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ABSTRACT

This work presents the finite element analysis (FEA) of the requirements of
compression reinforcements in raft foundations using ABAQUS. The model helps
to confirm and provide a valuable supplement to the theoretical design. For
validation, a reinforced concrete raft foundationis modeled whichis
conventionally designed according to Eurocode 2 (EN 1992-1-1:2004). The result
indicates that there is differential settlement within the raft foundation based on
the settlement and stress patterns obtained from the finite element model (FEM).
This is followed by the addition of compression reinforcement, from 0.1% to
0.9% of the cross sectional area of the raft slab, until uniform settlement is
obtained. The results suggest that a suitable percentage of the concrete cross
sectional area of raft slab foundations should be used as compression
reinforcement, when designing conventionally using Eurocode 2, in order to
prevent differential settlements. The required area of compression reinforcement

is 0.9% of the cross sectional area of the concrete section.
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NOMENCLATURE

Symbol Definition

fe Concrete Compressive Strength (British Code) N/mm?
fek Concrete Compressive Strength (Eurocode) MPa
fyk Steel (Reinforcement) Strength (Eurocode) MPa
b Breadth of Section mm
bw Breadth of the Rib mm
d Depth of Section mm
Crom Nominal Concrete Cover mm
U Perimeter of Column mm
Z Lever Arm mm
A Area of Steel mm?
Asreq Area of Steel Required mm?
Asprov Area of Steel Provided mm?
Vs Partial Safety Factor for Steel -
Ye Partial Safety Factor for Concrete -
Es Modulus of Elasticity of Steel GPa
v Poisson’s Ratio -
M max Maximum Moment KNm
Kactor Effective Length Factor -
Kba Balanced Length Factor -
Vep Applied Shear Force KN
Vimax Maximum Shear Force KN
VRac Design Shear Resistance Force KN
Cradc Factor for the Aggregate Interlock KN
p Compression Reinforcement Ratio -

Abbreviations
FEA

ASCE

EN

3D

C3D8R

U

UR

YASYMM

Finite Element Analysis

American Society of Civil Engineers
Eurocodes

Three-dimensional

Brick element with reduced integration (finite element)

Displacement
Rotational displacement
Anti-Symmetry about a plane y = constant
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CHAPTER ONEINTRODUCTION

1.1 Preamble

The raft foundation was invented in the 19" century (Paul, 2010). Its development
was necessitated by engineering requirements to build tall buildings (Paul, 2010).
Initially, raft foundations were used for commercial and industrial developments
(Paul, 2010). However, once the advantages of the concept were realised, the raft
foundation became popular within residential developments (Paul, 2010).

A raft foundation is usually used when building in low soil bearing conditions to
spread the load from a structure over a large area, normally the entire area of the
structure (UWE, 2012). They are used when column loads or other structural
loads are close together and individual pad foundations would interact (UWE,
2012). Raft foundations may be used for buildings on compressible ground such
as very soft clay, alluvial deposits and compressible fill material where strip, pad
or pile foundations would not provide a stable foundation without excessive
excavation (Stephen and Christopher, 2010). The reinforced concrete raft is
designed to transmit the load of the building and distribute the load over the
whole area under the raft, reducing the load per unit area placed on the ground
(Stephen and Christopher, 2010). Distributing the loads this way causes little, if
any, appreciable settlement (Stephen and Christopher, 2010).

Structurally, raft foundations resting directly on soil act as a flat slab or a flat
plate, upside down, i.e., loaded upward by the bearing pressure and downward by
the concentrated column reactions (Mahdi, 2008). The raft foundation develops
the maximum available bearing area under the building (Mahdi, 2008). Raft
foundations are designed as inverted beam and slab system (Singh and Singh,
2006). The weight of the raft is not considered in the structural design (Singh and
Singh, 2006). If all the loads transferred to the raft foundation are equal, raft may
be a simple flat slab type, without any beam (Singh and Singh, 2006). In case
loads are not equal, slab and beam system is usually adopted (Singh and Singh,
2006). Differential and total settlements usually govern the design (GEO, 2006).

14



Finite element analysis or elastic continuum method is preferred for the design of
raft foundations (French, 1999; Poulos, 2000).Subgrade reaction models are often
not appropriate (Eurocode 7, 2004). More precise methods, such as finite element
computations, should be used when ground-structure interaction has a dominant
effect (Eurocode 7, 2004).

