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Abstract
Piled Raft foundation is a newly emerged foundation system. Different

researchers are working on it till now. The system is mainly used to respond to

weak foundation materials.

The intent of this study is, to assess the piled-raft foundations of high-rise
buildings under vertical load. These foundations are designed by local engineers
to respond to high-rise building foundation requirement. The study is conducted

using finite element method software package - ABAQUS.

The numbers of projects considered in this study are three. They have similar
nature and are under construction. The designers use similar pile spacing for all
projects and it is the only variable parameter in this study. The foundations are

modeled with pile spacing of 3D (designers spacing) and 6D (two times designers
spacing).

The site's geology is predominantly rocky but in different weathered condition.
The assessment result shows maximum and differential settlement of the
foundations are very insignificant and angular distortion is within permissible
limit. Almost all the vertical load is taken by the pile and the load shared by the

raft is very insignificant.
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INTRODUCTION
1.1 Background of the Study

One of the most important aspects of civil engineering projects is a foundation
system. Carefully and properly designed foundations surely lead to a safe,

efficient and economic project.

Foundation systems are divided into two: shallow and deep foundations.
Selection of the foundation system mainly depends on the nature of the structure

and type of earth material.

In piled-raft foundations, the piles are used as elements to enhancing the
behavior of the raft to satisfy the design requirements, and they are typically not
considered as carriers for the total structural load. The design requirements may
be related to the settlement control or increase the ultimate bearing capacity of
the foundation. Since the main purpose of the piles in the majority of piled
foundations is to limit settlement, the piles in the piled raft will serve mainly as

settlement reducers, (Adel Y. Akl, 2014).

According to Poulos, there are three broad classes of numerical analysis methods:
Simplified Calculation Methods, Approximate Computer-Based Methods, and
More Rigorous Computer-Based Methods. He also noted recently nonlinear 3D
finite element and finite difference analyses methods. However, modeling
problems related to the soil-structure interface still remain in the 3D finite
element and finite difference analysis. The great challenge in the numerical
methods is the choice of proper input parameters to give reasonable output
results. The procedure of choosing right values for the input parameters can be
adjusted by making back analysis for well-documented case histories, (Poulos,

2001).

In our country, piled-raft foundation system is started to be used for high-rise
buildings, and different mega-structures. Having knowledge of piled raft
foundation design, understanding the effect of vertical load, awareness of the
parameters, importance of piled raft foundation in geotechnical engineering and

other valuable points related to this system is very essential for economic and
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safe design. The local engineers design piled raft foundations as a pile foundation

with the connected cap.

In the capital city, different high-rise buildings are constructed on “’connected
cap piled foundation”. Even if these foundations are designed as a piled

foundation, they can be designed as piled raft foundation system.

This paper, therefore focused on the 4B+G+30, 4B+G+30, and 4B+G+30
Headquarter Building projects that have piled-raft foundations. The owners of
the project are United Bank Shared Company, Zemen Banks Shared Company,
and Nib International Bank Share Company respectively. The sites are located in
Addis Ababa, around Mexico, in front of the Headquarter of Awash International
Bank. The study is conducted using finite element modeling software package

Abacus.

1.2 Statement of the Problem

High-rise buildings and different civil structures are being constructed on piled
raft foundations depending on the nature of the soil. The main driving force for
the selection of this type of foundation is the poor bearing capacity of the

foundation. But in our country, the selection is not based on this aspect. The

knowledge of piled-raft foundation system is very important in all aspects.

The focus of this paper is, to assess the settlement and load sharing nature of
piled raft foundation of the above-stated projects under vertical load. The major

findings may be helpful to understand similar projects upcoming in the future.
1.3 Objectives

1.3.1 General Objective

The general objective of this study is to critically assess the piled raft foundation

of three high-rise building settlement and load sharing nature under vertical

load.

1.3.2Specific Objectives

The specific objectives of this study are:
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e To assess piled raft designs settlement under vertical load;

e Tocarry out and compare settlement analysis of piled raft foundation with
3D (actually designed pile spacing) and 6D pile spacing(optimization);

e To investigate the pile capacity of piled raft foundations under vertical
load; and ;

e To determine the load sharing between the pile and the raft;

1.4 Methodology

The study approach is quantitative and method is mixed study methods. (i.e.
Case study and numerical analysis). The study sampling focus on active projects

found in the city. This is only to avoid data unavailability.

Primarily, a brief literature review is made from related documents. The primary
data of soil investigation, structural geometry, site condition, other project
documents, and information are collected from the site, the consulting offices,
and the owners. The soil-pile-raft system is simulated using finite element
software ABAQUS. Basically, the material property of the soil and some
geometric properties like pile diameters, pile length, raft thickness and raft
dimension are kept constant. The only variable parameter is the pile spacing. The
projects foundation system is modeled as designers decision (i.e. pile spacing
equal to 3D) and then modeled with pile spacing equal to 6D (doubled design
spacing). Only structural vertical load is considered in the study and it is applied
on the top of the raft in the form of uniformly distributed load. The pile top and

the raft are connected rigidly.

1.5 Scope of the Study

This study is conducted on construction projects of United Bank Share Company,
Zemen Banks Share Company and Nib International Bank Share Company

Headquarter projects that are under construction and found in Addis Ababa,

Kirkos Sub-City, in front of Awash International Bank Headquarter Building.

1.6 Significance of the Study

The results gained from this study would help to:-
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v' Investigate settlement of high-rise buildings that have piled raft
foundation under vertical load;

v To understand the load sharing nature of piled-raft under vertical load;

v' Assess the design condition of the buildings under vertical loading;

v" To contribute its part to the area.

1.7. Organization of the Thesis

This paper contains five chapters. The first chapter is an introductory part and it
contains the background of the study, objective of the study, the scope of the
study and significance of the study. The second chapter is a literature review.
Under this part; design philosophy, design consideration, settlement of piled raft
foundation, and tolerable settlement of a building is addressed. The third chapter
deals with field and laboratory results. Some soil parameters are determined
using correlation formulas in this chapter. The fourth chapter is about FEM of
piled raft foundation. (i.e. piled raft and material modeling). Here also, modeling
of piled raft foundation on Abaqus addressed. The last chapter contains a

summary of the thesis, major findings, and recommendations made.

13|Page



2 LITERATURE REVIEW

2.1 Introduction

According to Wang, Shenzhi (2004), piled raft foundation is a composite
geotechnical structure consisting of three parts: piles, raft, and soil. It is widely
recognized as an economically effective design because the use of piles is to
reduce raft settlements and differential settlements without compromising the

safety and performance of the foundation.

Piled Raft foundation is different from a pile cap on a group of piles; the piled-
raft foundation is designed with a completely different philosophy. The former
type is a fully piled foundation in which all the superstructure loading is taken
by the piles. While in the piled-raft foundation, the piles are designed as only

settlement reducers ;( Burland et al., 1977).

Piled rafts foundations are grouped into two broad categories on the basis of the

design requirements:

Small piled rafts: - those in which the bearing capacity of the unpiled-raft is
insufficient, and thus the primary reason to add the piles is to achieve a suitable
safety factor. The width of the raft By, belonging to this category, is generally
small in comparison to the length L of the piles (B: /L<1) and amounts to a few
meters. The flexural stiffness of the raft is usually high and the differential

settlement does not signify a problem; (Mohammed Y., 2013).

Large piled rafts: - those in which the bearing capacity is sufficient to carry the
total load with a reasonable margin so that the addition of piles is usually
intended to reduce settlement. In general, the width B; of the raft is relatively

large in comparison with the length of the piles (B: /L>1); (Mohammed Y., 2013).

According to M.R Mahmood (2017), piles are arranged to minimize differential
deflection in the raft. The piled raft is economical compared to pile foundation as
the piles are not penetrated to full depth of the clay. Regarding settlement, piled
raft settle more than piled foundation but has less settlement than raft

foundation.
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2.2 Design Concepts
Anup S. (2013) reviewed the design philosophy and design consideration of
piled raft foundation as follows.

2.2.1 Design Philosophy

Numerous works have been done and still in progress to develop a definite
design strategy for piled raft foundation. Researchers use their own design
philosophy to formulate the design process for piled raft foundation. Randolph
(1994) categorized the various design philosophy into three different design

approaches.

a) The conventional approach, in which, the foundation is designed as a pile
group with regular spacing over the entire foundation area, to carry the major
portion of the load (60 - 75% of the total structural load) and allowance is made

for the raft to transmit some load directly to the ground.

The conventional approach has the limitation that any design by this philosophy
will remain inevitably in elastic regime, where the piles are loaded below their
shaft capacity and piles are evenly distributed over the whole foundation area.
The shaft capacity of the group pile is “extremely difficult and has not resolved
yet” (Das 2007). Moreover, the allowance for the raft to transmit the load is not

defined in this approach, which they let it for engineering judgment.

b) Creep piling approach, proposed by Hansbo and Kalstrom (1983), in which,
piles are designed to operate at a working load, at which significant creep starts
to occur (typically at about 70 - 80% of its ultimate load bearing capacity). To
reduce the net contact pressure between the raft and soil, adequate piles are

added in order to reduce the pre-consolidation pressure of the clay.

The creep piling approach again sets the limitation of operating the pile below
the creep load, which is, as mentioned above, as 70% to 80% of ultimate load-
bearing capacity. However, the ultimate capacity is based on conventional group
theory, which is under investigation. Moreover, the reduction of net contact
pressure between raft and soil by means of pile addition will refrain the raft from

transmitting the load to its full capacity directly to the soil.
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c) Differential settlement control approach, in which, pile supports are designed
tactfully in order to minimize differential settlement rather than reducing

average settlement significantly.

The differential settlement control approach could be the economic one, as piles
are located strategically to reduce the differential settlement. It will require less
number of piles, in comparison to the other two approaches. However, to cause
the differential settlement to occur, the utilization of the ultimate bearing capacity
of each of the single individual pile in the group is required, which is not yet
established and cannot be captured by any analytical method developed so far.
The goal, to use the ultimate bearing capacity according to the requirement of
raft-pile-soil interaction, can be achieved by the numero-geotechnical methods

by simulating the complex nature of piled raft foundation.

2.2.2 Design Considerations

Katzenbach et al. (2005) termed piled raft foundation as a Combined Piled Raft
Foundations (CPRF), which consists of three bearing elements, piles, raft, and
subsoil. The stiffness of raft and pile, the soil properties, the dimension and
strategy of pile location, play a significant role in the design of a piled raft
foundation system. Figure 2.1 illustrates general piled raft foundation with its

overall forces and moments.

The following design issues must be taken into consideration, in order to design

a successful piled raft foundation.

1. Ultimate geotechnical capacity under vertical, lateral and moment loadings,
2. Maximum and total settlements,

3. Differential settlement and angular rotation,

4. Lateral movement and stiffness,

5. Load sharing between the piles and raft,

6. Raft moment and shear for the structural design of raft and its stiffness,

7. Pile loads and moments for the structural design of the piles and its stiffness.
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Figure 2-1 Piled Raft foundation system

A sound prediction of a piled raft foundation behavior implies a full interaction

between piles, raft, and soil. Hence, the following factors must be considered.

1. The raft characteristics (its relative stiffness - flexibility, rigidity, shape -

dimension).
2. Pile characteristics (number, layout, length, diameter, stiffness)

3. Applied load characteristics (concentrated or distributed load and its level

related to the ultimate capacity)

4. Soil characteristics (soil profile, layers and their stiffness, the ultimate soil

bearing capacity)

Therefore, it is essential to develop a design method for pile raft foundation,

which includes the following capabilities

1. Piles-raft-soil interaction in a logical manner, including the interaction of pile-

pile, raft-pile, pile-raft, raft-soil, and pile-soil,
2. Variation of number, location, and characteristics of the pile,

3. Load sharing of pile and raft and,
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4. Full utilization of the ultimate pile load capacity in compression and tension as

well as the nonlinear load-deflection behavior of the foundation.

H.G. Poulos (2001) also states the same Design Philosophies for piled raft
foundation as that of Randolhp (2001).

2.2.3 Method of Analysis

According to the report made by H.G. Poulos on behalf TC18 International
Society of Soil Mechanics and Geological Engineering, July 2001, several methods
of analyzing piled rafts have been developed, and some of these have been
summarized by Poulos et al (1997). Three broad classes of analysis method have
been identified:

* Simplified calculation methods,

* Approximate computer-based methods,

* More rigorous computer-based methods.

Simplified methods include those of Poulos and Davis (1980), Randolph (1983,
1994), Van Impe and Clerq (1995), and Burland (1995). All involve a number of
simplifications in relation to the modeling of the soil profile and the loading

conditions on the raft.

The approximate computer-based methods include the following broad

approaches:

* Methods employing a “strip on springs” approach, in which the raft is
represented by a series of strip footings and the piles are represented by

springs of appropriate stiffness (e.g. Poulos, 1991)

* Methods employing a “plate on springs” approach, in which the raft is
represented by a plate and the piles as springs (e.g. Clancy and Randolph,
1993; Poulos, 1994; Viggiani, 1998, Anagnastopoulos and Georgiadis,
1998).

The more rigorous methods include:
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* Boundary element methods, in which both the raft and the piles within the
system are discretized, and use is made of elastic theory (e.g. Butterfield and

Banerjee, 1971; Brown and Wiesner, 1975; Kuwabara, 1989; Sinha, 1997)

* Methods combining boundary element for the piles and finite element
analysis for the raft (e.g. Hain and Lee, 1978; Ta and Small, 1996; Franke et
al, 1994; Russo and Viggiani, 1998)

*Simplified finite element analyses, usually involving the representation
of the foundation system as a plane strain problem (Desai, 1974) or an
axisymmetric problem (Hooper, 1974), and corresponding finite
difference analyses via the commercial program FLAC (e.g. Hewitt and

Gue, 1994)

* Three-dimensional finite element analyses (e.g. Zhuang et al, 1991; Lee,
1993; Wang, 1995; Katzenbach et al, 1998) and finite difference analyses

via the commercial program FLAC 3D.

In the following section, a more detailed description will be given of a limited
number of the above methods, and these will then be used to analyze a relatively

simple hypothetical problem.

2.2.3.1 Simplified Analysis Methods

2.2.3.1.1 Poulos-Davis-Randolph (PDR) Method

For assessing the vertical bearing capacity of a piled raft foundation using simple
approaches, the ultimate load capacity can generally be taken as the lesser of the

following two values:

e The sum of the ultimate capacities of the raft plus all the piles;
e The ultimate capacity of a block containing the piles and the raft, plus that of

the portion of the raft outside the periphery of the piles.

For estimating the load-settlement behavior, an approach similar to that
described by Poulos and Davis (1980) can be adopted. However, a useful

extension to this method can be made by using the simple method of estimating
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the load sharing between the raft and the piles, as outlined by Randolph (1994).
The definition of the pile problem considered by Randolph is shown in Figure
2.2. Using his approach, the stiffness of the piled raft foundation can be estimated

as follows:
Ko+ Kr(l—oe
Kpr = (Ko ( 2 (Eq.2.1)
(1-a 2Kr)
p Ko

Where:-K,:= stiffness of piled raft
K} = stiffness of the pile group
K = stiffness of the raft alone

dep = raft - pile interaction factor.

Young's Modulus E

| :'\.' |
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Figure 2-2 Simplified representation of Piled-raft unit ( H.G. Poulos 2001)

The proportion of the total applied load carried by the raft is:

pr Kr(l— Qep)
P - X
Pt (Kp + Kr(l - O{cp) (Eq 22)

Where: -P; = load carried by the raft
P: = total applied load.

The raft - pile interaction factor acp can be estimated as follows:

e =1— In(%) g (Eq. 2.3)
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Where: -r. = average radius of pile cap, (corresponding to an area equal to the
raft area divided by number of piles)

ro = radius of pile

dryvpe 12 = 1In (rm / ro)

rm= {0.25+& [2.5 p (1-v) - 0.25) * L

Esl
&
_ Esav
p Esl

v = Poissons ratio of soil

L = pile length

Es = soil Young’s modulus at level of pile tip

Esp = soil Young’s modulus of bearing stratum below pile tip

Esav= average soil Young’'s modulus along pile shaft.

The above equations can be used to develop a tri-linear load-settlement curve as
shown in Figure 2.3. First, the stiffness of the piled raft is computed from equation
(2.1) for the number of piles being considered. This stiffness will remain operative
until the pile capacity is fully mobilized. Making the simplifying assumption that
the pile load mobilization occurs simultaneously, the total applied load, P;, at
which the pile capacity is reached is given by:

Pup
(1-X)

Pi= (Eq.2.4)

Where:-Pyp = ultimate load capacity of the piles in the group

X = proportion of load carried by the piles (Equation 2.2).

