations in soil for D=30cm
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Total displacements u, (scaled up 50.0 times) (Time 75.00 min)
Maimunm val le = 0.000 m

Minimum value = 003967 m

Figure 5.26 Distribution of deformations in soil for D=70cm
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Figure 5.27 Relationship between load & settlement for different plate size

Figure 5.27 presents the relationship between load and settlement for different plate
dimension under same load per unit area and soil condition. It is observed from the above
figure that for large plate diameters, settlement increases proportionally with the size of the

plate dimensions.

Figure 5.25 and Figure 5.26 show the Distribution of deformations in soil obtained from the
numerical investigation at maximum testing load using different plate dimension and it
observed that the larger the plate size, the larger the deforming soil mass beneath the plate,
which results in larger settlements. It is thus imperative that the size of plate is chosen

carefully taking into account the site-specific project requirements.
. _______________________________________________________________________________________________________________________|
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5.3.2 Effect of Plate Roughness

Not only the interparticle friction coefficients but also the friction between the loading plate
and underlying granular particles has an appreciable influence on the test results. Interface
element is used to simulate the relative friction between plate and soil. According to
(CONNECT Edition 20.04 PLAXIS 3D-Reference Manual, 2020) the roughness of the
interaction is modeled by selecting an appropriate value for the strength reduction factor (R

inter) N the interface.

The interface strength i.e., Rint varies between 0 to 1, O represents smooth interface (i.e., no
shear strength is developed), and 1 represents rigid interface (i.e., no relative displacement
between the layers). In practical (on field), the interface lies between the 0 and 1. The Rint is
evaluated in the laboratory using direct shear test or may be decided based on the type of the

soil (engineering judgment helps).

Load (kN/m?)
0 50 100 150 200 250 300 350

(BN
o

Smooth plate

Settleemnt (mm)
H
(@) ]

N
o

—e—Rough plate

N
a1

30

Figure 5.28 Comparison of FEM results based on smooth and rough plates

Figure. 5.28 compares the numerical results obtained from FEM plate-load tests performed
with smooth and rough plates. It can be seen that the settlement is higher when the loading
plate is smooth than those with a rough plate. And in numerical modelling, it is necessary to
take into account the coefficient of strength reduction in the interface in order to correctly

simulate moving contact between the structure and the soil.

. _______________________________________________________________________________________________________________________|
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5.3.3 Effect of Soil Modulus of Elasticity

Parametric study on the FEM analysis has been carried out by varying modulus of elasticity
of the soil layers. For this study only the analysis done using 3D plaxis has been considered
on selected plate load test i.e., TP-100 Potash Evaporation Pond Design project. The effect
of changing the soil modulus of elasticity on the load settlement response is shown in Figure
5.29.

Load kN/m?
0 100 200 300 400

—e—E=Eo initial condition
increasing E to 2Eo upto depth =B
increasing E to 2Eo upto depth = 2B
increasing E to 2Eo upto depth = 3B
increasing E to 2E0 upto depth = 4B
increasing E to 2Eo upto depth = 5B
——increasing E to 2Eo upto depth = 6B

Settlement (mm)
[ =Y
N (o]

[EEN
(o]

20

Figure 5.29 Effect of elastic modulus of soil below of bottom of plate (2E)

Figure 5.29 presents the relationship between load and settlement for varying parameter
modulus of elasticity of the soil located below the base of the plate up to depth six times of
plate width (6B) under same load per unit area and other soil condition. It is observed from
the above Figure that for modulus of elasticity, settlement decrease proportionally with the
increase of the elastic modulus of soil located below the base of the plate up to depth two
times of plate width (2B) and settlement have no significant change with the increase of the
modulus of elasticity of soil below depth greater than two times plate width (2B). this result
shows that increasing elastic modulus of soil located below depth greater than two times
plate width (2B) from the base of plate do not contribute much to load settlement behavior
of plate load test and demonstrates that the FPLT results can determine the character of soil
located within a depth of less than two times the width of the bearing plate.