After laying a mat or raft foundation on the soil, soft soil for example, there is
tendency of cracks developing in areas between columns (lower part) and in areas
near and under columns (upper part) (Babak, 2011). Then there is need usually to
reinforce upper part of foundations near columns and lower part between columns
(Babak, 2011). Compression reinforcement is usually not applied in foundations.
However, there is need to apply a minimum amount of reinforcement in the upper
part of the foundation due to practical points of view. Then the additional
minimum compression reinforcement may heighten the center of compression and

increase the resisting moment provided by the section.

In the case of an under-design, there is a very high risk of potential failure, which
if occurs, amounts to greater financial costs due to refurbishment, redesign and
reconstruction. While in the case of an over design, the initial financial costs of
design and construction will be higher with less financial risks of failure

occurring.

1.2 Justification for The Study

The design of a raft foundation is prone to significant uncertainties. Many of such
uncertainties are related to the estimation of suitable soil properties. The sources
of uncertainties for soil properties are classified into three main components:
inherent soil variability, measurement error and transformation model uncertainty
(Filippas et al.,, 1988). Other uncertainties are associated with the site
investigation and settlement technique. Also, the variation of elastic modulus of
soil and presence of rock media plays a significant role and affects the moments
and deformations of raft foundation (Venkatesh et al., 2009). The effect of the

spatial variation of soil properties which induces foundation stresses and/or
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displacements that cannot be predicted when assuming soil homogeneity
(Niandou et al., 2006), the variation of elastic modulus of soil, the presence of
rock media and the design uncertainties may give rise to differential settlement
within the raft foundation and subsequently its structural failure.

Eurocode 7 2004 specifies that more precise methods, such as finite element
computations, should be used when ground-structure interaction has a dominant
effect. This implies that the conventional method of design has little precision and
should be complemented with a more advanced design method. This work
presents the FEA modeling of the requirements of compression reinforcements in
raft foundations using ABAQUS. The model helps to confirm and provide a

valuable supplement to the conventional design.
1.3 Aim and Objectives

The aim of this research is to use finite element analysis in the optimum design of

reinforced concrete raft foundations. The detailed objectives are to:

a. Design a simple reinforced concrete raft foundation structure using the
conventional method of design. The design will then be subjected to
deformation using finite element analysis in order to obtain the stress
pattern and settlement.

b. Identify the need to provide additional compression reinforcement to the
design at different percentages of the reinforcement ratio based on the
cross sectional area of the raft slab and hence determine its effectiveness
in providing resistance against differential settlement.

c. Appreciate the need to use finite element analysis in the design of

reinforced concrete raft foundations.

1.4 Methodology

The structural design of the raft foundation will be carried out using the
conventional method of design (i.e. hand calculation) and finite element analysis.

The conventional design will be carried out according to Eurocode 2 (EN 1992-1-
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1:2004), which is to specify the depth of foundation, area and amount of
reinforcement, and all the necessary checks needed in the design calculations.

The finite element analysis (FEA) will be carried out with the aid of a computer
program. The program that will be used is SIMULIA ABAQUS 6.10. ABAQUS
is a finite element analysis software that is used in a wide range of industries like
automotive, aerospace etc., and also is extensively used in academic and research
institutions due to its capability to address non-linear problems (Manjunath,
2009). The ABAQUS program can be used to model reinforced concrete
structures analyze and generate test results using a state of the art 3D modeling
and finite element technology.

The finite element analysis (FEA) will be used to test the designed reinforced
concrete raft foundation. Other models will also be designed and tested which
have compression reinforcement at various percentages of the reinforcement ratio
based on the cross sectional area. This is to determine the effect of the

compression reinforcement in providing resistance against differential settlement.

The raft foundation consists of a regular arrangement of eight column loads with
four corner and four internal loads. All the corner columns carry a load of 458.33
KN each and the internal columns carry 666.66 KN each. Each column is 0.5 m by
0.5 m. Bearing capacity of the soil will be taken as 100 KN/m?. The characteristic
strengths of the concrete and steel to be used in the design are 45 MPa and 500
MPa respectively. The Poisson ratio and density of the concrete will be taken as
0.2 and 2400 kg/m® respectively while the Poisson ratio and density of the steel
will be taken as 0.3 and 7850 kg/m? respectively.