Beyond the point (Point A in Figure 2.3), the stiffness of the foundation system is
that of the raft alone (K;), and this holds until the ultimate load capacity of the
piled raft foundation system is reached (Point B in Figure 2.3). At that stage, the

load-settlement relationship becomes horizontal.
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Figure 2-3 Simplified load-settlement curve for preliminary analysis ( H.G.
Poulos, 2001)

2.2.3.1.2 Burland’s Approach

When the piles are designed to act as settlement reducers and to develop their
full geotechnical capacity at the design load, Burland (1995) has developed the

following simplified process of design:

* Estimate the total long-term load-settlement relationship for the raft without

piles (see Figure 2.4). The design load Py gives a total settlement So.

* Assess an acceptable design settlement Sq, which should include a margin of

safety.
* P; is the load carried by the raft corresponding to Sa.

* The load excess Po - Py is assumed to be carried by settlement-reducing piles.
The shaft resistance of these piles will be fully mobilized and therefore no factor
of safety is applied. However, Burland suggests that a “mobilization factor” of
about 0.9 be applied to the ‘conservative best estimate” of ultimate shaft capacity,

Psu.

* If the piles are located below columns which carry a load in excess of Psy, the
piled raft may be analyzed as a raft on which reduced column loads act. In such

columns, the reduced load Q; is:
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Figure 2-4 Burland’s Simplified Design Concept (Poulos, 2001)

Q= (Q - ngsu) (Eq25)

* The bending moments in the raft can then be obtained by analyzing the piled

raft as a raft subjected to the reduced loads Q.

* The process for estimating the settlement of the piled raft is not explicitly set
out by Burland, but it would appear reasonable to adopt the approximate

approach of Randolph (1994) in which:

SF*KI’
Spr = Eq.2.6
b < (Eq. 2.6)

Where:-S;; = settlement of piled raft;
S: = settlement of raft without piles subjected to the total applied load;
K: = stiffness of raft;
Kpr= stiffness of piled raft;

Kpr=can be estimated using.

Kpr _ (Kp + Kr(l— acp)) (Eq27)

2K
1—0{0
( pr)

Where:-K,: = stiffness of piled raft ;
K, = stiffness of the pile group;

K: = stiffness of the raft alone ;

dcp= raft - pile interaction factor.
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2.3.2 Approximate Computer Methods

2.3.2.1 Strip on Springs Approach (GASP)

An example of a method in this category is that presented by Poulos (1991) and
illustrated in Figure 2.5. A section of the raft is represented by a strip and the
supporting piles by springs. Approximate allowance is made for all four
components of interaction (raft-raft elements, pile-pile, raft-pile, pile-raft), and
the effects of the parts of the raft outside the strip section being analyzed are taken
into account by computing the free-field soil settlements due to these parts. These
settlements are then incorporated into the analysis, and the strip section is
analyzed to obtain the settlements and moments due to the applied loading on

that strip section and the soil settlements due to the sections outside the raft.

The method has been implemented via a computer program GASP (Geotechnical
Analysis of Strip with Piles) and has been shown to give settlements which are in

reasonable agreement with more complete methods of analysis.

P

{a) Actual pile

(b) Pile l ’1\ i

representation L 1|

X
~~_ Pile represented by spring
of cquivalent stiffncss

(¢) Assumed contact | e |
" pressures K |l

tex At clement representing pile :
T a) Stiffness is increased
b) Pile force is "smeared” over clement
¢) Limiting compressive and tensile pile-soil
stresses are computed from compressive
and tensile capacity of pile respectively

Figure 2-5 Representation of piled strip problem via GASP analysis (Poulos,
1991)

However, it does have some significant limitations, especially as it cannot
consider tensional moments within the raft, and also because it may not give
consistent settlements at a point if strips in two directions through that point are

analyzed.
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In GASP, the soil non-linearity is taken to account in an approximate manner by
limiting the strip-soil contact pressures not to exceed the bearing capacity (in
compression) or the raft uplift capacity in tension. In carrying out a nonlinear
analysis in which strips in two directions are analyzed, it has been found
desirable to only consider nonlinearity in one direction (the longer direction) and
to consider the pile and raft behavior in the other (shorter) direction to be linear.
Such a procedure avoids unrealistic yielding of the soil beneath the strip and

hence unrealistic settlement predictions.

2.3.2.2 Plate on Springs Approach (GARP)

In this type of analysis, the raft is represented by an elastic plate. The soil is
represented by an elastic continuum and the piles are modeled as interacting
springs. Some of the early approaches in this category (e.g. Hongladaromp et al,
1973) neglected some of the components of interaction and gave piled-raft

stiffnesses which were too large.

Russo (1998) and Russo and Viggiani (1997) have described a similar approach
to the above methods, in which the various interactions are obtained from elastic
theory, and non-linear behavior of the piles is considered via the assumption of
a hyperbolic load-settlement curve for single piles. Pile-pile interaction is applied
only to the elastic component of pile settlement, while the non-linear component
of the settlement of a pile is assumed to arise only from loading on that particular

pile.

Most analyses of piled rafts are based on the raft being treated as a thin plate, and
it is of interest to see what the effect of using thick plate theory is on the numerical
predictions. Poulos et al (2001) have examined the effect of the method of
modeling the raft as a thin plate who analyzed a typical problem using: firstly, a
three dimensional finite element program where the raft was first modeled using
thin shell theory, and then secondly, by making the raft 0.3m thick, and assigning
the raft modulus to that part of the finite element mesh representing the raft. It
was assumed in the analysis that there was no slip between the raft and the soil

or between the piles and the soil. It was found that there was not a great deal of
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difference in the computed deflections for the raft, for both a stiff raft and a

flexible raft.

It was concluded that the use of thin shell elements to represent the raft will lead
to reasonable estimates of deflections, and therefore moments, as long as the raft
is not extremely thick. Stresses in the soil will be higher for the thin shell analysis,
and this effect may become important if the yield of the soil due to concentrated

loads is of concern.

2.3.3 More Rigorous Computer Methods

2.3.3.1 Two - Dimensional Numerical Analysis (FLAC)

Methods in this category are exemplified by the analyses described by Desai
(1974), Hewitt and Gue (1994) and Pradoso and Kulhawy (2001). In the former
case, the commercially available program FLAC has been employed to model the
piled raft, assuming the foundation to be a two-dimensional (plane strain)
problem or an axially symmetric three-dimensional problem. In both cases,
significant approximations need to be made, especially with respect to the piles,
which must be “smeared” to a wall and given an equivalent stiffness equal to the
total stiffness of the piles being represented. Problems are also encountered in
representing concentrated loadings in such an analysis since these must also be
smeared. Unless the problem involves uniform loading on a symmetrical raft, it
may be necessary to carry out analyses for each of the directions in order to obtain
estimates of the settlement profile and the raft moments. As with the plate on

springs approach, this analysis cannot give torsional moments in the raft.

2.3.3.2 Three - Dimensional Numerical Analysis

A complete three-dimensional analysis of a piled raft foundation system can be
carried out by finite element analysis (e.g. Katzenbach et al, 1998) or by use of the
commercially available computer program FLAC 3D. In principle, the use of such
a program removes the need for the approximate assumptions inherent in all of
the above analyses. Some problems still remain, however, in relation to the
modeling of the pile-soil interfaces, and whether interface element should be
used. If they are, then approximations are usually involved in the assignment of
joint stiffness properties. Apart from this difficulty, the main problem is the time

26|Page



involved in obtaining a solution, in that a non-linear analysis of a piled raft
foundation can take several days, even on a modern computer running at 450
MHz. Such analyses are therefore more suited to obtaining benchmark solutions
against which to compare simpler analysis methods, rather than routine design

tools.

But according to Ripunjoy Deka (2014) review on different analysis methods of

Piled Rafts, we found more rigorous computer methods summarized as follows.

2.3.3.3 Hybrid Approach

Clancy and Randolph (1993) employed a hybrid method which combined finite
elements and analytical solutions. The raft was modeled by two-dimensional thin
plate-bending finite elements. Piles were modeled by one-dimensional rod finite
elements and the soil response was calculated by using an analytical solution.
The pile was attached to a raft element at a common node, such that the vertical
freedoms are common at the connected nodes. Interaction effects between all
pairs of nodes are calculated using the elastic solution of Mindlin (1936) a point-
to-point fashion. The major features of this hybrid finite element-elastic
continuum-load transfer approach are presented in Figure 2.6. As shown on the
figure (1) one-dimensional pile element; (2) lumped soil response at each pile-
node-load transfer spring; (3) two-dimensional plate-bending finite element raft
mesh; (4) ground resistance at each raft node represented by an equivalent
spring; (5) pile-soil-pile interaction effects calculated between pairs of nodes-

Mindlin’s equation; (6) raft-soil-raft interaction; and (7) pile-soil-pile interaction.

The hybrid method provides a relatively rigorous and considerably more
efficient method of analysis for pile rafts. Fewer equations need to be solved than
for the finite element method and the time-consuming numerical integrations of
boundary element method are not necessary. The hybrid method allows for
variable geometry, pile stiffness, soil stiffness and raft stiffness. Although only
vertical applied loading and linear elastic soil conditions are considered here, it
is relatively straightforward to allow for non-linear response at the pile-soil
interface or to extend the analysis to include horizontal or inclined loading.
However, the method is limited to homogeneous soil.
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Figure 2-6 Numerical representation of piled raft foundation (Clancy et al.,
1993)

2.3.3.4 Mixed Technique Approach

A mixed technique based on finite element method and boundary element
method was developed by Franke et al. (2000) to model the three-dimensional
nature of a piled raft. Plate-bending finite elements were used to model the
stiffness of the raft, whereas the piles and soil were modeled by non-linear elastic
springs and were attached to each node of the finite element mesh of the raft.
Boundary elements at the raft-soil and pile-soil interfaces were used to model the
contact pressure between the raft and soil and between the piles and soil
respectively. The non-linear pile response was described by (i) a hyperbolic shear
stress-shear strain relationship for the soil adjacent to the piled raft; (ii) a
boundary element solution to obtain the skin friction distribution; (iii) a
hyperbolic load-deformation relationship for the soil near the pile base. In the
analysis, the effects of construction sequence and pile installation on the non-

linear pile response were also taken into account.

A coupled boundary element and finite element formulation has been described
by Mendonca and de Paiva (2003). In this approach, the bending plate is assumed
to have linear elastic properties and is modeled by Finite Element Method (FEM)
while the soil is considered as an elastic half-space in the Boundary Element
Method (BEM). The pile is represented by a single element and the shear force

along the shaft is interpolated by a quadratic function. The plate-soil interface is
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divided into triangular boundary element (soil) and finite elements (plate) and
the sub-grade reaction is linearly interpolated across each element. The sub-grade
reactions are eliminated from the FEM and BEM algebraic systems of equations,
resulting in the governing system of equation for plate-pile-soil interaction
problem. The system of equations from the BEM (soil and pile) and FEM
(bending plate) are coupled through matrix operations. The analysis dealt with a

raft subjected to vertical load only.

2.3.3.5 Software Based Analysis

Reul and Randolph (2003, 2004) presented a three-dimensional elasto plastic finite
element method for the analyses of piled-raft foundations. The analysis was
implemented by finite-element based software code ABAQUS. The structural model

based on the finite element method for this analysis is presented in Figure 2.7.

The soil and the foundation are modeled with finite elements, which allow the most
rigorous treatment of the soil-structure interaction. The soil and the piles are
represented by first-order solid brick elements and wedge element respectively. For
the modeling of the raft, first order shell element of square and triangular shape with
reduced integration has been used. Only the soil below the foundation level is
modeled with finite element. The soil above the foundation level is considered
through its weight. The circular piles have been replaced by square piles with the
same shaft circumference. The soil is simplified to a one-phase medium instead of
multiphase by considering drained shear parameters. The soil is modeled by a cap
model to simulate the non-linear behavior. The cap model consists of three yield
surface segments: the pressure-dependent, perfectly plastic shear failure surface; the
compression cap yield surface and the transition yield surface, whereas changes of
stress on the yield surfaces cause plastic deformation. The shear failure surface is
perfectly plastic, whereas volumetric plastic strains cause hardening or softening of
the cap. Plastic flow is defined by the non-associated flow potential of the shear
surface and the associated flow potential of the cap. The cap model with yield

surfaces in principal stress space and p-t plane is shown in Figure 2.8.

29|Page



(a) (b)
Figure 2-7 Problem definition. (a) Finite element mesh of the system; (b) Finite
element mesh of piled raft. (Reul et al., 2003)

The interface between the raft and the soil and between the pile and the soil were
modeled by thin solid continuum elements and were assumed to be perfectly
rough.

Maharaja and Gandhi (2004) presented the results of three-dimensional non-
linear finite element analysis of raft and piled raft foundations that have been
loaded until failure.

G F. = Cap yield surface

F, = Conus yield surface

F, = Transition yield surface
between conus and cap

o, G,, 6, = Principal stresses

"
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a) Principal stress space
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b) p-t plane

G, = Plastic potential cap

G, = Plastic potential conus

B = Slope of the conus yield
surface in the p-t plane

d = Intersection of the conus
yield surface with the t-axis

p = Equivalent pressure stress

= '(U|+52+Us}!3

t = Deviatoric stress (equal to
Mises equivalent stress for
triaxial compression)

Figure 2-8 Cap model: Yield surfaces in principal stress space and p-t plane (Reul et
al., 2004)

This method combined an incremental iterative procedure with a Newton-
Raphson method to solve the non-linear equations involved in a plasticity
analysis. The raft, pile, and soil are discredited into eight nodded brick elements,
which are shown in Figure 2.9. In this study, the raft and piles are assumed to be
linearly elastic and the non-linear behavior of the soil was modeled by the Mohr-

Coulomb criterion.
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Figure 2-9 Finite element discretization for piled raft foundation (Maharaj and Gandhi,
2004)

Some of the available methods for analysis of piled raft behavior presented by
the different researcher are reviewed. All are involved numbers of simplifications
in relation to modeling of the soil profile and the loading conditions. The simple
methods can be implemented with minimal computer requirements with some
limitation. Three-dimensional using a numerical method based software like
ANSYS; ABAQUS etc. can give a more realistic solution. Analysis of foundations
embedded in the non-homogeneous soil can be done by using finite element
based commercial software package. However, those solutions given by
Poulos(2001), Randolph (1994) are mostly used in the design analysis in piled raft

foundation.

2.4. Settlement of Piled Raft Foundation

Settlement of piled raft foundation reviewed by Gebregziabher (2011) as follows.
The settlement of piled raft foundation is dependent on the total resistance of the
foundation unit, Riot, k(s) is the sum of the resistances of all the individual piles
and the raft, or equivalently:

Rtot,k(s):ZRpile,k,j(S)+Rraft, k(s)

=

(Eq.2.8)

The resistance of the individual piles Rpike, k,j(s)is computed as the sum of the base

and skin friction resistances:
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RpiIe,k,j(s):Rb,k,j(s)+Rs,k,j(S) (Eq. 2.9)

The resistance of the raft Rrast, k(s) can be determined by integrating the settlement

dependent pressure o(x, y) over the (raft-soil) contact area:
Reas()=[[ (5%, y)dxay (Eq.2.10)

The total external load Fiot, k is carried partly by the piles and partly by the contact
pressure developed between the raft and the soil. The proportion of the load

carried by the pile and raft is usually expressed using the CPRF coefficient ap.

The value of ap: varies between 0 and 1, the lowest and highest values representing
the case of the unpiled raft and free-standing pile groups respectively.

The primary purpose of the piles in most CPRF designs is the reduction of
settlements. In the case of large pile groups or CPRF supporting heavy structures,
the optimization criteria of design are the reduction of differential settlements
(Leung 2010). Hence the design of CPRF shall be in such a way that the settlements
are in compliance with specifications of local and international building standards.
While handling serviceability of a building, it would be necessary to consider the
following settlement measures:

Maximum settlements Max: usually occurs at the midpoint of the raft of a CPRF with
piles of uniform dimensions acted upon by uniform loads. In that case, its magnitude
will be equal to the midpoint settlements M

SMax=SMm

e Minimum settlement Swin: usually occurs at the corner of the raft of a CPRF
with piles of uniform dimensions acted upon by uniform loads, in which case
its magnitude will be equal to the corner settlement Sc

Smin=Sc

e Differential settlement AS is defined as the difference between the maximum
and minimum settlements

AS=SMax_' SM
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Maximum angular distortion 6/L is defined as the differential settlement between

two points divided by the distance between them.