. _______________________________________________________________________________________________________________________|
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5.3.4 Effect of Soil Angle of Internal Friction

Effect of friction angle of a soil, ¢, on the load settlement graph of a soil model was seen by
varying values of the friction angle as ¢, 1.2¢, 1.5¢ and 2¢. For this study only the analysis
done using 3D plaxis has been considered on selected plate load test i.e., Effluent Treatment

Plant project. The result is presented in Figure 5.30 below.

Load (kN/m?)

0 50 100 150 200 250
0
4
€ N
£ v
- 8
—— =
CRYP ¢ = ¢0
R ¢ =1.2¢0
= 1.6¢0
16 ¢ ¢
¢ =2¢0
20
| J
24

Figure 5.30 influence of angle of internal friction on the load settlement relationship

Figure 5.30 Presents the relationship between load and settlement for varying parameter
internal friction angle. It is observed that increasing the friction angle of a soil increase in
resistance for a given settlement. The nature of the graph in the elastic deformation remains

the same for all the cases of ¢ taken for the parametric study.

5.3.5 Effect of Soil Cohesion

Effect of cohesion of a soil, C, on the load settlement graph of a soil model was seen by
varying values of the cohesion as Co, 1.5Co and 2Co. For this study only the analysis done
using 3D plaxis has been considered on selected plate load test i.e., Effluent Treatment Plant
project. The result is presented in Figure 5.31 below.
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Figure 5.31 Influence of cohesion of soil on the load settlement relationship

The effect of variation soil cohesion on load against the settlement curve is shown in Figure
5.31, and it is obvious that the settlement decreases significantly with variation cohesion of
soil from (C = Co to C = 2Co).

5.3.6  Effect of Soil Dilatancy

Effect of soil dilatancy, y, was assessed by examining the load settlement response for
varying soil dilatancy. To study this, plate load test TP-100 from potash evaporation pond
design project is taken. Different values of v, ranging from y = 0 to v = ¢ has been taken

and the corresponding effect on load settlement curve is shown in Figure 5.32.

Load (kN/m?)
0O 100 200 300 400 500 600 700

0

10
g 20 >
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C _
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E ~2/34
2, y
» 40 v=¢

50

Figure 5.32 Influence of dilatancy angle of soil on the load settlement relationship
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Figure 5.32 present the effect of variation soil dilatancy angle on load against the settlement
curve, it is observed that resistance for a given settlement in the non-dilatant soil (y = 0)
decreased, which means varying values of the dilatancy angle of soil from (y =0 to v = ¢)

increase in the resistance force.

5.3.7 Effect of Soil Poisson’s Ratio

The effect of Poisson’s ratio of soil on the load settlement response of plate load test was
seen by varying values of the Poisson’s ratio of soil from (0.25 to 0.4). For this study only
the analysis done using 3D plaxis has been considered on selected plate load test i.e., Effluent

Treatment Plant project. The result is presented in Figure 5.33 below

Load (kN/m?)
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= \ ] v=03
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Figure 5.33 Influence of Poisson’s ratio of soil on the load settlement relationship

The effect of Poisson’s ratio of soil on the load settlement response of foundation is shown
in Figure 5.32, it was observed that the effect is slight at small settlements of the plate,
whereas it showed significant effect at large settlements. It seems that increasing of

Poisson’s ratio from (0.25 to 0.4) decrease gradually the settlement.

Adama Science and Technology University 60



6 CONCLUSION AND RECOMMENDATION

6.1 Conclusions
It has been shown that it is possible to simulate load-settlement behavior of field plate load.
This has been implemented using the PLAXIS 2D and PLAXIS 3D software packages. The

following are some general conclusions made from the findings:

e Numerical simulations of plate load test in both PLAXIS 2D and PLAXIS 3D is an
efficient way to evaluate the load-settlement behavior and gives the best convergence to
test results.

e The models incorporated in FEM which are Mohr-Coulomb for soils and linear elastic
for plate perfectly validated/simulated the plate load test results.

e Understanding and selection of the appropriate material model and input parameters for
FEM are extremely important and will badly affect the results if not given proper
consideration.

e It is concluded that the distance between the symmetry axis and the vertical outer
boundary, should be equal or higher than 25D and the distance between the surface and
the rigid layer, should be equal or higher than 30D. It is observed that settlement results
have been affected when analyses performed with closer limits.

e The results observed with plate load test models in PLAXIS 3D are comparably better
as of PLAXIS 2D models.

e FEA plate-load tests with different sizes of loading plates show that proportional increase
in the settlement with increasing a plate width. The larger the plate size, the larger the
deforming soil mass beneath the plate, which results in larger settlements.

e The settlement is higher when the loading plate is smooth than those with a rough plate.

e Settlement decreases proportionally with the increase of the elastic modulus of soil
located below the base of the plate up to depth two times of plate width (2B) and
settlement have no significant change with the increase of the modulus of elasticity of
soil below depth greater than two times plate width (2B). This result shows that
increasing elastic modulus of soil located below depth greater than two times plate width
(2B) from the base of plate do not contribute much to load settlement behavior of plate
load test and demonstrates that the field plate load test results can determine the character

of soil located within a depth of less than two times the width of the loading plate.

Adama Science and Technology University 61



e Increasing the friction angle of a soil increase in resistance for a given settlement. The
nature of the graph in the elastic deformation remains the same for all the cases of ¢
taken for the parametric study.

e Settlement decreases significantly with increase cohesion of soil.

e Increasing values of the dilatancy angle of soil from (y = 0 to y = ¢) increase in the
resistance force i.e., resistance for a given settlement in the non-dilatant soil (v = 0) is
small,

¢ Increasing of Poisson’s ratio decreases gradually the settlement. The effect is slight at

small settlements of the plate, whereas significant effect at large settlements.

. _______________________________________________________________________________________________________________________|
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6.2 Recommendation

This study addresses a number of issues and draws several useful conclusions. However,
there are some limitations in the analyses and unresolved issues that merit further
investigation. These limitations are presented here, together with some recommendations for

future work.

e The majority of soil characteristics necessary for numerical analysis in this study are
collected by correlation approaches described in various literatures. Only a few
parameters are directly derived from the test results. This is owing to a lack of appropriate
laboratory and field test findings for the various soil layers at various depths. This might
be cited as a severe disadvantage in this study. A better FEM simulation result might
have been produced if most soil characteristics were acquired directly from laboratory
and field test data.

e Other FEM software like Abaqus, ANYSIS, and so on can be used for analysis.

e Other than Mohr-Coulomb model, advanced soil models such as Hardening Soil model,
Soft Soil Creep model and user defined models can be used.
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Appendix - A Sub soil profile, Bore log data and FPLT data for Effluent
treatment plant project

APPENDIX

SILICATE LUMP STORAGE

I\ SERT-SOIL ELECTRICAL RESISTIMITY TEST
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Figure A.1 Site Plan Showing Location of boreholes, test pits, and CPLT Locations of

Adama Science and Technology University

Effluent Treatment Plant Project.



jue|d Jusuwiesa | Jusanyy Iosfoad

oy ey 0 AG pencaddy

£-HE ONY ZHE LH!
yBnouy uoiRes §80LD 18|

Wi Aa

‘07 uelisyap pue deos Kay - INSIO

. ‘DN SNALSASORD SI0AY
mijwaL womsIeS : Ag smusq AB NOLLVDILS3ANI T¥DINIHOILOZD

171S A=hejo
|I0S U002 Yoe|g

puaban

0€659%
1

01659%
1

£He

HRRAT RN

I

S N M ¥ OV @ N D D

B6L0T 280 |eg

uonoas ss0.1) 2160j099 BMIL

Loy obey

071d SW3L1SASO3IO s1aav

R ———
BSWALSAS OID SIO0Y

‘l@‘

Figure A.2 geological cross section of Effluent Treatment Plant Project.
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Figure A.3 Borehole log data for working plate load test, Effluent Treatment Plant Project
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Figure A.4 Laboratory Test Results, Effluent Treatment Plant Project
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Figure A..5 Plate load test data, Effluent Treatment Plant Project
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Appendix - B Sub soil profile, Bore log data and FPLT data for Potash