2.4.1 Tolerable Raft Settlement of Buildings

Foundation settlements must be estimated with great care for buildings, bridges,
towers, power plants, and similar high-cost structures. For structures such as fills,
earth dams, levees, braced sheeting, and retaining walls, a greater margin of error in

the settlements can usually be tolerated.

The principal components of AH are particle rolling and sliding, which produce a
change in the void ratio, and grain crushing, which alters the material slightly. Only

a very small fraction of AH is due to elastic deformation of the soil grains.

Settlements are usually classified as follows:

1. Immediate, or those that take place as the load is applied or within a time period
of about seven days.

2. Consolidation, or those that are time-dependent and take months to years to

develop.

After MacDonald and Skempton (1955) recommended maximum values in

parentheses tolerable differential settlement and angular distortion of buildings.

Table 2-1 Angular and differential settlement max limit (Bowles, 1997)

Criterion Rafts Max. Differential settlement, mm

Angular distortion (cracking) 1/300
Greatest differential settlement
Clay 45

Sand 32
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2.4.2 Design of Settlement Reducing Piles

While designing the settlement reducing piles, some concepts should be decided to pay

special attention (Poulos, 2002). These issues are listed by Poulos as follows:

o Maximum settlement

o Differential settlement

o load capacities for vertical, lateral and moment loading
o Pile loads and moments

o Raft moments and shears

In the design process, for the settlement reducing piles, special attention should be given
to avoid the overdesign since it can cause as much trouble as designing under capacity

(Love, 2003).

However, since piles are only there to reduce settlements, they do not contribute to the
bearing capacity. Hence, the unpiled raft should be sufficient from the bearing capacity
point of view and it should provide a factor of safety of at least three (De Sanctis et al.,

2002).

Unfortunately, engineers have been designing the systems based on the principle that an

adequate number of piles should be placed in order to carry the structural weight.

However, they should be thinking in terms of settlements and the placement should be
done according to the acceptable settlement limits (De Sanctis et al., 2002). While
designing the settlement reducing piles, the load sharing between raft and piles should
be taken into account since the piles are not placed to provide bearing capacity. However,
the settlement behavior of the raft directly changes when the piles are present so, this
load sharing becomes more important. This load sharing is based on the stiffnesses of the
soil and raft and the pile settlements (Love, 2003). The load sharing behavior of the system
highly depends on the working conditions of the piles, i.e. the factor of safety values
applied to the piles. There is some detailed analysis of case histories in the literature

which give reasonable explanations about the relation between load sharing and the load

34|Page



carrying performances of the piles and rafts. In the paper presented by O’Neill (2005), some
case histories were investigated. It has been seen that when piles are loaded to 50 percent of
their ultimate capacities, the load carried by the raft drops to almost one-half of the total load
whereas when they are loaded to 80 percent or above of their ultimate capacities, the piles

carry a lower proportion of the load (O’'Neill, 2005).

2.5 Advantage of Piled Raft Foundation

H.G. Poulo,(2011) in piled raft foundations piles are used as settlement control element with
most of the stiffness at serviceability loads and the raft element providing additional capacity
at ultimate loading. Consequently, it is generally possible to reduce the required number of
piles when the raft provides this additional capacity. In addition, if there are one or more
defective or weaker piles, in the subsoil the presence of the raft allows some measure of re-
distribution of the load from the affected piles to those that are not affected. Another feature
of piled rafts is that the pressure applied from the raft on to the soil can increase the lateral
stress between the underlying piles and the soil, and thus can increase the ultimate load

capacity of a pile as compared to free-standing piles (Katzenbach et al., 1998).

2.6 Mobilized Friction and Load Carried by Friction

The friction load transfer curve can be represented by an elastic, perfectly plastic curve. The

slope of the elastic part of the friction transfer curve (Frank, Zhao 1982) is given by Eq(2.11)

f= Es *Sfriction
(L+v)(@a+In(b ) *D Eq(2.11)

where f is the friction stress at the interface between the pile and the soil, Es and v are the
soil modulus and the Poisson’s ratio at depth z where the friction is generated, L is the
embedded pile length, D is the pile diameter, and friction is the downward movement of the
pile at depth z. and to Calculate the load carried in friction in the element is given by

Eqn(2.12) Jean L ( 2013)

| Qfriction= filIDAL| Eq(212)
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3. SITE CHARACTERIZATION

3.1 Introduction

Site characterization is an essential part of any civil structure construction. Without
adequate investigation and site characterization, any type of project can’t meet its desired
functions and goals. In this section, the most important material parameters of the soil

and rock are determined to be used in the numerical analysis.

The soil investigation of the project sites was performed by Construction Design Share
Company (2013), Best Consulting Engineering Private Limited Company (2014) and
Transport Construction Share Company (2012) for United International Bank, Zemen
International Bank, and Nib International Bank respectively. All of them use similar
investigation techniques. Regarding the geology of the site, they describe that the areas

are predominantly covered by a rock at the different weathered condition.

The sites are found around Mexico, in front of the AAU Commerce College very near to
each other. Area of the piled raft foundation of Zemen Bank, United Bank, and Nib Bank
are 1378.60m?, 1469.79 m?, and 1954.88m? respectively.

3.2 Field and laboratory test results

3.2.1 Field tests

The field test is a valuable test method that can take place on the actual field under
investigation. The fieldwork and data interpretation provide information about site
topography, the thickness of fill or soil layer, groundwater level, etc. The most important

tield tests conducted for the projects are summarized in Table 3.1.
a) Water Table Level

Piezometer is one of the major techniques that help to determine or study the
groundwater level and its movement. Piezometer installation is performed with the help
of core drilling. The installed piezometer has a slot at the middle portion of the pipe and
blind at both ends of the pipe wall. The pipe diameter is 50 cm uPVC surrounding with

filter gravel pack. The water table measurement results are shown in Appendix C.
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Table 3.1 Conducted Major Field Tests

Field Investigation Zemen Bank  United Bank Nib Bank
Core drilling Yes Yes Yes
Number of boreholes 4 8 4
Length of boring ( m) 50 30 to 50 30 to 40
SPT test Done Done Done
Water sample Yes No No
Groundwater measurement ( m) 7.60 to 9.60 6t09.9 1to8
Rock Sample Taken Taken Taken

b) Standard Penetration Test

A standard penetration test is one of the most frequently used field tests to determine the
strength of fine or granular soil materials. From which the bearing capacity of the
foundation can be determined. The N value is the number of blow required to penetrate

450mm to the test zone by standard test hammer 63.5kg; falling from 760mm.

The standard penetration test data enable us to determine the Modulus of Elasticity and

shear parameters.
3.2.2.1 Determination of Basic Material Parameters

Some parameters like modulus of elasticity can be not directly determined directly from
site or laboratory. Correlation technique helps us to determine such values form other
known values. While determining the modulus of elasticity of the projects (using
correlation techniques) it was investigated that the soil investigation reports are not
dependable. In this study, the value of modulus of elasticity is taken from indicative

values/ presumptive values.
1. Parameters for Cohesive Soils

a) Unit Weight (y)
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Unit weight is mass volume relationship and very important parameter in geotechnical
engineering. This value depends on the chemical composition and structure of the soil

mineral; (Appendix C).
b) Shear Strength Parameters

Shear strength parameters (C and ) are determined from the direct shear test, undrained
triaxial test, and unconfined compressive test. Determination of undrained shear strength

Cy is very important for foundation design.

Bowles refers to the following SPT N-value correlations for angle of friction . Eq. (3.1)
is from Shioi and Fukui (1982), who obtained them from the Japanese Railway Standards,
developed for a building. This equation is used for non-rocky materials shear parameter

determination.
= 0.36*Ny + 27 (Eq.3.1)

The shear strength of intact rocks leads to cohesion intercepts in the range of 5 to 40MPa
and friction angles in the range of 30 to 50 degrees. (Jean L., 2013). In the model on most
soil layers, C and @ values are used 30° & 5Mpa for decomposed rocks, 40° & 10Mpa for
fractured rocks, and 45° & 30Mpa for basalt rocks are used. The summary of C and O are
shown in Table 3.2 to 3.5.

c) Initial stress coefficient, Ko

According to Bowles (1997), any new foundation load —either an increase (+) from a
foundation or a decrease (-) from an excavation —imposes new stresses on the existing
state of "locked in" stresses in the foundation soil mass. Over geological time, the stresses
in a soil mass at a particular level stabilize into a steady state and strains become zero.
When this occurs the vertical and lateral stresses become principal stresses acting on
principal planes. This effective stress state is termed the at-rest or Ko condition with Ko

defined as Brooker and Ireland (1965) (for normally consolidated clay) suggest (Eq.3.2).
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Table 3.2 C and & Values for United International Bank

Cohesion
(c) KPa

Angle of internal

Description friction ()

Depth (m)

Layer 1:-Dense, grey to reddish
brown, with some pinkish and
whitish spot, slightly GRAVEL,
derived from highly weather
vascular rock

Layer 2:-Hard reddish-brown silty

clay (paleo soil)

Layer 3: -Very dense light gray to
yellowish gray, sandy Gravel
derived from highly weather
vascular rock

Layer 4:- Medium - strong, grey,
slightly weathered fractured
aphanitic BASALT

15-20

20-27

27-40

40-45

30

27

30

45

5,000.00

14

5,000.00

40,000

Table 3.3 C and @ Values of Zemen International Bank

Description

Depth (m)

Angle of internal
friction (©’)

Cohesion
(c) KPa

Layer 1:- Stiff to very stiff, brown to
yellowish gray to gray, Sandy SILT
with gravel ( Decomposed Rock)
Layer 2:- stiff to very stiff, brownish
to yellowish gray to gray sand
Clayey SILT with gravel (
Decomposed Rock)

Layer 3:- Fine-grained, gray to dark
gray, slightly weathered and
moderately fractured BASALT
Layer 4: -stiff to very stiff, brownish
to yellowish gray to gray sandy
clayey SILT ( decomposed rock)

16 -23

23 -38

38- 44

44 - 50

30

30

40

30

5,000.00

5,000.00

10,000.00

5,000.00
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Table 3.4 C and & of Nib International Bank

Description Depth (m)

Angle of internal Cohesion
friction (Q’) (c) KPa

Layer 1: -Grayish black, slightly -
moderately wreathed, moderat2ly -
highly fractured weak to very weak
rock with some of the rock portion (
at the rim )changed to clay

Layer 2:- Light red, highly
decomposed, very weak rock.
Greyish black strong to moderately
strong, moderately weather rock
(with cavities) and highly fractured
rock.

Layer3:- Dark gray, highly wreathed
strong to moderately strong basalt

40 5,000.00

45 40,000.00

45 40,000.00

Ko = 0.95-S5inQ'

(Eq.3.2)

An equation similar to Eq. (3.2) is given by Holtz and Kovacs (1981) as

Ko = 0.44 + 0.0042Ip

Where:-I;, is in percent

(Eq.3.3)

The tabulated Initial stress coefficient values are attached in Appendix C.

d) Poisson’s Ratio

Poisson’s ratio is the transverse deformation characteristic of a soil which is resulted from

the application of a load along the longitudinal direction. This value is very helpful in

design and analysis. It is a property that describes the volume change of a material in a

direction perpendicular to the application of a load. It is defined as the ratio of the axial

compression to the lateral expansion of soils. Bowles (1997) recommends a range of

values of Poison’s ratio shown in Table 3.5. It is used for this study.
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3.2.2.2 Major material parameters for the non-cohesive soil layers

a) Stiffness Modulus

There are several methods which are helpful for determining the stress-strain modulus
of soil. These are unconfined compression tests, triaxial compression tests, and In-situ
tests (SPT, CPT, Plate,-load tests) the in situ tests of SPT and CPT tend to use empirical

correlations to obtain Es.

The value of stress-strain modulus Es obtained from these tests is generally the horizontal
value —but the vertical value is usually needed for settlements. Most soils are anisotropic,
so the horizontal Esy value may be considerably different from the vertical value Esy.
Over-consolidation may also alter the vertical and horizontal values of the stress-strain

modulus.

The standard penetration test (SPT) and cone penetration test (CPT) have been widely
used to obtain the stress-strain modulus Es resulting from empirical equations and/or

correlations.

The Es obtained using N values from the SPT may be more reliable than those from the

CPT. Some of the Empirical correlation suggested using N value are listed in Table 3.6.

Table 3.5 Initial Stress Coefficient for Nib Bank Project (Source Bowles 1997)

Type of soil U used Description
Clay, unsaturated 0.4-0.5 0.45
Clay, saturated 0.1-0.3 0.2
Sandy clay 0.2-0.3 0.25
Silt 0.3-0.35 0.35
Sand, gravelly sand  -0.1-1.00 0.6
commonly used 0.3-0.4 0.35
Rock 0.1-0.4 0.25 depends on rock type
Loess 0.1-0.3 0.2
Concrete 0.15 0.15

The German code DIN 4094-1 (2002) and DIN 4094-2 (2003)
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o:+0.5A 0z
E.= ,UXPa(T)W (Eq.3.7)

Where: -
1 = stiffness coefficient depending on values of N-SPT

w = stiffness exponent, which has a value of 0.5 for non-cohesive soil & 0.6 for
cohesive soils
oz= overburden pressure at a depth z below the foundation level
Aoz = additional vertical stress due to the loads from the superstructure at a depth z
p-= average atmospheric pressure, taken as 101.4 kN /m?, according to Hayward and
Oguntoyinbo (1987)
Using the formula based on EVB (1996) E determined from Es using Eq. (3.8).
s(:l—-2v2)
(1-v)

E=E (Eq. 3.8)

Where:-v = poison’s ratio

Stiffness moduli of the projects are computed using the above correlations, but it does not
fall within the range of indicative/presumptive values. Values of E for intact rock or rock
substance are in the range of 2,000 MPa to 100,000 MPa (Jean L. 2013). Table 3.6 Modules of

Elasticity Empirical correlations (Bowles, 1997)

Type of soil Es

Sand (normally consolidated) Es = 500(Ncor +15)
Sand (saturated) Es = 250(Ncor r +15)
Es = 1200(Ncor + 6)
Gravelly sand Es = 600(Ncor + 6) , for N< 15
Es = 600(Ncor + 6) + 2000, for N> 15
Clayey sand Es = 320(Ncor +15)

Silts, sandy silt, or clayey silt Es = 300(Ncor + 6)
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Accordingly, in the developed model, the Modulus of elasticity for the majority of
decomposed rocks, fractured rocks, and basalt rocks are used 5,000Mpa, 10,000MPa, and
30,000Mpa respectively. The rest of the Martial property and modulus of elasticity are
taken from the same source. (Jean L. 2013, Table 14.1-14.7). The values of E are summarized

in Tables 3.7 to 3.9.

Table 3.7. Stiffness modulus of United bank project

Depth(m) Description E (KPa)
Layer 1:-Dense, grey to reddish brown, with some
15 20 pinkish and whitish spot, slightly GRAVEL, 5,000,000.00

derived from highly weather vascular rock
20-27 Layer 2:-Hard reddish-brown silty clay (paleo soil) 120,000.00

Layer 3:- Dense to very dense, brownish to grayish,
27-40 5,000,000.00
sandy gravel derived from highly weathered Basalt

Lavyer 4:- Medium - strong, grey, slightly weathered
40-87 Y & 8TEY, SIS 30,000,000.00
fractured aphanitic BASALT

Table 3.8 Stiffness Modulus of Zemen Bank Project

Depth(m) Description E (KPa)
Layer 1:- Stiff to very stiff, brown to yellowish gray
15 -22  to gray, Sandy SILT with gravel ( Decomposed 5,000,000
Rock)
Layer 2:- stiff to very stiff, brownish to yellowish
22-40  gray to gray sand Clayey SILT with gravel 5,000,000
( Decomposed Rock)

Laver 3:- Fine-grained, gray to dark gray, slightl
40 -44 Y & STy ST, SIS 30,000,000
weathered and moderately fractured BASALT

Layer 4 -stiff to very stiff, brownish to yellowish
44 - 87 5,000,000
gray to gray sandy clayey SILT ( decomposed rock)
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Table 3.9 Stiffness Modulus of Nib Bank Project

D(erE )t h Description E (KPa)
Layer 7;Highly fractured rock 18,000,000
Layer 8: Grayish black moderately strong -strong 18,000,000
basalt with sub-vertical and subhorizontal joints

152 Layer 9: Grayish black, highly fractured,
moderately strong to week basalt and reddish
moderately to highly decomposed weak to very 18,000,000
weak basalt
Layer 10; Greyish black, fractured, strong rock, with

24 -30  cavities and highly weathered, slightly to modernly 30,000,000
decomposed weak to strong rick with K- feldspars
Layer 10;Reddish,highly fractured ,slightly

30 -85 weathered ,strong basalt with sub vertical and sub 30,000,000

horizontal fractures

The above first - three layers of Nib Bank soil strata is considered as one homogeneous
layer having averaged modulus of elasticity as shown. Note that the soil strata shown on

each project borehole are different within a site. The soil stratifications shown on the

above tables are done by combining much resembled consecutive layers.

3.3 General Comment on the soil investigation report

v" The visual description is so confusing. One can’t understand the exact nature of
the material readily. Here are some of exemplifying narrations:- red to reddish,
stiff to very stiff, brownish gray’, ‘Fine-grained, gray to dark gray, slightly
weathered and moderately fractured BASALT’, ‘Dense, grey to reddish brown,
with some pinkish and whitish spot , slightly GRAVEL, derived from highly
weather vascular rock’, ‘Grayish black, slightly - moderately wreathed,
moderately - highly fractured weak to very weak rock with some of the rock

portion ( at the rim )changed to clay.” These descriptions are very confusing. For
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the better understanding and proper use, it shall be specific and precisely
indicative.

v Groundwater level determination is done for all the projects. But it needs some
elaboration. One cannot understand whether the water is purched water or
aquifer. Moreover, the water table rang of Nib bank is very wide. As the projects
are big, piezometric test and installation shall be done too. It is done for Zemen
bank only. The projects initial water level and the stabilized level are not indicated.

v" No justification is made for the determination of the depth of boring. According to
Jean L.B (2013) the depth of the total boring is typically equal to twice the
foundation width below the foundation depth. Shallower borings may be accepted
if a hard layer is found and confirmed to be thick enough for the project. Depths
of boring commonly vary from 5m to 30 m.

The zone of influence below the tip of a pile may be a few meters for single pile
but for a group of piles, it becomes very larger. Table 3.11 shows that the depth of
soil investigated below the pile tip. There is uninvestigated soil portion below the

pile's tip of United and Nib banks.

The Number of boreholes according to Jean L.B (2013) a common rule for a building is to
perform 1 borehole per 250 m2 of foundation surface area. The comparison of the actual
number of boreholes and Jean L. and ES EN 1997: 2015 Part 2 recommendations are shown

in Table 3.10.
v" Some of the cohesion parameters are not in the range of indicative values.

Table 3.10 Number of Boring based on Jean L. (2013)

Description Nib Bank Zemen Bank UnitedBank
Total are of the piled- raft (m2) 1954.88 1378.6 1469.79
Number of BH as per Jean L. 8 6 6
Actual Number of BH 4 4 8
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Table 3.11 Depth of boring based on Jean L. (2031) and ES EN 1997: 2015 Part 2

Descrioti Nib Zemen United
escription Bank Bank Bank
Total length of basement floor 3.3m per floor 13.2 13.2 13.2
Thickness of raft,(m) 2 2.78 3.9
total bulk excavation 15.2 15.98 171
Length of piles,( m ) 24 28 and 20 28
Depth of boring (avg) 50 40 35
Investigate soil below the pile tip 10.8 -3.98 -10.1
Expecting depth of boring based on Jean L.
86 84 70
recommendation 2*Wr
Expecting depth of boring treated as a high rise
building foundation based on ES EN 1997:2015
Part 2, the max of Za=3*bF or Za> 6m
Za=3*bF 129 126 105

Note the negative sine is uninvestigated soil layer.
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4. FINITE ELEMENT OF PILED RAFT FOUNDATION
4.1 General Steps of the Finite Element Method

Analysis of simple structure by using closed form solution is simple. When the structure
is complex, it is very difficult to have an algebraic equation for the entire body. But using
the numerical method with the help of digital computer we can get an approximate
solution. The numerical method uses discretization of the continuum structure into finite
or simple elements. FEM uses the concept of polynomial interpolation. This method can
readily handle complex geometries and complex loadings like point loads, element load

(pressure, thermal, inertial forces) and time or frequency dependent loading.

The general step for finite element analysis is as follows:

Step 1 Discretization

Discretization is the process by which the solution region will divide into finite elements.

A computer program processor plays the greater role to create the fine element mesh.

The engineering judgment determines a total number of elements used and their
variation in size. The elements must be made small enough to give usable results and yet

large enough to reduce computational effort; (Montaser M., 2012).

Most of the high-rise buildings often have irregular foundation geometry. The
sophisticated software available for the simplification of irregular geometry of the
foundation is analyzed and designed with reasonable approximations for irregular
geometries. The common practice in the design and construction of deep foundations is
to use a regular arrangement of piles with piles of equal diameter and length,
(Gebregziabher, 2011).

Step 2 Select a Displacement Function

This step enables us to select the displacement function within each element. This is
achieved by using the nodal values of the elements. Frequently used functions are a
Linear function, a quadratic function, cubic polynomials function and trigonometric

series, (Montaser M., 2012).
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For geotechnical problems, displacements are usually taken as primary variables while
stresses and strains are taken as secondary variables. The displacement components are
then expressed in terms of their values at nodes. This large system of simultaneous
equations has to be solved to give nodal displacements (ui) using different mathematical

techniques, (Gebregziabher2011).

Step 3 Define the Strain/Displacement and Stress/Strain Relationships

Strain/displacement and stress/strain relationships are necessary for deriving the
equations for each finite element. In the case of one-dimensional deformation, say, in the

x-direction, the strain is related to displacement u by

_du

dx =—
dx

(Eq. 4.1)
for small strains. In addition, the stresses must be related to the strains through the
stress/strain law — generally called the constitutive law. The ability to define the material
behavior accurately is most important in obtaining acceptable results. The simplest of
stress/strain laws, Hooke’s law, which is often used in stress analysis, is given by ox= Eex
where oy = stress in the x-direction and E= modulus of elasticity; (Montaser M., 2012).

Step 4 Derive the Element Stiffness Matrix and Equations

Initially, the development of element stiffness matrices and element equations was based
on the concept of stiffness influence coefficients, which presupposes a background in
structural analysis. There are other alternative methods which do not require this special
background, namely direct equilibrium method, work or energy methods, and methods

of weighted residuals (MontaserM. 2012).

In Direct Equilibrium Method, the stiffness matrix and element equations relating nodal
forces to nodal displacements are obtained using force equilibrium conditions for a basic

element, along with force/deformation relationships.

In Work or Energy Methods, the stiffness matrix and equations for two- and three-

dimensional elements, it is much easier to apply a work or energy method. The principle
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of virtual work (using virtual displacements), the principle of minimum potential energy,
and Castigliano’s theorem are methods frequently used for the purpose of the derivation

of element equations.

Methods of Weighted Residuals are useful for developing the element equations;
particularly popular is Galerkin’s method. These methods yield the same results as the
energy methods wherever the energy methods are applicable. They are especially useful
when a functional such as potential energy is not readily available. The weighted residual
methods allow the finite element method to be applied directly to any differential
equation.

Step 5 Assemble the Element Equations to Obtain the Global

According to Gebregziabher (2011), assembly creates a set of global equations from
separate equilibrium equations. This process is done by direct stiffness method. The

resulting global equation will form
K. a=P (Eq.4.2)

Where: - K= Global stiffness matrix
a=Global displacement vector

P= External force member

Assembling all the element equations is used to find the global equation system for the
whole solution region. In other words, we must combine local element equations for all
elements used for discretization. Element connectivities are used for the assembly
process. Before solution, boundary conditions (which are not accounted in element

equations) should be imposed.

This step merges the individual element nodal equilibrium equations into the global
nodal equilibrium equations. Another more direct method of superposition (called the
direct stiffness method), whose basis is nodal force equilibrium, can be used to obtain the

global equations for the whole structure. Implicit in the direct stiffness method is the
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concept of continuity, or compatibility, which requires that the structure remains together

and that no tears occur anywhere within the structure.

The separate element equilibrium equations are finally assembled to create a set of global
equations. The assembly process is done by the direct stiffness method, where the terms
of the global stiffness matrix are obtained by summing the individual element
contributions taking into account the degrees of freedom which are common between
elements (Gebregziabher, 2011).

Step 6 Solve for the Unknown Degrees of Freedom

The finite element global equation system is typically sparse, symmetric and positive
definite. Direct and iterative methods can be used for the solution. The nodal values of

the sought function are produced as a result of the solution.

Applying mathematical procedures based on solutions of governing differential
equations for pile and soil displacements obtained using the principle of minimum
potential energy and comparing the results with FE analysis using ABAQUS, (Seo et al.
,2009; Gebregziabher,2011)

Step 7 Solving for the Element Strains and Stresses

For the structural stress-analysis problem, important secondary quantities of strain and
stress (or moment and shear force) can be obtained because they can be directly expressed
in terms of the displacements determined by solving the element equations in a global
direction.

Step 8 Interpreting the Results (Interpretation of results)

The final goal is to reach a conclusion based on the analysis output. This is done by

settlement and stress output.

4.2 Finite Element Modeling of Piled Raft Foundation

Modeling of piled-raft foundations are consists of three basic material modeling. Pile,
raft, and soil are the elements which should be modeled as the real elements. To simulate

the whole system this section will present the modeling criteria of each element in finite

element method.
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4.2.1. Modeling of Piles and Raft

The concrete element is similar to the 8-node (3-D Structural Solid) element with the
addition of special cracking and crushing capabilities. The most important aspect of this
element is the treatment of nonlinear material properties. The concrete is capable of
cracking (in three orthogonal directions), crushing, plastic deformation, and creep. (Fei-

ran Li, 2009).

4.2.2. Modeling of Soil

The soil is considered as a solid an isotropic material, homogenous element and has
elastic half-space medium. In this thesis depth of soil was defined 2.5 times pile length
and its width is 3 times the width of the raft. For the analysis, all inputs for Mohr-
Coulomb model are considered. The soil medium below the raft was modeled using the
eight-node brick element having three degrees of freedom of translation in the x, y and z
directions at each node. It is found that for the width and the thickness of the soil medium
more than 2.5 times the least width of the raft foundations shows a negligible influence
on the settlement and the contact pressure. The vertical translation is arrested at the
bottom boundary while the lateral translation is arrested at the vertical boundary

(FeiranLi, 2009).

4.2.3. Soil-Pile Interaction

In 3D analysis the nature of the soil pile interaction is complicated. Therefore, to find a
closed form solution is extremely difficult. According to YasserK. et al. (2014), Soil
structure interaction modeled best using finite element method. This method has several
advantages over other methods, (1) it allows to model different pile and soil geometries;
(2) capability of using different boundary and combined loading conditions; (3) the
feature of discretization allows to find solutions at each element and node in the mesh;
(4) modeling of different types of soil and various material behavior for piles; and (5)
ability to account for the continuity of the soil behavior. Several researchers have used

the FEM to model pile-soil interaction.
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4.3. Material Modeling

Material modeling is a governing factor for the type of structural behavior. The behavior
of the material is either linear or nonlinear. Changing status, Geometric nonlinearities

and/or Material nonlinearities are a source of nonlinear structural behavior.

Changing Status (Including Contact): many common structural features exhibition linear
behaviors, that is, they are status-dependent. For example, a tension-only cable is either
slack or taut; a roller support is either in contact or not in contact. Status changes might
be directly related to load (as in the case of the cable), or they might be determined by
some external causes. Situations in which contact occurs are common to many different
nonlinear applications. Contact forms distinctive and important subset to the category of

changing status nonlinearities.

Geometric Nonlinearities: If a structure experiences large deformations, its changing
geometric configuration can causeth structure to respond nonlinearly. Geometric

nonlinearity is characterized by "large" displacements and/or rotations.

Material Nonlinearities: Nonlinear stress-strain relationships are common causes of
nonlinear structural behavior. Many factors can influence a material's stress-strain
properties, including load history (as in elastoplastic response), environmental
conditions (such as temperature), and the amount of time that a load is applied (as in

creep response), (ANSYS, 2011).

4.3.1. Material Modeling of Pile and Raft

The concrete material model predicts the failure of brittle materials. Both cracking and
crushing failure modes are accounted for. The criterion for failure of concrete due to a

multiaxial stress state can be expressed in the form (Willam and Warnke).

F _s>o0 (Eq. 4.3)

c

Where: F = a function (to be discussed) of the principal stress state (Oxp, Oyp, Ozp);
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S = failure surface expressed in terms of principal stresses and five input

parameters fo fo foo, f1.,f 2;

fc= uniaxial crushing strength;
( Oxp, Oyp, Ozp )= principal stresses in principal directions.

If previous Equation is satisfied, the material will crack or crush.

4.3.2. Material Modeling of Soil (Mohr-Coulomb Method)

Mohr-Coulomb is the most known law for modeling a soil mass and it is one of the
constitutive models found in ABAQUS material modeling library. More engineering

calculations are done using this method as it is a well-developed method.

Mohr-Coulomb model is a perfectly elasto-plastic model. Elastic behavior and plastic
behavior of material defined this law. The model needs four imputes parameters in
ABAQUS: friction angle, dilatation angle, cohesion yield stress, and absolute plastic

strain and sometimes use temperature for temperature dependent materials.

4.3.3. Material Modeling of Contact Element (surface to surface)

Thin Layer Method (TLM) allows replacing the two semi-infinite media, on the left and
right (top and bottom) of a central domain of interest; by equivalent nodal forces
simulating their effect. Those are deduced from an eigenvalue problem formulated in the

two semi-infinite lateral media.

The Thin Layer Method (TLM) or the consistent transmitting boundary condition
method, developed by Waas, is adopted in this work to simulate wave propagation in
unbounded soil media. The problem is formulated in the frequency domain under plane
strain conditions. The domain is divided into three regions. The region of interest usually
contains foundations, tunnels, wave barriers or surface structures, which is the focus of
analysis. It is called the irregular soil domain. This zone will be treated by the finite

element method and it will be discretized into structured or unstructured mesh grids
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with two degrees of freedom per node. The base of the model is assumed in the current

analysis to be horizontal and resting on rigid bedrock; (Nawras Hamdan, 2013).

According to Potts and Zdravkovic (2001), it is preferable not to use interface elements
for the case of vertical loading. Experience at the Institute of Geotechnics of TU Darmstadt
has shown that the use of very thin continuum elements for modeling soil-structure
interaction, which is also known as ideal contact, is more suitable for deep foundations
with bored piles, due to the roughness of the surfaces of the soil and concrete. Owing to
its wide application for similar problems (Reul 2004, Katzenbach et al. 2009, and
Katzenbach et al. 2009) the ideal contact concept has been made use of in this study too.
Since the width of the shaft element affects the resistance - settlement relationships of the
foundation, it shall be adjusted using numerical analyses (Katzenbach et al. 2007).
Continuum elements of thickness 0.1D at the pile-soil interface have been applied
throughout the numerical studies as recommended by Reul (2000) and de Sanctis and

Mandolini (2003, 2006); cited by Gebregziabher,( 2011).
4.4. Modeling of Piled Raft Foundations Using Abaqus

4.4.1. Introduction

This chapter explains how to model piled raft foundations using ABAQUS, which is one
of the powerful finite element program software. 3D numerical modeling involves
considerably more elements and therefore more nodes and interaction points than 2D
modeling. The modeling process is started by defining the element materials for soil and

concrete.

4.4.2. Modeling of Piled-Raft Foundations

The next sub-topics cover the procedure of modeling of all elements of pile-raft
foundation in ABAQUS. This covers; modeling of piles, raft, and soil layers, pile-soil

contact, raft-soil contact, mesh generation, constraints definition, and load application.
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4.4.2.1. Modeling of RC Piles

Modeling of a pile is a two-parameter output; the length and the diameter. ABAQUS has
8-node linear brick material which is used for the 3-D modeling of solids materials. In

addition, its feature is solid deformable type.

In a preprocessor such as ABAQUS, we define the model geometry rather than the nodes
and elements; when we mesh the geometry, the preprocessor automatically creates the

nodes and elements needed for the analysis.

4.4.2.2. Modeling of RC Raft

The RC raft in this study is the same element as pile modeled using ABAQUS node linear
brick material which is used for the 3-D modeling of solids. The raft can be modeled by
defining its coordinate and at last, it becomes a three parameter output; the length, width,

and thickness.

4.4.2.3. Modeling of Soil

The soil element in the current study is modeled using in ABAQUS as a deformable solid

element. Model of the soil contains the different soil layers of the projects.

For 3D modeling of the soil 8-node brick material is used. This eight nodded brick
element has three degrees of freedom at each node. That is translations in the nodal x, y,
and z directions, Mohr-Coulomb method is used to define the material properties of soil
in this study.