Evaporation Pond design project

Evaporation pond area proposed Test pits and horehols location
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Figure B.6 Site Plan Showing Location of boreholes, test pits, and FPLT Locations of

potash evaporation pond design project

Adama Science and Technology University Vi



'@”- ADDIS GEOSYSTEMS PLC SHEET 10f1
wcesseosseey  Tittle: BOREHOLE LOG SHEET BH No: 14
PROJECT: Dalol Potash Development project BORING TYPE : Rotary Coring
LOCATION : Dalol-Pond Area GROUND WATER LEVEL : 0.1m
CLIENT : Yara Dalol B.\V BH COORDINATES : N-1575650, E-636200
DATE STARTED:05/12/2018 BH ELEVATION - -123m
DATE COMPLETED :07/12/2018 INCLINATION : Veertical. TOTAL BH DEPTH 20m

5 =

= s | 8 13 —

Ex & iz | = -]

5 EE| T | g % Legend Strata Description ht ‘fE § E

= E o :

£ 27| 8 |52 2|2 |& o

[a] T {E

0 - 0.78 80
P— 108 ED
-] 15 85
5 - D8 1.95 85
= "Soft, dark grey Silty CLAY with some very 105 85
3 = thinly bedded halite and few halite crystals.” )
- 35 80
] DS 4 B0
4 — 4.25 85
5 55 %0
= Dense, dark grey to light grey, thinly bedded
= crystalline HALITE interlayered with soft,
6 — dark grey, thickly laminated silty clay which 6.65 100
- mostly coats the halite.
7 — "Dense, pinkish grey to purple, medium 7.1 100
- grained Silty SAND with few transparent 1.2 100
= D3 halite Is /@ 100
= Dense, dark grey to light grey, thinly bedded 8.1 100
= crystalline HALITE interlayered with soft, 88 85
9 — dark grey, thickly laminated silty clay which a5 a5
] Ds mostly coats the halite similar to layer 2
10 — 8o abave. 9.95 80
- "Dense to very dense, dark grey to black, 1 75
- medium grained Silty SAND with few
" — transparent halite crystals similar to layer 3 113 70
| above only differing in color 12 75
12 o 125 80
- DS "Dense to very dense, pinkish grey to purple, 12.95 80
13 — medium grained Silty SAND with few 15.4 85
- transparent halite crystals similar to layer 3 12 a0
14 — above
= "Dense, dark grey to light grey, thinly bedded 148 90
15 — crystalline HALITE interlayered with soft,
= dark grey, thickly laminated silty clay” 15.8 20
= "Soft, dark grey to light greenish grey,
16 —] moderately plastic Silty CLAY with some 16.2 85
3 halite crystals.” / | 1635 K. 100 A
17 — 18 100
= "Dense, dark grey to light grey. thinly bedded
i8 —— crystalline HALITE interlayered with soft, 13 55
- dark grey, thickly laminated silty clay" “_;\ o
19 —
E DS 19.45 o8
—— 20 100
[BNH ] (E:;gEEI-;CI;LNIETRATlON TEST DS DISTURBED SOIL SAMPLE

c
SPT STANDARD PENETRATION TEST UD  UNDISTURBED SOIL SAMPLE
N BLOWS/30cm RK ROCK SAMPLE
w WATER SAMPLE
NGL NATURAL GROUND LEVEL R REFLISAL
RQD ROCK QUALITY DESIGNATION LOGGED BY : Said Mohamed Date:07/12/2018
TCR TOTAL CORE RECOVERY DRAWN BY: Said Mohamed Date:07/12/2018
A 4 STATIC GROUND WATER LEVEL APPROVED BY : Dr.Addis A.Zeleke Date: 20/12/2018

Figure B.7 Borehole log data for working plate load test, potash evaporation pond design

project
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i Gy E TR
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ADDIS GEOSYSTEMS PLC

SHEET 1 al 1

Tittle: BOREHOLE LOG SHEET

BH Mo -23

PROJECT: Dalocl Potash Development project BORING TYPE :
LOCATION : Dalol-Pond Area
CLIENT : Yara Dalol B.W