4.4.2.4. Modeling of Pile-Soil Contact

The substructure and superstructure load transferred to the soil is predominantly by skin
friction of the piles. Investigation of soil-pile interaction has been studied in the past four

decades through physical and numerical modeling ;( Gebregziabher, 2011).

Due to the roughness of the surfaces of the soil and concrete use of very thin continuum
elements for modeling soil-structure interaction is more suitable for deep foundations
with bored piles. Continuum elements of thickness 0.1D at the pile-soil interface have

been applied throughout this study.
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In ABAQUS a contact surface was modeled using thin layer method. It is used to model
the interaction contact surface between the pile shaft external surfaces and the
surrounding soil. These elements have only displacement degrees of freedom at their

nodes. The contact surface thickness is 0.1*D (D= diameter of the pile)

4.4.2.5. Modeling of Raft-Soil Contact

“Loads from superstructures are transferred to the soil predominantly through skin
friction of the piles. Thus the contact between the piles and soil shall be handled carefully.
The pile-soil contact has been investigated in the past four decades by physical and

numerical modeling.

Kulhawy and Peterson (1979), Potynody (1961), Uesugi et al. (1990), Katzenbach et al.
(2000) carried out extensive experiments to study the contact behavior between concrete
and soil. Based on such in-situ, field, laboratory and numerical experiments, the friction
laws for the contact between soil and concrete were formulated by different researchers.
Most of the idealizations were based on simple Mohr-Coulomb linear models which
cannot represent the hardening and softening behaviors. Wriggers and Haraldsson (2003)
formulated mathematical elasto-plastic models for the concrete-soil contact based on the
real shear test experiments of Katzenbach et al. (2000), which was later checked
experimentally by Katzenbach and Turek (2003). Haraldsson (2004) extended these works
by performing sensitivity analysis to propose a better contact formulation and simulated

with FEM, (Arslan 1994).

There are different methods of idealizing the contact between the soil and concrete

foundation unit. Some of these idealizations were summarized by Reul (2000) as follows:

According to Potts and Zdravkovic (2001), it is preferable not to use interface elements
for the case of vertical loading. Experience at the Institute of Geotechnics of TU Darmstadt
has shown that the use of very thin continuum elements for modeling soil-structure
interaction, which is also known as ideal contact, is more suitable for deep foundations
with bored piles, due to the roughness of the surfaces of the soil and concrete. Owing to

its wide application for similar problems (Reul 2004, Katzenbach et al. 2009, and
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Katzenbach et al. 2009) the ideal contact concept has been made use of in this study too.
Since the width of the shaft element affects the resistance - settlement relationships of the
foundation, it shall be adjusted using numerical analyses (Katzenbach et al. 2007).
Continuum elements of thickness 0.1D at the pile-soil interface have been applied
throughout the numerical studies as recommended by Reul (2000) and de Sanctis and

Mandolini (2003, 2006) cited by Gebregziabher, (2011).

The contact surface between raft and soil was modeled using a thin layer method.

4.5. Mesh Generation

Generating a mesh is the process of dividing the domain into many subdomains (Finite
elements). In FE the accuracy of the domain depends on the nature of the mesh. The finer

mesh is the more accurate the result will be, but it consumes longer period of analysis.

The raft, pile, and soil system assembled before the orphan mesh is applied. This mesh is
applied based on the principle of symmetry. Based on symmetry principle, the
foundation systems are modeled as bi-symmetrical and uni-symmetrical systems before
applying boundary condition.

4.6. Soil Mass Boundaries

Boundary condition used values of basic solution variables like displacement. The infinite

soil mass outside the modeled soil mass is not considered.

The boundary condition is a proper constraint on a mesh. The nodes on the periphery of
the symmetrical mesh are fixed against displacement in the horizontal direction but
remain free to displace in the vertical direction. Moreover, the bottom of the mesh is fixed
against displacement in all directions. The boundary of a model is placed far from the

reign of interaction in order not to affect the displacement.

Abaqus has boundary condition to solve unknowns. Due to symmetry, the models are
one-fourth of the model and one half of the model simulated and then boundary

condition is applied on the mid-axis.
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The boundary conditions in this study are (a) the horizontal boundary of the soil was
placed at least 3 times the raft width. (2) The vertical boundary was placed 70 to 110m

from the bottom of the raft.

4.7. Model Implementation

For the interest of time, the developed models are bidirectional symmetry (Quarter of the
system is modeled) and unidirectional symmetry (Half of the system is modeled).
Symmetric modeling also reduces the modeling time and the result can be interpreted in
a simple way. Advantages of symmetry modeling are; simplify result readings, and save
time and effort at modeling.

Table 4.1 Actual Designed Dimension of the Piled Raft Foundation

Descrivtion of the actual Nib Bank Zemen Bank United Ban
iled rl;ft foundation (Unidirectional (Bidirectional (Unidirectional
P symmetry) symmetry) symmetry)
Breadth of raft, B (m) 34.79 49.96 42.21
Length of raft ,L (m) 43.23 41.95 39.50 and 35.72
Thickness of raft, tr (m) 2 2.78 3.9
Length of piles ,Lp( m) 24 28 and 20 28
Diameter of piles (m) 0.8 0.8 and 0.6 0.8
Pile spacing 3FD=24 3¥D=24 3D =24
Number of piles ,n 240 358 and 36=394 300

4.8. Application of Loading

The static structural loads in this study are applied as a uniformly distributed load. The loads
are determined from the structural load of the buildings, imposed loads and transient/live
loads. As shown in Table 4.3 it is very large to accept and to use. (detail calculation is shown

in the appendix C.7). The unfactord structural load is between 16.35KN/m? to 19.91 KN /m?.
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For this study, 12KN/m? uniformly distributed load is used. On this base unfactored and

factored loads become 420KN/m? and 582 KN/m? respectively.
Table 4.2 Modeled Dimension of the Soil-Piled- Raft System

Description piled raft Nib Bank Zemen Bank United Bank
founrc)lationpmo del (Unidirectional (Bidirectional (Unidirectional
symmetry) symmetry) symmetry)
Breadth of raft, B (m) 35 27 35.72
Length of raft ,L ( m) 21.6 21.5 21
Thickness of raft, t; (m ) 2 2.78 4.03
Length of piles ,L,( m) 24 28 and 20 28
Diameter of piles,D (m) 0.8 0.8and 0.6 0.8
. : 3*D=24 and 3*D =24 and 6*D 3*D =24 and 6*D =
Pile spacing 6D =48 =48 48
Number of piles n 126 for 3D 99 for 3D and 31 135 for 3D and 40 for
pries, and 35 for 6D for 6D 6D
No of pile Difference from 9 68 95
actual
Model tvpe Unidirectional Bidirectional Unidirectional
yp symmetry symmetry symmetry
Breadth of soil, B (m ) 105 85 108
Length of soil ,L (m) 65 65 63
Thickness of soil, ts( m) 70 110 72

Table 4.3 Applied Unfactored and Factored Loads (hand calculation)

Total Unfactord Load applied on

Total Factored Load applied on

Project the Raft (KN/m2) the Raft (KN/m2)
Zemen Bank 595.04 810.45
United Bank 611.07 813.29
Nib Bank 615.85 837.5
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4.9. Step-By-Step Analysis

Simulating the actual construction process for finite element method is very important to

attain reasonable results. This is achieved by step-by-step analysis. These are:
1. Initial Stress Condition:

Initial conditions are specified for particular nodes or elements as appropriate. The data
can be provided directly, in an external input file or in some cases, by a user subroutine
or by the results or output database file from a previous ABAQUS analysis. The in-situ
stress state of the soil mass is simulated in this first step. (it helps to define the equilibrium

condition of internal stress )
2. Primary Load

This step is used to consider the primary existed soil mass that was excavated to create

the basement stories.
3. Excavation:

Excavation of the soil for pile installation is modeled by removing the soil from the
bottom of the raft to the bottom of the pile. In this step, the soil below the raft is excavated
to full depth of the pile (up to 20m, 24 m and 28m below the bottom of the raft).

4. Pile Installation:
Installation of the foundation piles is simulated here.
5. Raft installation:

The simulation of the application of weight and stiffness of the raft are handled in this

step.

6. Loading:
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At last, factored or unfactord loads of the substructure (except the raft load) and

superstructure loads are applied as uniformly distributed load acting on top of the raft.

Note 1) Pressure relief due to excavation is considered in the analysis. As modeling is
started -19m below the natural ground level, the soil above it is imposed in the form of

uniformly distributed load. Then it is excavated (deactivated) in the excavation step.

2) The pile head and the raft are rigidly connected.
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5.0 ANALYSIS OF RESULTS

5.1 FEM Analysis Result

a) Settlement Analysis Result

Settlement analysis result for unfactord Load condition is showed in Figures 5.1 to 5.6. It

is the vertical displacement of the system on the region where the load is applied. Applied

load magnitude is 12KN/m? and the total load applied on the raft is 420 KN/m?2 The

maximum displacement results are summarized in Table 5.1- 5.3.

U, U3
-1.354e-03
-1.500e-03
-1.646e-03
-1.792e-03
-1.938e-03
-2.084e-03
-2.230e-03
-2.376e-03
-2.522e-03
-2.668e-03
-2.813e-03
-2.959e-03
-3.105e-03

Y

1 X Step: clumns load
Increment 4: Step Time =
Primary Var: U, U3

Deformed Var: U Deformation Scale Factor: +1.000e+00

ODB: Job-16T_D_A_ZEMEN3D_uFL.odb Abaqus/Standard 6.13-1

1.000

b CARS S GARN5 ¥,
QEES BEE

Sun Apr 15 08:21:35 Pacific Daylight Time 2018

Figure 5.1. Settlement Analysis Result of Zemen Bank -Pile Spacing 3D
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U, U3 L
-1.387e-03 NI
-1.560e-03 B
-1.733e-03 L HH
-1.907e-03 WEEis
-2.080e-03 |

-2.253e-03
-2.427e-03
-2.600e-03
-2.773e-03
-2.947e-03
-3.120e-03
-3.293e-03
-3.467e-03

ODB: Job-16T16F4_D_A_ZEMEN_6D_UFL.odb Abaqus/Standard 6.13-1 Sun Apr 15 23:36:04 Pacific Daylight Time 2018

X Step: columns load
Increment  4: Step Time = 1.000
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.2 Settlement Analysis Result of Zemen Bank -Pile Spacing 6D

U, us
+7.107e-04
+5.852e-04
+4.598e-04
+3.343e-04
+2.088e-04
+8.336e-05
-4.211e-05
-1.676e-04
-2.930e-04
-4.185e-04
-5.440e-04
-6.694e-04
-7.949e-04

Y ODB: Job-21_NIB3D_130_UFL.odb Abaqus/Standard 6.13-1 Fri Apr 20 05:15:15 Pacific Daylight Time 2018

1 Step: column load
X Increment 4: Step Time = 1.000
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.3. Settlement Analysis Result of Nib Bank- Pile Spacing 3D
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U, us
+8.571e-04
+7.371e-04
+6.170e-04
+4.970e-04
+3.770e-04
+2.570e-04
+1.370e-04
+1.696e-05
-1.031e-04
-2.231e-04
-3.431e-04
-4.631e-04
-5.831e-04

ODB: Job-21_B_NIB_6D_UFL_13-Copy.odb Abaqus/Standard 6.13-1 Sat Apr 21 11:42:15 Pacific Daylight Time 2018

X Step: column load
Increment  4: Step Time = 1.000
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.4 Settlement Analysis Result of Nib Bank - Pile Spacing 6D

U, U3
-1.186e-03
-1.470e-03
-1.754e-03
-2.038e-03
-2.321e-03
-2.605e-03
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-3.740e-03
-4.024e-03
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Y ODB: Job-21_UNITED_3D_UFL-Copy.odb Abaqus/Standard 6.13-1 Fri Apr 20 19:05:52 Pacific Daylight Time 2018

1 Step: column load
X Increment 1: Step Time = 1.000
Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.5 Settlement Analysis Result of United Bank - Pile Spacing 3D
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U, U3

+2.828e-04
-2.615e-04
-8.059e-04
-1.350e-03
-1.895e-03
-2.439e-03
-2.983e-03
-3.528e-03
-4.072e-03
-4.616e-03
-5.161e-03
-5.705e-03
-6.249e-03

Step: columns load
4: Step Time = 1.000
Primary Var: U, U3

X Increment

Deformed Var: U Deformation Scale Factor: +1.000e+00

ODB: Job-21UNITED_6D_UFL-Copy.odb Abaqus/Standard 6.13-1 Sat Apr 21 06:10:09 Pacific Daylight Time 2018

Figure 5.6 Settlement Analysis Result of United Bank- Pile Spacing 6D

5.1.1. Differential Settlement and Angular Distortion

After the analyzing the piled raft foundations, it is found that the differential settlement
varied from 0.05mm to 4.61 mm. Differential settlement and angular distortion results for 3D
and 6D pile spacing are shown below in Table 5.1. As per MacDonald and Skempton (1955)
recommendation, all the projects differential settlement and angular distortion are within
tolerable limit.

Table 5.1 Differential settlement and angular distortion

Differential

Difference of

Project Pll.e Settlement Differential Angul'a N Remark
spacing (mm) Settlement Distortion
(mm)
3D 2.25 7.88E-04
Zemenk Bank 0.11 L=32.97m
6D 2.6 7.55E-04
3D 0.05 0.00196
Nib Bank 0.46 L=25.74
6D 0.51 0.0198
_ 3D 3.41 0.001703
United Bank 1.2 L=25.43M
6D 4.61 1.77E-05
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5.1.2. Settlement of Piled Raft and Raft Alone

The settlements of the piled raft foundation for both spacing and settlement the raft alone
is between 0.079 to 4.67mm and 3.02 to 9.71mm respectively. (See Table 5.2.) The
settlement response of piled raft foundation for both pile spacing is almost the same. The

settlement of raft alone is insignificant too.

Table 5.2 Maximum Settlement of Piled Raft Foundation

Max. Settlement

Max. Settlement of raft alone

Project Pile spacing

of piled raft (mm) (mm)
3D 3.05

Zemen Bank 8.97
6D 3.47
3D 0.079

Nib Bank 3.024
6D 0.583
3D 4.59

United Bank 9.71
6D 4.67

5.1.3. Load Sharing Between the Pile and the Raft

The uniformly distributed structural load is carried by the raft and the piles together.
From the stress output and area of piles; the load carried by the piles is easily determined.

Table 5.3. depicts that the load carried by raft is 3% to 15% and 24 % to 39% for 3D and 6D

pile spacing respectively.

Table 5.3 Load Sharing Between the Pile and the Raft (%)

Part Zeme Bank Zeme United Bank 3D United Nib Bank Nib
3D Bank 6D Bank 6D 3D Bank 6D

Raft 10% 39% 9% 24% 3% 25%

Pile 90% 61% 91% 76% 97% 75%
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B) Normal Stress on the Pile

S, 833

(Avg: 75%)
-1.165e+02
-1.611e+02
-2.057e+02
-2.504e+02
-2.950e+02
-3.396e+02
-3.842e+02
-4.288e+02
-4.734e+02
-5.181e+02
-5.627e+02
-6.073e+02
-6.519e+02

5 Z
o, x

ODB: Job-21_NIB3D_130_UFL.odb AbaqusjBtamard 6.13-1 Fri Apr 20 05:15:15 Pacific Daylight Time 2018

Step: column load

Increment 4: Step Time = 1.000

Primary Var: S, S33

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.7 Normal Stress Result of Nib Bank- Pile Spacing 3D

S, $33
(Avg: 75%0)

-9.419e+01
-1.265e+02
-1.588e+02
-1.911e+02
-2.235e+02
-2.558e+02
-2.881e+02
-3.204e+02
-3.527e+02
-3.851e+02
-4.174e+02
-4,.497e+02
-4.820e+02

ODB: Job-21_B_NIB_6D_UFL_13-Copy.odb Abaqus/Standard 6.13-1

Y Z
1 » X Step: column load

Increment
Primary Var: S, S33
Deformed Var: U Deformation Scale Factor: +1.000e+00

I

Sat Apr 21 11:42:15 Pacific Daylight Time 2018

Figure 5.8 Normal Stress Result of Nib Bank- Pile Spacing 6D
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S, S33

(Avg: 75%)
-6.835e+01
-5.273e+02
-9.862e+02
-1.445e+03
-1.904e+03
-2.363e+03
-2.822e+03
-3.281e+03
-3.740e+03
-4.199e+03
-4.658e+03
-5.117e+03
-5.576e+03

z ODB: Job-21_UNITED_3D_UFL-Copy.odb Abaqus/Standard 6.13-1 Fri Apr 20 19:05:52 Pacific Daylight Time 2018

Y
X Step: column load

Increment 1: Step Time = 1.000
Primary Var: S, S33
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.9 Normal Stress Result of United Bank- Pile Spacing 3D

S, S33

(Avg: 75%0)
-1.222e+02
-1.647e+03
-3.172e+03
-4.697e+03
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-9.272e+03
-1.080e+04
-1.232e+04
-1.385e+04
-1.537e+04
-1.690e+04
-1.842e+04

Z ODB: Job-21UNITED_6D_UFL-Copy.odb Abaqus/Standard 6.13-1 Sat Apr 21 06:10:09 Pacific Daylight Time 2018

Y
x Step: columns load X
Increment 4: Step Time = 1.000
Primary Var: S, S33
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.10 Normal Stress Result of United Bank- Pile Spacing 6D
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S, S33

(Avg: 75%)
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-8.036e+02
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-1.153e+03
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-1.385e+03
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-1.734e+03
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ODB: Job-16T_D_A_ZEMEN3D_uFL.odb Abaqus/Standard 6.13-1

Y4
Y,
‘ X Step: clumns load
Increment 4: Step Time = 1.000
Primary Var: S, S33
Deformed Var: U Deformation Scale Factor: +1.000e+00

Sun Apr 15 08:21:35 Pacific Daylight Time 2018

Figure 5.11 Normal Stress Result of Zemen Bank- Pile Spacing 3D

S, 833
(Avg: 75%0)
-3.557e+02 .‘
-5.319e+02
-7.081e+02
-8.843e+02
-1.060e+03
-1.237e+03
-1.413e+03
-1.589e+03
-1.765e+03
-1.941e+03
-2.118e+03
-2.294e+03
-2.470e+03

74 ODB: Job-16T16F4_D_A_ZEMEN_6D_UFL.odb Abaqus/Standard 6.13-1 Sun Apr 15 23:36:04 Pacific Daylight Time 2018

Y
'L. X Step: columns load
4: Step Time = 1.000

Increment
Primary Var: S, S33
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 5.12 Normal Stress Result of Zemen Bank- Pile Spacing 6D
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5.2.3 Load Settlement Graph (for factored load)

To study the structural load (Vertical load) settlement nature; factored load is applied on
respected foundations having 3D and 6D pile spacing. After the analysis; the output data
is extracted from the modes using the unique nodal command. For each increment load
respective settlement is collected and the graphs are drawn as showmen on figure 5.1 to

5.6. Location of the settlement measurement is taken at the center of the foundation.

Zemen Bank 3D ( Factord load )
Load - Settelement Graph

Load, KN/m?
0 100 200 300 400 500 600 700

0.5
15

2.5

Settelement, mm

3.5

4.5

Fig.5.13. Zemen Bank 3D Load settlement Curve
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United Bank 3D ( Factord load )
Load - Settelement Graph
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Fig.5.14. United Bank 3D Load settlement Curve
Nib Bank 3D ( Factord load )
Load - Settelement Graph
Load, KN/m?
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Fig.5.15. Nib Bank 3D Load settlement Curve
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Nib Bank 6D ( Factord load )
Load - Settelement Graph
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Fig.5.16. Nib Bank 6D Load settlement Curve
United Bank 6D ( Factord load )
Load - Settelement Graph
Load, KN/m?

0 100 200 300 400 500 600 700

0
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Fig.5.17. United Bank 6D Load settlement Curve
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Zemen Bank 6D ( Factord load )

300.00

Load - Settelement Graph
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Fig.5.18. Zemen Bank 6D Load settlement Curve

5.2.4 Friction Mobilized and Load Carried In Friction

Mobilized friction and load carried by friction are summarized in table 5.4.

Table 5.4 Mobilized friction and load carried by friction

United Bank Nib Bank Zemen Bank
Top portion Middle portion Bottom portion  Top portion Middle portion Bottom portion Top portion Middle portion  Bottom portion

Friction 3D 70,580.95 553.58 5,843.30 8,930.30 3,572.12 4,822.36 47,822.82 31,830.63 119,018.86
Mobilized

(Kpa) 6D 47,822.82 859.89 23,834.53 52,063.64 22,236.44 7,983.69 53,358.58 35,521.13 13,009,038.27
Load Carried 3D 2,836,789.64 93,169.07 73,391.89 201,896.20 53,838.99 109,023.95 961,047.47 1,439,253.57 1,195,901.51
In Friction

(KN) 6D 1,922,094.94 144,722.62 299,361.65 1,177,054.84 335,147.69 180,495.20 1,072,294.12 1,606,123.54  130,714,816.56

% Increased/
Decreased

-32%

55%

308%

483%

523%

66% 12%

12%

10830%

Note the thickness of top, middle, and bottom portions of the piles are shown in Table

55t05.7.

Table 5.4 shows that mobilized friction and load carried by friction are increased as the

pile spacing changed from 3D to 6D, except united bank on top portion the pile. The

increment for the top, middle, and bottom portion are 12%-480%, 12%-523%, and 66 %-

10,8030% respectively. The percent increment depends on the length of the thickness of

the soil.
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Table 5.5 Mobilized friction at different loading

Smmary of skin friction at different loading stage

NIB BANK UNITED BANK ZEMEN BANK

NIB 3D NIB 6D UNITED 3D UNITED 6D ZEMEN 3D ZEMEN 6D

Istload Incremen:  (624120)  (1,51338)  (4,731.69)  (10,343.85)  (9,792.65)  (4,921.41)
2ndload Incremer (12,022.13)  (2,729.09)  (10,731.69)  (21,274.46)  (17,82620)  (9,241.73)
3rd load Incremen  (20,700.07)  (8,416.39)  (14,731.69)  (43,176.93)  (29,354.99)  (15,556.17)
Last load Increme:  (22,687.85)  (11,672.81)  (24,731.69)  (51,551.60)  (43,033.01)  (39,976.76)

Results of mobilized friction at different loading are shown in table 5.5. The result
indicates that the foundation system is not typically piling foundation under vertical

load. If the frictional force starts declining, it implied it became end bearing foundation.
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Table 5.5 Friction Mobilized and Load Carried In Friction Q Friction Zemen Bank, 3D and 6D

Material
Property

N
\

X

7

A

7
i

X

s 30,000,000

v 0.25
L 24.00
D 0.80
S friction  5.83E-04

7

i

7
“i

!

7

Load
Material Fric.:t%on Ca.rri.ed In
Layer Property M(?blhzed, Fl‘l‘Ctl.On Q
Fi (Kpa) Friction I
(KN)
E. 30,000,000
v 0.25
L=1, (15-24m) L 24.00 8,930.30 201,896.20
D 0.80
S tiction  1.00E-04
E. 30,000,000 f
v 0.25
L=2,(24-30m) L 24.00 3,572.12 53,838.99
D 0.80
S triction 4.00E-05
E. 18,000,000
Vs 0.25
L=3,(30-39m) L 24.00 4,822.36 109,023.95
D 0.80

S triction 9.00E-05

E. 30,000,000

Y 0.25

24.00

0.80

S friction 2.49E-04

7%

2

7

_
77

/
i

N
N
N
N
N
N
N
X
X
N
X
X
N
N
N
N
N
N
X
N
N
N
N
X
N
\
X
N
N
N
N
X
X

E; 18,000,000

Vs 0.25
L 24.00
D 0.80

S friction 1.49E-04
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Mobilized,

1,177,054.84




Table 5.6 Friction Mobilized and Load Carried In Friction Q Friction UNITED Bank, 3D and 6D

UNITED Bank, 3D

Load
) Friction Carried In
Material oye .
Layer Property M(?blhzed, Fl'l'Ctl'OnQ
Fi (Kpa) Friction I
(KN)

E, 5,000,000
v 0.25

L=1,(15-20m) L 28.00 70,580.95  2,836,789.64
D 0.80
S tiction  4.59E-03
E. 120,000
v 0.25

L=2,(20-27m) L 28.00 553.58 93,169.07
D 0.80
S ticion  1.50E-03
E. 5,000,000
Vs 0.25

L=3,(27-42m) L 28.00 5,843.30 73,391.89
D 0.80
S tiction  3.80E-04

N

7

=

7
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UNITED Bank, 6D

Friction Load Carried
Material rs In Friction Q
Mobilized, ..
Property Fi (Kpa) Friction I
(KN)

E, 5,000,000
v 0.25

L 28.00 47,822.82 1,922,094.94
D 0.80
S friction 3.11E-03
E, 120,000
\ 0.25

L 28.00 859.89 144,722.62
D 0.80
Stiction  2.33E-03
E. 5,000,000
Vs 0.25

L 28.00 23,834.53 299,361.65
D 0.80
S friction 1.55E-03
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Table 5.7 Friction Mobilized and Load Carried In Friction Q Friction NIB Bank,3D and 6D

NIB Bank, 3D
Load
. Friction Carried In
Material L L
Layer Propert Mobilized, Friction Q
perty Fi (Kpa) Friction I
(KN)

E. 30,000,000
Vv 0.25

L=1, (15-24m) L 24.00 8,930.30 201,896.20
D 0.80
S friction 1.00E-04

L4

ES 30,000,000
Vv 0.25

L=2,(24-30m) L 24.00 3,572.12 53,838.99
D 0.80
S friction 4.00E-05
ES 18,000,000
Vs 0.25

L=3,(30-39m) L 24.00 4,822.36 109,023.95
D 0.80
S friction 9.00E-05
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NIB Bank, 6D
. Friction Load Carried
Material e . ..

Layer Propert Mobilized, In Friction Q

perty Fi (Kpa) Friction (KN)
E. 30,000,000
Vv 0.25

1 L 24.00 52,063.64 1,177,054.84
D 0.80
S friction 5.83E-04

Ld

E. 30,000,000
Vv 0.25

2 24.00 22,236.44 335,147.69
0.80
S friction 2.49E-04
E, 18,000,000
Vs 0.25

3 L 24.00 7,983.69 180,495.20
D 0.80
S friction 1.49E-04
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Summary

This study uses FEM software ABAQUS to assess the piled raft foundation under vertical
load. This is done using three projects having similar natures. On modeling; the pile
length, pile diameter, raft thickness, width & length and all the material property were
constant. But the spacing of the pile was variable. Two types of the load (factored and
unfactored loads in the form of uniformly distributed load) applied separately on each
model. (i.e. 3D, 6D and raft alone). The following conclusion is drawn from the 3D FEM

analysis.

5.2. Conclusion and Recommendation

5.2.2 Conclusion

e Piled raft foundation with actually designed spacing (3D) and doubled pile
spacing (6D) controlled differential settlement almost equally.

e Angular distortion results are within the tolerable limit in all projects for both pile
spacing.

e Doubling pile spacing doesn’t have significant importance on settlement reduction
and but play a role in load sharing under vertical load.

e The load settlement graph shows that the piled raft has not reached to the state of
failure under vertical load. There is reserved bearing capacity.

e Under the vertically applied load, all the projects are safe.

e Generally, for similar projects maximum settlement, differential settlement, and
angular distortion of “piled raft foundation” under vertical load is within a
tolerable limit. Moreover, the maximum load is taken by the piles. Load on the raft

is almost zero.
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5.2.3 Recommendation

e This study is conducted on the bases of statical load only. Earth quack load and/
or wind action shall be studied in the future separately. The other study directions
may focus on varying pile and raft parameters together or separately for

optimization.
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Appendix A
Soil Investigation Data and Data Used in the Study
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Table A.1.Water Table Measurement Result

Investigation Zemen Bank United Bank Nib Bank
Ground Water measurement ( m ) 7.60 to 9.60 6t0 9.9 1to8

Table A.2.Natural Unit Weight and Effective Unit Weight

i) Unit weight (y) of United Bank

Geological Layer Description (only foundation Depth of Mass Mass
08 y P y Occurrence, density(kg/m3) density(effective)
bearing layers of united bank )
m Y y  (kg/m3)
Layer 1:-Dense, grey to reddish brown, with
some pinkish and whitish spot, slightly )
GRAVEL, derived from highly weather 15-20 22.99 1343.53
vascular rock
Layer 2:-Hard reddish-brown silty clay 20.07 2028 106798

(paleo soil)

Layer 3:- Dense to very dense, brownish to
grayish, sandy gravel derived from highly 27-40 18.75 911.31
weathered Basalt

Layer 4:- Medium - strong, grey, slightly

weathered fractured aphanitic BASALT 40-45 2084 112436
ii) Unit weight (y) of Zemen Bank
. < 4 Depth of Mass Mass
Geo!oglcal L.a yer Description (only Occurrence, density(kg/m3) density(effective)
foundation bearing layers of Zemen Bank)
(m) Y (kg/m3)

Layer 1:- Stiff to very stiff, brown to

yellowish gray to gray, Sandy SILT with 16-22 28 1854.23
gravel ( Decomposed Rock)

Layer 2:- stiff to very stiff, brownish to

yellowish gray to gray sand Clayey SILT 24 -40 28 1854.23
with gravel ( Decomposed Rock)

Layer 3:- Fine grained, gray to dark gray,

slightly weathered and moderately 42 -44 28 1854.23
fractured BASALT

Layer 4 -stiff to very stiff, brownish to yellowish

gray to gray sandy clayey SILT ( decomposed 45 - 50 28 1854.23
rock)
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iii) ~ Unit weight (y)Nib Bank

Geological Layer Description (only foundation
bearing layers of Nib bank )

Depth of
Occurrence,
m

Mass Mass
density(kg/m3) density(effective)

Y (kg/m3)

Layer 7; Highly fractured rock

Layer 8 : Greyish black moderately strong -
strong basalt with sub-vertical and sub-
horizontal joints

Layer 9: Grayish black, highly fractured,
moderately strong to week basalt and reddish
moderately to highly decomposed weak to very
weak basalt

Layer 10; Greyish black, fractured, strong rock,
with cavities and highly weathered, slightly to
modernly decomposed weak to strong rick with
K- feldspars

Layer 10;Reddish,highly fractured ,slightly
weathered ,strong basalt with sub vertical and
sub horizontal fractures

15-24

24 -30

30 - 40

17.10 1762.49

27.1 1762.49

271 1762.49

As per the data collected by Rechard E. Goodman (1989), the dry density of a basaltic

rock is 27.1 KN/m3
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Appendix B

Load Determination
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Table B.1. Unfactored Load

Zemen Bank United Bank Nib Bank
Unfactored super Structure Load Unfactored Sub Structure Load Unfactored super Structure Load Unfactored Sub Structure Load Unfactored super Structure Load Unfactored Sub Structure Load
a) Structural Load a) Structural Load a) Structural Load a) Structural Load a) Structural Load a) Structural Load
Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2
Column 1.65 KN/m2 Column 1.05 KN/m2 Column 113 KN/m2 Column 113 KN/m2 Column 144 KN/m2 Column 1.24 KN/m2
Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2
. Stair . Stair . Stair
Stair CasesShear | g3 | kN/m2 | CasesShear | 19 | Kiyma |StRrCasesshear) g KN/m2 | CasetShear 303 KN/my | Stair CasetShear 290 KN/m2 CasetShear | 290 | KN/m2
Wall Wall Wall
Wall Wall Wall
Shear Wall Shear Wall
(5ub 346 (Sub 146 ShearWall |- 5,
(Sub Structure)
Structure) Structure)
b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads
marble finish 0.81 KN/m2 | marble finish 0.81 KN/m2 | marble finish 0.81 KN/m2 marble finish 0.81 KN/m2 marble finish 0.81 KN/m2 marble finish 0.81 KN/m2
cement screed 0.92 KN/m2 |cement screed 0.92 KN/m2 | cement screed 0.92 KN/m2 | cement screed 0.92 KN/m2 cement screed 0.92 KN/m2 cement screed 0.92 KN/m2
ceiling finish 0.46 KN/m2 | ceiling finish 046 KN/m2 | ceiling finish 046 KN/m2 | ceiling finish 0.46 KN/m2 ceiling finish 046 KN/m2 ceiling finish 0.46 KN/m2
Partion Wall ( Partion Wall Partion Wall (
AI+HCB CW) 13 KN/m2 KN/m2 AI+HCB) 13 KN/m2 KN/m2 AI+HCB) 13 KN/m2 KN/m2
C. Transient loads! C. Transient loads! C. Transient loads' C. Transient loads! C. Transient loads! C. Transient loads
Live loads 5 KN/m2 | Liveloads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2
Live loads 3 KN/m2 KN/m2 Live loads 3 KN/m2 KN/m2 Live loads 3 KN/m2 KN/m2
Total Total Total
T‘E:‘: dU(‘l‘iicz:;;d 1835 | KN/m2 | Unfactored | 1991 | KN/m2 T‘L’:aal dU('l'i:“z‘:;e)d 18.93 KN/m2 | Unfactored |  19.09 KN/m2 T‘L’fal d‘i;ﬁf“g‘:}‘;d 1911 KN/m2 Unfactored | 1883 | KN/m2
Load (B-G) Load (B-G) Load (B-G)
Total Total Unfactored Total Unfactored
UnfactoredLoad 16.35 KN/m2 KN/m2 Load (7th-31) 16.93 KN/m2 KN/m2 Load (7th-31) 17.11 KN/m2 KN/m2
(7th-31)
Table B. 2. Unfactored Load Summary
No of Superstructure Total Load
Substructure Load S 2
. uperstructure Load (KN/m .
Project No of Substructure | Superstructur 2 Load (KN/m2)1- P (KN/m) applied on the Remark
(KN/m’) Tth-31+roof 2
e 6th mat (KN/m')
Zemen Bank 4 3l 59.73 110.12 42519 59%.04 90%of the load is used in the model (535.53kn/m2)
United Bank 4 31 57.28 11359 400 611.07 90%of the load is used in the model (549.3%n/m2)
Nib Bank 4 13 5648 114,63 44473 615.85 90%of the load is used in the model (554.26 KN/m2)
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Table B. 3.Factored Load