DATE STARTED:02M12/2018
DATE COMPLETED :04/12/2018

GROUND WATER LEVEL : 0.1m

BH COORDINATES : N-15T8187, E-636409
BH ELEVATION :
INCLINATION : Vertical. TOTAL BH DEPTH 20m

Rotary coring

-122m

AR e
- . . | =
- - #
g 5 E % é % Legend Strata Description g{ % a5 E
P a gd e
= [
AN L
o0 = —1 "Dense to very dense, light grey to dark grey, 075 85
P— — “=="— thinly bedded crystalline HALITE intercalated 3 il
- P — {interlayered) with soft to firm, dark gray, 15 B5
= DS |46 | — — ] thickly laminated Silty CLAY/Clayey SILT. 185 70
2 — — Occational gypsumfanhydrite observed. 225 75
- ps | 37 E=—=as - - y 27 75
- e ton e Firm to wery stiff, dark grey Silty 5 =
3 - — == —__1\ cLAY/Clayey SILT with some sand and some 3E oo
- — = = halite crystals.
4 — o = 425 BS
= - — == o
- - _ﬂ_ 5 Bl
® o= S
- T — ] ] 5
G = — —— =] s=e tovery dense, light grey to dark grey with o6 -
- - — = T Iocalized purplish fint (7.15 toB.35m), thinly :
7 —] [P bedded crystalline HALITE intercalated 7.15 B0
- 0s — == — {interlayered) with soft to firm, dark gray, 75 1]
- 46 | —— —— 1 thickly laminated Silty CLAY/Clayey SILT. 795 75
8 — _— = 8 I~ 75 A
- — — — B35 N\_B5 A
g — = — ] ] B3
] 44 | — = - 945 B
= - = ] 10 )
- [P 10.5 B5
1 = | — — 11 B5
- - 1.5 BS
- DS 20 . ) 1185 B
12 — Medium dense to dense, dark grey to light
E brownish grey, thinly laminated Clayey 13 BS
13 — SAND/sandy CLAY with some halite crystals
= 2B . 1345 BS
14 = = ] 15 BS
- — = =]
15 — L = —
E — ; E‘ 7 1565 100
16 — p—— "Dense to very dense, light grey to dark grey, 1:;" 1%
- — —— = thinly bedded crystalline HALITE intercalated 168 100
17 — e {interlayered) with soft to firm, dark gray, 17.25 100
- - =— — 7| thickly laminated Silty CLAY/Clayey SILT
- - = — gimilar to layer 1 16 100
18 = | = =] 1E.35 100
= —_——
19 — s — = = _] 18.5 100
- | —
LT = __qﬂ.__‘z_ 20 100
BH BOREHOLE DS DISTURBED SOIL SAMPLE
I ok L Ub UNDISTURBED SOIL SAHPS
N BLOWS/30cm RK ROCK SAMPLE
w WATER SAMPLE
NGL  NATURAL GROUND LEVEL R_REFUSAL
RAD ROCK QUALITY DESIGNATION LOGGED BY : Said Mohamed Date: 0512/2018
TCR TOTAL CORE RECOVERY DRAWHN BY: Said Mohamed Date: 05/12/2018
¥ STATIC GROUND WATER LEVEL APPROVED BY : Dr.Addis A Zeleke Data: 2001272018

Figure B.8 Borehole log data for working plate load test, potash evaporation pond design

project
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'@'. ADDIS GEOSYSTEMS PLC EHEET 1 o
S Title: BOREHOLE LOG SHEET B o: 47
FROJECT: Dalol Fotash Development project BORIMG TYPE - Rotary Coring
LOCATION : Dalol-Pond Area GROUND WATER LEVEL - 0.1m
ICLIENT : Yara Dalol BV BH COORDIMATES - M-15T9638, E-635833
DATE STARTED:OS/12/2018 BH ELEVATION : -122m
DATE COMPLETED :08M2/2018 INCLINATION : Vertical. TOTAL BH DEFTH 20m

5 i

| I TEE x

E- d_g_ % E; Legend Strata Diescription fg. € f% E

§ v E E5 §a 'E b

] wz £
= il
0 I [~ =W __] “Dense to very dense, ight grey to dark gray 07s 80
- — —==—_] thinly bedded crystaline HALITE with soft 1o
Rl = — " firm, dark gray, very thinly badded Siity CLAY. :; i'f._
- 0s [T33 — L] Fimm to stit, dark gray Sity CLAY with some [T — 80 |
2 bl iy halite crystais. —= b5
= ———— P
4 2 — — = FF L EH
- — = T I35 A
- L T — ] 1.5 890 4
4 = Ds = =] 42 50
- f— —
= - = — 1 BE
5 — — — — EE 50|
= I
& — [ — " 7] ‘Dense tovery dense, ight gre_rl.rh}l:lﬂtx%ay 7 85
- — — =—{ thinly bedded crystaline HALITE with o
7 — —_— | firm, dark gray, very thinly bedded Silty CLAY
= = — = — 1 similar to layer 1 sbove TS s
8 — — = = BE 50
: o — =
= = =] g a5
9 — oS W - = 5.45 85
= — = = [ HS
'||=| - BB e — — L"HL
= C— — o] 12 a0
11 — [ — — ]
= == 115 50
o == — =] Fim o saff, dark grey Silty CLAY with some 1.;'f nﬁ—-—
= ng |25 - T Ty halite crysials similar to layer 2 above v Nl
= 128 a5
13 — I N
— Densie, pinkish grey to purple, fine grained
~ —a Siity SAND with some ciay and few halite XN
14 — = ] crystals AT 1aa 85
- — — 15 a5
15 — L = — =
= = = 15.E a5
— — — ==
18 - 05 [~ = —_ "Dense tovery dense, ight grey to dark gray 1E5 o
= 34 |— — — thinly bedded crystaline HALITE with softio [_JEE 5
17 — [ —_——| firm, dark gray, very thinly bedded Silty CLAY [ 52 %‘?
= -, = ] simillar to layer 1 above e 100
18 — —_—— 18.4 a5
—] F— — —
- | —— —— ] 15 35
19 — __Z'__.L—__ 154 100
= — ] 35
Es
BH BOREHOLE DS DISTURBED SOIL SAMPLE
[Ne) COME FENETRATION TEST
SPT  STANDARD PENETRATION TEST UD  LINDNSTURBED 500 SAMPLE
N BLOAYSS0Cm RK ROCK SAMPLE
w WATER SAMPLE
NGL MNATURAL GROUMD LEVEL R REFUSAL
RQD ROCK QUALITY DESIGMATION LOGGED BY - Said Mohamed Date:08M1 22018
TCR  TOTAL CORE RECOVERY DRAWN BY: Said Mohamed Date:08/12/2018
I STATIC GROUND WATER LEVEL APPROVED BY - Dr.Addis A Zelsks Date: AW122018

Figure B.9 Borehole log data for working plate load test, potash evaporation pond design

project
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ADOIS GEO SYSTEMS ADDIS GEOSYSTEMS PLC
TEST PIT LOG SHEET

Project Yara Dallol Potash project-Geotechnical investigation
No Coordinates Elevation(m)
Test Pit TP 100 E: 635936 N: 1576374 -121
Relocated position E: 636,310 N: 1,576,499
Structure Evaporation Pond
Date Excavation started: 08-12-2018 | Excavation completed: 09-12-2018
Excavation Method Excavator | Logged by: Kumneger Molalign
Ground water 0.90m depth
Depth (m) Formation Description Legend Sampling
Depth(m)

Soft to firm, light brown to dark grey moderately
0.00-1.70 plastic very thinly bedded Silty CLAY/Clayey SILT

with thin layers of halite and gypsum/anhydrite. BD samples:

0.00-1.20
Dense, dark grey to light grey coarse grained 1.20-3.00
1.70-3.00 thinly bedded crystalline HALITE with thinly SC sample
laminated dark grey silty CLAY. 0.00-0.15

NB: Relocated due to muddy site 0.80-0.95

BD: Bulk disturbed sample

SC: sand cone sample

Picture: Top: Test pit site picture
Bottom: Test pit face picture

Figure B.10 Test pit log with site and test pit face picture (TP-100)

'&‘

e ADDIS GEOSYSTEMS PLC
TEST PIT LOG SHEET

Project Yara Dallol Potash project-Geotechnical investigation

No Coordinates Elevation(m)
Test Pit TP 108 E: 636672 N: 1577462 -120
Structure Evaporation Pond
Date Excavation started: 07-10-2018 | Excavation completed: 07-10-2018
Excavation Method Excavator Logged by: Kumneger Molalign
Ground water @3m
Depth (m) Formation Description Legend Sampling