Zemen Bank United Bank Nib Bank
Factored super Structure Load Factored Sub Structure Load Factored super Structure Load Factored Sub Structure Load Factored super Structure Load Factored Sub Structure Load
a) Structural Load a) Structural Load a) Structural Load a) Structural Load a) Structural Load a) Structural Load
Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2 Slab 6.25 KN/m2
Column 1.65 KN/m2 Column 1.05 KN/m2 Column 1.13 KN/m2 Column 113 KN/m2 Column 1.44 KN/m2 Column 1.24 KN/m2
Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2 Stair 0.03 KN/m2
Stair Stair Stair
Stair Case+She Stair Case+She Stair Case+She
ATLASCTNCAT | 195 | KN/m2 | Case+Shear | 193 | KN/m2 [P0 2SeToReart 545 KN/m2 | Case+Shear 3.03 KN/m | aseronear 2.90 KN/m2 Case-+Shear 290 | KN/m2
Wall Wall Wall
Wall Wall Wall
Sheasr \/g’all 346 Shear Wall 146 Shear Wall 1m
(Su : (Sub Structure) ’ (Sub Structure) ’
Structure)
b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads b. Imposed Loads
marble finish 0.81 KN/m2 | marble finish 0.81 KN/m2 | marble finish 0.81 KN/m2 marble finish 0.81 KN/m2 marble finish 0.81 KN/m2 marble finish 0.81 KN/m2
cement screed 0.92 KN/m2 |cement screed 0.92 KN/m2 | cement screed 092 KN/m2 | cement screed 092 KN/m2 cement screed 092 KN/m2 cement screed 0.92 KN/m2
ceiling finish 0.46 KN/m2 | ceiling finish 0.46 KN/m2 | ceiling finish 046 KN/m2 | ceiling finish 046 KN/m2 ceiling finish 046 KN/m2 ceiling finish 0.46 KN/m2
Partion Wall ( 13 KN/m2 KN/m2 Partion Wall ( 13 KN/m2 KN/m2 Partion Wall ( 13 KN/m2 KN/m2
Al+HCB CW) i AI+HCB) i AI+HCB) )
C. Transient loads C. Transient loads C. Transient loads C. Transient loads C. Transient loads C. Transient loads
Live loads 5 KN/m2 | Live loads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2 Live loads 5 KN/m2
Live loads 3 KN/m2 KN/m2 Live loads 3 KN/m2 KN/m2 Live loads 3 KN/m2 KN/m2
Total Factored Total Factored Total Factored Total Factored Total Factored Total Factored
Load (Lst -6th) 22 K m2 Load (B-G) 238 K2 Load (1st -6th) 2 K2 Load (B-G) 2632 K2 Load (1st -6th) Zest KiVn2 Load (B-G) 2= K2
Total Factored Total Factored Total Factored
Load (7th-31) HAL K2 K22 Load (7th-31) 2228 K2 K2 Load (7th-31) EEAE K2 K22
Table B. 4.Factored Load Summary
No of Superstructure Total Load
Substructure Load P Superstructure Load (KN/m?
. 2 uperstructure Loa m li h
Project No of Substructure | Superstructur 2 Load (KN/m’)1- applied on the Remark
(KN/m") 7th-31+roof )
e 6th mat (KN/m")
Zemen Bank 4 3 8215 152.16 576.14 81045 90%of the load is used in the model (729.40kn/m2)
United Bank 4 3l 7896 156.66 595.67 831.29 90%of the load is used in the model (748.17kn/m2)
Nib Bank 4 13 7793 158.02 601.55 837.50 90%of the load is used in the model (753.75 KN/m2)
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Appendix C
Drill log Diagrams
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Table C.1.b Zemen Bank ProjectBH-1
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Table C.1.c Zemen Bank ProjectBH-1
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Table C.1.d Zemen Bank ProjectBH-1

BEST Consulting Engineers

Tal; +351-011-2A30085011 5159217 o +251-00 1883006400 1-5155216

P.O.Bax 10472 Adels Ababa, Erhiopin

= & Shert: 4
Drilling Log : E— ]
rﬁm;-mnﬁ-ﬁnnmm Hsad quarter Baikfing

Dailing Fethod] Rotary cone driling
Chent Tamen Dank S0

Lo Arrend A Commerdal Dol
Edstifay: 72306 Morhing: OGQEII)

Creund waber Elesationimc 16.60

Typa of Fig: Wirs Bre noflaey rag SH1G00

BH-TD D=0
‘l;;.wqmj; FLMWmde Tkl Durpify ol s ) SE.00m
Cushs Sraeted @ - Dby Codnpketed ¢ © ALhasatic Sempling: Splkt soocnand shekes Tuls)
17-03-2033 Hes- - 204 —
—
E Il:l:rnm E %
514 E g T3 E E sk Deseriphion Core photogmgtn
e

T el |Es | ® :

104} A5 o s Furiute .

|E ,ﬁ;m Highly plasticclayey ST

100

& | 1547 | wury Wil R b, Deowansh g,
iod welly sandy BILT with cocasional
Hﬂ . bghity wirthard cure shire Lasad 1
i n
£
oo { i
B
= ERG fIF RORS HOLE

Corfracior: . a art
£ R E Ceimturtd wal Sarrygs L 441
Cepren e JOANY Cacal Ding Archibecss '_
1|r:| - [0 ook Samgee LT “’i'l : samyond Bi
| Logmed By Getachers Tenss Fl tindsiurhed Sample | Bi diapef 110,104
Appreassd DysDutens FREpssd Y

92|Page



Table C.1.e Zemen Bank ProjectBH-2

BEST Consulting Engineers

Teel: #251-081-GAMESAE1-519001 % Fas: +251-00 1R300 011-SEE2 RE
P B AT R Adrie Ababa, Fihipis

Drilling Log

Skl
ol Sheet:4

Froject @ ARG D Do ek Fasd quatter Budding

Ciritbres Pethond: ey oone deiltling

| v Zinen Bank 5.5 :
Lpcation:Rewiind A4 Comemarcial College Tigpa of B5g: Wirs bina robiary rig SH4S00
Ensting: 472002 Hthimg! (SR
Grgyr myter Bawasion(m): 1020 BH .10 BH-02

ok Elrwstion{m cIed Toball Daspth drifeden]: 50 S0

e 11 )

BT AuEoiEDD SEmpling: Spliet spoonand shetee Toby

i

W, B

Ciwre plassqraphy

Mok Fill muebmsisl

2= Bedium o, brown gravelly cleyey SILT
1,00 3

ard Fegmisined SAESMT,

550

HF e F B fan, 37 Ry 10 hrmeamia g

':-Iml-.- st deysy TILT,

=t

“BUA 10 very SOIT, ed to neddish brown,

il

T | ST b enry SARY, vl , Crwey SILT

L Tl

Sulsonorcter: B et ssmps
Crnsshmr- 0N Cormeiing Sachieas
endd Erfiesins D Rk Gk

Logrgesd By:  Cebmadeew Teress

Approresd] By :Grutomes MHeQsiss

93|Page

ol



Table C.1.f Zemen Bank ProjectBH-2

[BEST Consulting Engineers

Tel: +251-11 IMI-EIEEEIE Fpoe; S TN1-00L- BRI -5 5RO
P Booe AOANTE Akl adosia. Erhiopis

Shart: I
Drilling Log 11{%4
Wmm Dudiding Drilling MukSod: Bokiry cons Sriling

Chiant; Femean Bewnde S50
Lemsiatisrsirod i B & Comsrescisl Coliege Type off Al 'Wine Bre rogieey g SEAS00
Ensting: D202 Rarthicg: DEEIEE

e wailer Bessrtierd ml 1020 B0 BH-02

Casingephilm]: hu-u-r-umn:nﬂ-d-ﬂﬁ Tuostad Dieperhs b Besc e ) : 50 2m

v St |
_11-1} a

RPT; Masthomertic Sarrpling! Splin sponrand shaben Tobs

E .
2 Y Core photepiaphy

|Hese by,

IFEETOn

g Lo

G

o

et
CUCAVIT AT

Crreftast: AW Cordiiting Archkscis

el B Rl

Logged By Gifailesy TErEe
Approwed By Guténmd Hsperes

94|Page



Table C.1.g Zemen Bank ProjectBH-2

[BEST Consulting Engineers

Tt +750-011-CA3008S 01 1-5150F1 3 Frd: +#251-001-S83005 01 1 -51593 16
Pk Roe IORATE Adkdtd Abaiba, Ethiopis

Drilling Log ==

Projiecr | il T Dameen Bank Hedd uartns Buliding

(Cliaed Perman Bank S.C

Criling Mathod: Fobary <0 Sriling

B A Comrrasscisl Colloge Tyee of Age 'Wine Wre rottery rig S E00
Ensiing: D222 Farthing: DESEISE
Goppered waler Elgytierd mls 10200 EH-I0:BH-0F
CasingDieptihim): Hobm Elawartions i) chied, 6 Tostad Depeehi chrd By - SHL2Am
D Sa e | Dt Ciwspietesd | RPT; Megthomatic Sarmpling: Spli spoosand shaben Tobs
| A3 oLk
E E‘_ Core Meovery| - o .
E = = Pt Derwer i Core phobography
2 IEIBIL|S
12 |¥|F]E
i ELLE]
208
17700 el - I [
jup
by o
!
[EL Y
1 il
00
ilsli
- (B
7] - il
6T =t}
11 5]
=3 I
]
3 tiH
s
T
.5 | .
L _—
ilE ]
37
1D | &
oD | o
s |
2
100
oo
SUECOTIIART
Cremaufback: I Coraaiting Archecis
] B
Logged By Catactesy Teres
.'lmrrn'-:lﬂ'fmrrnul‘w&ﬂ-l

95|Page



Table C.1.h Zemen Bank ProjectBH-2

[BEST Consulting Engineers

Tl + 35001 1 -0 51 1- 5155 LA e +251-011- 300001 -F1503 16
Pk Roa EOIATE Akl ababa. Ethiopls

Drilling Log [E=

of Bresrt

Trigect | A s 30 Termass Bank HEoa quarter Mulking
Chiant; Zeman Bank 5.C
Loxaticnhrousd A4 Comresiial Coliegs

Enmstng: D4TII0R Warthicg: DEwEIeE

Criling Mk Bobary oo daling

Tyee off A Wine W rothery rig SHEEZ00

Gappened waler Blevaticrdml- L0200 E- 0 BH-0F

CasingDepthim]: ~  fhobs Elsvwtionin):d s, 36 Tatal Depth drilnd{m):5000m

H BPT: festhomesiic Sampling: Spiet sponrand shaben Tobd

g o :
i ; Pzt Cerwcr gL Core phobegraehy
Eg| = i
Lie)
."T":.:-:sl;lﬂ-ru rapry mEST, red b pehid ) Dyceads,
A .l'ldl-l'rl'-l-i-r-.-lﬂ'i_'t'l ST,

S b wery BHE, grarg 55 broseld® s
gravmity ey ST s=leiil with grawel

soblbs e of gl weerthend
[ T{Decampoond rock)
(pLrEl
.ol B
1 IFina praned, pel it eh Groy, Maam
ta gt wosthand and Richiy frachy
CHRASALT ]
EOC | 0 HF tas
. re]
2p
S = i, el 5 ol an beoaL, W
9 =St I Highity pistic clrwey, SILT L T
b e el
Nt i _;'\-'_ 1
ST AT B rpeturbed mil Sampe i F
ﬂTmt.mw Al [] - ek e Pyl Ttk
Logued By.  DaiagTesy Tensm B wedsirted Eamols Al eyl 10 (100, B .
Approwed By :CErtcrnd Feperms ] i

9% |Page



Table C.1.i Zemen Bank ProjectBH-2

P.0. B 1014TF Addln Atabsa, Ethiogen

BEST Consulting Engineers

Tl & P54 04 1 -GEIOGSO1E-51 5031 Fa +251-31 E-SEIGEAT Y 1- S LSRG

Drilling Log

Ehaast 3
of Shestig

Fropoct © S-4G-0 30 Zemen Rank Hosd gearler Bulkiing

ol we

Deillng FEthoad: Rokary core drlling

T of Fige Wire line rolLay iy 5HERED

EH-IC-RH-E

Tkt Deeptis deiled{mlc50.G0m

- et Rempling: SpiRL spodnided shehes Tuss

—

=

Tk [ pars s phologragitg

Wery SUIT [0 Rand, red [0 Fedeh brown "
s faghly plastic, claymy LT,

:.n.TI,:l.'um'rma:-rq'hhr-d rl
Jaskiual 5ol of vesoular Basalt])
iy w5 hard Srowish iy,
saeky SILT sithy

iy shilT L B, broesnishs [rey,

i
:
:
3
%

colsbles of wegthed bassls

1,50

"’f_, Ly 0 ey semng e praired
ks gray, fresh b Sy westherd
aned) ey dEnpdend arvd msdemtely
"__J Frosctured RARRLT.

4. 00
et e =19 red b rodiksh o,

mn&m:m ST

Sutrorirechis

Cosaitant : IAVE Conruliing ReghRes
=il Tngireaoms

Lipged By:  Gerimches Tioross
Appr el fy Gutmee Mg

F -
B osturbed il s e A -

et i
[ ook Samee ER Dhascridl B

Undistursed Sampks | Bt diamete t:ll].ﬂ?r

97|Page

e



Table C.1.j Zemen Bank ProjectBH-2

POk Basl 1014 FE Addis

BEST Consulting Engineers

Tal: +Z5T-010-LE300SS M1 -SESS21T Face: 250 -0 -SRI - 5150046
Etfdopsa

e

Drilling Log

Thant: 4
of Ghreserd

| Prioject © AB--GEI0 Termay Barde Hesd quertsr Eulding

Driling Mathod: Anesry oons drilieg

| Cihere: Earmen Bank 5.0 —
Locartier-Aroursd AL Commercial Colege
Trsting: MTIT%2 Rorthing; StHEREs

g of Mg Wine B roMmecy rkg SH4S00

Groling woner Elevation(e); 19,20 e
Tlenctien]m]: 440,36 Tokal Ciapiis drefbed]mc 50, 0ikm
l:_t—ﬂd H EPT: Autbomebc Sampling: Split spocnend phesbss T b
= g
E g £ Fiekd Dsoriprion Cove plategraphy
[
L=

T

LR s T

B oubnbed mi sampe

Sartcoairacier:
Consitact | AW Crnmet g Arrsdiesis L
imd Efginees D A oy i e T Dharson] BE
Logand Ity Geapches Teres q
- - H Urehsturhed Sample ﬂld‘lll'niu- L1058 A

98|Page



Table C.1.k Zemen Bank ProjectBH-3

P.0Raw LOBATL Addis Alata, Tihinsda

rBEST Consulting Engineers

Tl +351-011-S6I0085011-5AFET1F Faxs +251-011-GEI00H 0L -51550 15

Drilling Log

i L
of Sheas: 4

Prefect 1 4B+l 20 Tairen Bank Haad cuarier Buiding
et Zeraen Baek 5.0

Drilieg Mkt Rotery core driling

LrakioncApnd &8 Commerchl Colege
Freting: DAF2408 Flgrtiing: ORFERST

Typm of Bigs Wig lime robisry rig SHES00

T ———— T

. BH-TixRH-23

CagnpDeptm]:6.00 Hoin Elevation(m) 26T

Cirem Eang: JGAW Cond Hag Arcenels
arel Erpinsers

bogged By:  Gelsdiw Teress
Approessd By iGulbEend Megeres

99|Page

Tobad Dazpih drilec{m): 5. 00m
- Db SRt 1 foaps Corrgsiein © lr\-u#mﬂ:l-;"-mmhu: Spliy spocrand shebne Tubd
III!-D"‘-QEIJ e L E = ST
I Core Recovany| B
H B Finke P e phoncgrapiy
3 [
= frl E
¥ £
A layey SO
50 graseliy clavey
30
) sgrasivwad, chmrf grarg, highFe
d fo deocyeriid
iy Sregmented n Figh'y fR0Ued RASAL
E |
100
i s T vy cieros, brawnish Do ek
LOT ey wl P Sl Ireerivpand.
o ghly wirthend b decnmrpoand and o
Al g pmgarrac b D-l'-:'H-I-T:Hh:l-h-w:iglr_l-ﬁ‘d
150
L9015 | v
oL
10 HET L 60 §id H
od |eg |10
T y e b ey e, el Qe
. gy, slighily [0 mpderminly
NLERR U rraderabaly bo highly
an [ |2 Fencturing ared weathering immnsity
Irermiesini e D0 5 depthe
rz fas |4 ’
B‘g il " = _'Th.'r\--..-.-\.-
100 | o j 13
5k | o |HF
= | g | 15
{1+ SHIT to wery SUE, red [0~
F?'l
St pcio: B =l saspe .