Depth(m)

o
L lal kL Tal
: . -
Dense, dark grey to light grey, medium to coarse | we @ w = &
- ) -

grained crystalline HALITE interlayered with firm dark | = @ = = @ | BD

Yo O

0.00-3.00 | grey very thinly bedded Silty CLAY and thin layers of | = @ = = @ « | samples:
T~ T

gypsum/anhydrite. w Qw0 (0.00-0.70
Do Qems

w O == |0.70-3.00
- - -
- -0
Do D
- Y-

BD: Bulk disturbed sample
SC: Sand cone samples
Picture: Top: Pit site picture
Bottom: Test pit face picture

Figure B.11 Test pit log with site and test pit face picture, (TP-108)
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o i ADDIS GEOSYSTEMS PLC
TEST PIT LOG SHEET
Project Yara Dallol Potash project-Geotechnical investigation
No Coordinates Elevation(m)
Test Pit TP 112 E: 634906 N: 1579284 -120
Structure Evaporation Pond
Date Excavation started: 06-10-2018 | Excavation completed: 06-10-2018
Excavation Method Excavator Logged by: Kumneger Molalign
Ground water Starting from 2m depth
Depth (m) Formation Description Legend Sampling
Depth(m)
Dense to very dense, light grey to dark grey, )
0.00-1.00 | medium to coarse grained thinly bedded
crystalline HALITE interlayered with very thinly BD samples:
bedded Silty CLAY and thin layers of =10.00-1.20
gypsum/anhydrite. =] 1.20-3.00
Firm to stiff, light brown to dark grey moist silty = | SCsample
CLAY interlayered with dense, light grey very :| 0.00-0.15
1.40-3.00 | thinly bedded crystalline HALITE -1 0.90-1.05

BD: Bulk disturbed sample

SC: Sand cone sample
Picture: Top: Test pit site
Bottom: Test pit face picture

Figure B.12 Test pit log with site and test pit face picture (TP-112)
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Figure B.13 Plate load test data for TP-100, Potash Evaporation Pond Design project
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Figure B.14 Plate load test data for TP-108, Potash Evaporation Pond Design project
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Figure B.15 Plate load test data for TP-112, Potash Evaporation Pond Design project
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Appendix - C Some informative tables and figures
Table C.1 Correction table for field procedure of SPT N-value

SPT Hammer Efficiencies (BNBC 2015 Table 6.D.4)

Hammer Type Hammer Release Mechanism Efficiency, Ey
Automatic Trip 0.70
Donut Hand dropped 0.60
Donut Cathead+2 turns 0.50
Safety Cathead+2 turns 0.55-0.60
Drop/Pin Hand dropped 0.45
Borehole, Sampler and Rod Correction Factors (BNBC 2015 Table 6.D.5)
Factor Equipment Variables Correction Factor
Borehole Dha Factor, Cy 65 — 115 mm (2.5-4.5 in) 1.00

150 mm (6 1n) 1.05

200 mm (& in) 1.15
Sampler Correction, Cs Standard sampler 1.00

Sampler without liner (not recommended) | 1.20

Rod Length Correction, I—4m({l0-13 ft) 0.75
Cg 4—6m(13-20 ft) 0.85
6 — 10 m (20-30 fi) 0.95
=10 m (=30 fi) 1.00

Table C.2 Typical range of values for Poisson’s ratio (Bowles, 1996)

Type of soil U
Clay, saturated 04-05
Clay, unsaturated 0.1-03
Sandy clay 0.2-03
silt 0.3-0.35
Sand, gravelly sand -0.1-1.00
Commonly used 0.3-04
rock 0.1 - 0.4 (depend somewhat on type of rock)
loess 0.1-0.3
ice 0.36
concrete 0.15
steel 0.33
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SPT vs. Unit Weight for Cohesive Soil

Gamma High

Unit Welght (pef)

Gamma Average

N160O

Figure C.16 Correlation between SPT and bulk unit weight after Bowles,1977 (Caltrans
Geotechnical manual, 2021)
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