0  rock Sampa 4

U= rbed Ramph i

= ——— o



Table C.1.m Zemen Bank ProjectBH-3

BEST Consulting Engineers
Tal #351-010-5200a S 0i1-FISEFLT Fax: +Z5L -0 8- SEI00EATIE - 6L RAFEE
B0 Bane LOIAFE Sl ATab, THhicple -
Drilling Log pernlf
Project o 4804 30 Feman Bank el quener Rufdieg . eiire drilng
| Cery Zaman Bank =6
Lseation:droumd A& Cosiirerciel Solege Tpez of Wi ‘Wire Rea rottany rig SHA500
Eiasbirage S F2 408 Borthing: DERE2SE
Grgan waber Blessbionmc B8 IO
CmsbrayDusth [ T T s R - Toball Capth S Ped [ - 500000
Cowe Reooaeny] = 1 §
3 é 3 'g. E E Frend Deseniption cone photepraghy
JHHERL
b iyt S0 T, el O ety beemmers,
ST

o wesp ST, gron o pollowdai
JERny depry SILT it grarsed
o

g
:
|
§
|

s iTsOeaad ekl
I'm. — T
FE j o |EF
o |0 HF
e

]
o

I

-

Mockeralely SINOIa) D SITIHL

Mo gera resgliderk gray, moderebely b
hghly wmatherd ard Rghky actueed
OASEL T Tiei Wibirwid  To's 25 S- 34,50
i hisghly slveared v bneodsbed pnd
e P e Mlled wits oy

Elzale] 2
o le|ala) @&

&

1]

as | o | HF |

&
o

Gubroamrmanr: H Dsurbed =il Seamipke
Cormultaet  0EW Crnesitng drdvbects

08 Eraiears L mock marigie 1
Loggeed By Geinches Tons Fl - unefsrieted Symple | BL S 100, 3%86 E
Fpppnawiad By Geheme Moo HF : Highly Fradeared — 1 r

100|Page



Table C.1.0 Zemen Bank ProjectBH-3

BEST Consulting Engineers

Ted: 4 FEL-0A 1 -FEIOGERTIT I-SLSRR1S Fom! & 250 -GN E-S15001 0
Pk Beoel A0HA7Z Addie Abata,

oot 3 -

Drilling Log _ of Sheet:4
Progect = 424430 Zemen Bank Hasd quarter Bulidng Driiing Mt BoApey cone driling
| Chimmk: Seavred) Bk S0

LeaentinmsArmued & & Cormemescinl College Type of Rige Wirn line rothary rig SHASHE
Eambineg: DAT2408 HorLhi | Fsesa s ]
Gerarsd weser Elesationim)r 6.5 BH-1C=RE-I0)

il ke Biraaiion{mik 28T Toksl Dep drilel g 50 00m

F&mﬂm Skt spoonard sisskes Tuls

S

Flzdd Twmcr e

Cow phastrgrsiny

+| S50

ey sSBT b el B2 reddsh
Highty plastic, clinmes SILT.

T, el ray o o
iy depey SILT st grires]
==

Uiery wti ks Flard Broanisel gy,
wiy SILT with sana =

o
{1 e v
o T
37 T '-';:-:-.-:
16 Ly
= A0 m____ e Shrong o vary wrong, i grandd
. 33 a5 e e=] dark griy, fresh o Skphiiy westharnd
Sinpo & Lo s e il BAGALT.
mals haoo| (RN
. 100 |7 3 by £t
LS gy ==Y ko hard, brownish gy,
FT1 mmnchy charpey SILT with giyeed.
hLE ]
EiBC] L5
% el |HE Las,
: as | an "':""I:r__ Boi wary mirong, s gramed
K ';'.,. gy, Pty Lo shagiddly seeaiFesnd
= pd =L rissnbiratidy rsmured BARALT.
3 Bo | 6o fz il PP
aTaTal; = e,
100 I- araras] Highly plastie seyiy SILT
.o MMM,
s
Bt ] B oizhetsed soll Sample
Crevsslinnt: IO Coarsol Ung :
Archibetie gnd Erapnesrs [0 = samps BE Type: LR .
Logges By Gotecdres Firsss UrsSisturbed Sargde | R Slarnetph i3 00, 1, B |
Aoprrrend Sy Gulinis Mijars o Y i

Table C.1.p Zemen Bank ProjectBH-3

101|Page

.}-



BEST Consulting Engineers

Tal: &201-010-£830065018-585001% Faer +28-D1 =660 -1 A2 G
Ethiipia

PO Bex TOIATE Addlis MOS8,

Drilling Log

Sheatll 2
of Sheet 4

Profect = AD+G-+20 Termen Bark Head guarter Bk
| Clervt: o Barkl aﬂ.

Crilileg. Mioihod: Aobsry oo drilling

Teipee of AiG L Wire Brex rosisry' g SHaS

BH-1D-EH-O3

Tk Qg dri Bt [m); B3, fom

43

jin

Corrirmchor:
Subrmiracior:

Cormubhank: AW Cosciiting Archibess and  Enginanrs

Lespipel By
Apsroved By

Crabmchars Tinised

b M

B osterhed sl 5

0 sessimpn

Urededurbed Sarmpin [Pt dpmesiv; I.{lhﬁ.ﬂ-ﬁ
HF: Highly frascmined

102|Page



Table C.1.p Zemen Bank ProjectBH-4

onsulting Engineers
Toks +25E-00 1-GET00ES /01 8-21 20013 Faa! =251 00 563000401 1-5155F 16
P oo 100472 Aol Ablss, EERbepis
i ) Gimer! 1
Drilling Log _ of Sheatod
m:%mwmrﬂummm i M acel ‘P i kil
ik Bormen Bark 5.0
Locpiion Arcied A Commandsl Golege Ty ool Wi Wine flos: rotizey rhg SH100S
Edtii: SI724E3 iR | (SREIGT
mmmmﬁim EH-ID:BH-O 4
CamsirggDaptiyn i 600 fHole Blewabion]m o Tﬂmmmm-ﬂﬁr_l .
Dutn Shwrbod = Coamipdetesd ¢ = Aisthomatic Saepling: Splilr seosnd e Tuls
'_I!E-M:- 13 [ e FT- -
E % poore: Recrseny| z
5 ls iz ElE g Fredd Desonption Cane phomgraptTy
AHUHHLES '
E I'& mab
i T poe Mrrhu e et browm
=% rarvelty Wiy ULAY
L. L2
Fli gepdvesd, ik graey SHghaiyin
L il highly
3 hiHl [ o | Fraceured BAGALT,
Enc [0 JAF | [ -
F o o
o [0 |HF. ;
5 i £ 11 Cheid L e ey b, b gmeribah 10 daik D P
LN T poray, (ravedly ity SAHD
—Juoa o fur o hsooerosed aedd
rergrr e hed bt Bighey woarthend b FIE
IEN L wisibeushar BAGALT)
184 i
7 ﬁ; il
N i3
oo | O | e
150 A
vm| | HF 1
10E. bli i) E:
— :: Y by wiry ST o rodosn beses,
11 10 :: gkl y pleetic, dovpey BILT
- (] ' _
13 100 i
] boraramibig e
on i PN EE Reand, Gary T g kiedan
E 2ifgray, cancy clsvey SILT with grawn
:I-I:EF i oorestone hasalt |Decomposed
L = B
.:. -~ .
L=t e T S T
irE ¥ Ty
[ —— B =il swnpie _Ijll E
! l:n-nl'r-:l:'.l.-m- Cnawhing Arcirims [0 ke i Bit Typod  Diarmsorst BT
Lo My GEipchers Tormsen

raisiyrhad Sample| B Slarmetes 110,101, 5

S ——————————————

dipparrardd Py Gariema Fegersa

103|Page



Table C.1.q Zemen Bank ProjectBH-4

PO ST m%w

BEST Consulting Engineers

Ttz +251-01 1 -GEIGS 01 1-F150TLE Faxs 25 1-011- BES00Ea011- 51502 1E

Drilling Log

Hihoat: X
of Shesrrd

Qient;Ermen Rank 5.C

Pt ;.nﬁﬁfﬁ]‘ﬂmﬂuﬂlﬂm [T 5

Coriliireg Mthesd Bliy £o0e Oriliing:

AA, Commesisl Collegn Type of Rige Wi line rottany rig 541002
B DITI1E Mérihing: DFmEEEr
Gppund warter Elersatbendin] 500 BT BT
Cadnglopth{=]: jHode Plerapbionmil: AGE Wil (Dt il iva ¢ SOLRONT
Dt Skarted : Cermbated : EPT: Authamatic Sompling: Goktt sponnand shalve Tuss
O5-02- T 3603 213
E foo F %
E £1° |64
PR
Elri]
L] 1r
"
200
Wiy ST Lo Hiwd pElondsi
¥ L s s bl
o 1950 birosan smrady clayey GILT sith grawel
040 3 n o cebiskn slan of Wik ek 18 G024 0
— 'EEllTH Do rock |
1o
—_— F0. 0 21,30
o pr
z:.'.'-_
LOG
e =X NS
L E LBH
= 2. Al
i
2485
s | = [P
B0 |n | W Am-rp,ﬂrem,drkm
35 188 19 beao
LR bl L .:ulj.l-u
&0 fp .| W
(40 § & | BF
o | mr
40 |0 | HF
N b 5 T s L T
St THRphiy plsaiic, chvgesy SILT.

[N — A
Coariractoe: £
Eashaoonbrmcher: Bl otstried sob Semsie A

ComuEsnt-JOAE Ciateiing Architems ard Ergneens 0 re — e —
Ellﬂ. H I:‘.I-l'l'-"d
Losgrgesd Bpw  Basletbess Teress Pl uncsturbes !;
AR DRt B LT PR HF = Highily Fractueed ' nk [RT=RE, T

104 |Page



Table C.1.r Zemen Bank ProjectBH-4

BEST Consulting Engineers

Tl +251-011-EEID0GEM I | SRLGRET Feee: 425100 1- BEA00A400 1-31 30208
P QLR 1 0AA7T Adds Moaha, Bohiopla :

— Shasiz 1
Drilling Log af Shetia -
hﬂu:mﬁrﬂﬂ!ﬂrﬂnhmmmw bwiiing Mt Robiry core delitg
| ern: Zemen Bank 5.C
Location:Aroued A, Cormimsncisl Collegs Ty =f Rige Wirm line rottary rig S3H500
Casting: HT2413 Fiorthing: DEEcET
Crrasred maninr Eirvatsend )i 5000 ) ST R
Casingodpthiml: ke Berastion] ml 262 Vot Ll sl bl oy ) 20BN
Dk St freprs: Coampdeind BT Aulfiisriatic Sampling! Splin spoonend shetse Tijks)
DS-2-201 3 L f-02-3113 )
d S =] 8 Flckil Dassoription am phatmgraphy
;1 EEEL
8| &
3 120 pLOD Wiy wiT b barddred Bo e b
' Bty plrsticciavey SILT.
, s by e | !
o sEmm TR hET Gry Jom IRl
i ey SILT{R: b conkact zone bin ned
TaTaTea il ‘o vl
wof | i e
* “.m -
E A H
3 o0 TR e st
| = b .
e Il{'] Mo ey ST T B, Berasrdst geney, T
100 14Eas ey sty SAND with grases] o
| L e mkoa of wierthand hesea s
ar
Y]
- T an.30
L0 LT
120
o L]
L 31 =1 L i -
alsi] 0 |ue 5 grap dightly wisstherd snd highly
a1 e EAIRLT. .
~  charseyt STy SAND with groreed 10
A . -W%W#mmmm S0 0. m
B9 an |d HF =
a3 +— 7| Fesium stmang bo Simng fine grained,
T T . qrery, sighity waatherd and highly
b A | i BASALT.
PF o
= | 0 | HP
AsEida e 1 —
Combriscidr:
LT P T B oDixturbsd el Sampla

Corempanm I W Cores i ey fechitock dnd  EsglinbEng
[0 =om Sampls

Livgged B Geimchies Trmes ]
Apgroaed By Grubara Maqers e Sairpe thm_-- Lmmasn

105|Page



Table C.1.s Zemen Bank ProjectBH-4

BEST Consuiting Engineers
ey #2500 1-GEMG S 1-51 59200 Fa: 4235100 1B 00 151552 18
B B 101473 Bdclis Acaba, Ciitiopia
= Sheer 4
Drilling Log - of Shees:a
Prigect | A8e-G 30 Zeman Bank Hend quartes Tditng N oenlineg Methed: Rotaey oo deilisg
et Feron Sk 5.C -
eCalapt ARG A A Comesaroial Codegs Ty off Big: Wirs Bre suddary g SHA500
“nm Rirthmg: DSOECBF
Gl wisbar Ebvation{m): S0 B I0; P-4
] Hik: Elesaption{mlc 362 Total Depeh drilbed{m S0 o
e Tt - F&Mﬂ:ﬂtﬂﬂ#ﬂt’q!ﬁ#hm&ﬂﬂﬂt?ﬂh
Le-ma-JuLy P
o Feroyiry| .
Ield [eerriphon Cure photogeapsiy
Wery SaT redd b el e,
SILT

43
4
Fa,.
a AL 5
R A
Coniracon: e
Subiorirraer: B oottt sl ganel g
Conmliant: IOAW Consaltieg Ardtads md  Ergnecns (1 e Sl - Pﬁtilllnmﬂﬂd_ﬂﬂ“
Legged By:  Catachew Trerans Undishriesd Barmpn u-n:-;-: -L:II:I-.EI-.H- :
Approved fp:Gutpme Megarm HF: Highty fractured .,,]- . - el

106 |Page



Table C.2.a United Bank ProjectBH-1BH-4

107|Page



Table C.2.b United Bank ProjectBH-1

108 |Page




Table C.2.c United Bank ProjectBH-1

109|Page




Table C.2.d United Bank ProjectBH-2

110|Page




Table C.2.e United Bank ProjectBH-2

111|Page



Table C.2.f United Bank ProjectBH-2

112|Page



Table C.2.g United Bank ProjectBH-3

113|Page




Table C.2.h United Bank ProjectBH-3

114|Page



Table C.2.i United Bank ProjectBH-3

115|Page




Table C.2.j United Bank ProjectBH-3

116 |Page




Table C.2.k United Bank ProjectBH-4

117|Page




Table C.2.m United Bank ProjectBH-4

118 |Page




Table C.2.n United Bank ProjectBH-4

119|Page



Table C.2.0 United Bank ProjectBH-5

120|Page




Table C.2.p United Bank ProjectBH-5

121|Page




Table C.2.q United Bank ProjectBH-5

122 |Page



Table C.2.r United Bank ProjectBH-5

123|Page




Table C.2.s United Bank ProjectBH-6

124 |Page




Table C.2.t United Bank ProjectBH-6

125|Page




Table C.2.u United Bank ProjectBH-7

126 |Page




Table C.2.v United Bank ProjectBH-7

127|Page




Table C.2.w United Bank ProjectBH-8

128 |Page




Table C.2.r United Bank Project BH-8

129|Page



130|Page