During the modeling in ABAQUS, the analysis parts for the soil, slab, and
reinforcement will be created and assigned material and section properties. The
embedded element option will be used to embed the reinforcements in the slab.
The elastic foundation option will be used to model the soil surface to make it act
as springs to ground which includes the stiffness effects of a support (such as the

soil under a building) without modeling the details of the support. The parts will
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then be assembled together, the loads and boundary conditions will be imposed
and the job executed to obtain the results.

1.5 Scope and Limitation

This research work is limited to the design, modeling and analysis of the flat

reinforced concrete raft foundation without any experimental study.
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CHAPTER TWOLITERATURE REVIEW

2.1 Site Investigation

All successful designs require greater geotechnical input including well planned
site investigations, field and laboratory testing, together with consideration of the
method of construction (GEO, 2006). A broad understanding of the ground
conditions, site constraints, geological profile, site history and the properties of
the various strata are necessary for the success of a foundation project.

Sites with a history of industrial developments involving substances which may
contaminate the ground (e.g. dye factories, oil terminals) will require detailed
chemical testing to evaluate the type, extent and degree of possible contamination
(GEO, 2006 ; ljimdiya, 2010a,b). An understanding of the geology of the site is a
fundamental requirement in planning and interpreting the subsequent ground
investigation (GEO, 2006). A useful summary of the nature and occurrence of
rocks and soils should be obtained (GEO, 2006). Information on the groundwater
regime is necessary for the design and selection of foundation type and method of
construction (GEO, 2006).

It is always a recommended practice to retrieve good quality soil samples and
continuous rock cores from boreholes for both geological logging and laboratory
testing (GEO, 2006). For a rational design, it is necessary to have data on the
strength and compressibility of the soil and rock at the appropriate stress levels
within the zone of influence of the proposed foundations (GEO, 2006). The
variation of elastic modulus of soil and presence of rock media plays a significant
role and affects the moments and deformations of raft foundation (Venkatesh et
al., 2009).

An appropriate geological model of a site is an essential requirement for safe
foundation design (GEO, 2006). There are inherent uncertainties in any geological
models given that only a relatively small proportion of the ground can be

investigated, sampled and tested (GEO, 2006). It is therefore important that all
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available information is considered in characterising the ground profile and
compiling a representative geological model for the site (GEO, 2006).

2.1.1 Bearing Capacity of Foundations

In 1921, Prandtl published the result of his study in the penetration of hard bodies,
such as metal punches, into a softer material. Terzaghi (1943) developed an
analytical bearing capacity equation, based on superposition. In the past decades,
the concept of bearing pressure in foundation design was introduced to investigate
the excessive settlements occurring in buildings (Terzaghi and Peck 1967).

More recently, conventional finite element analyses (Griffiths, 1982; Burd and
Frydman, 1997) have been used to predict the upper- and lower-bounds of bearing
capacity of soils. These techniques have reduced the subjectivity and empiricism
associated with the bearing capacity factors (Jason, 2006).

Corrections to the bearing capacity equations are also required for water table
location (Small, 2001) and the friction angle of the soil obtained using the triaxial
test (Meyerhof, 1963). Because of the different bearing capacity factors and
correction factors, Bowles (1997) suggested a use for the more common solutions.
However, he also indicated that more than one solution should be predicted to
allow verification. Bowles (1997) discussed several procedures that vyield

estimates of the bearing capacity of a soil directly from in situ test results.

2.1.2 Total and Differential Settlements

Bowles (1997) considered settlement estimates of a foundation as a best guess of
the footing deformation after a load has been applied. Holtz (1991) observed that
the design of a shallow foundation is typically governed by a limiting settlement
criterion while Bowles (1997) noted that most structural distress is caused by
excessive settlements and not the shear failures associated with bearing capacity.
Settlement occurs in three stages: immediate or distortion; consolidation; and

secondary compression settlement (Holtz, 1991).
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Small (2001) suggested that it is generally acceptable to assume elastic behavior,
as the working loads are typically lower than those governing the bearing capacity
of the foundation. This is because settlement is typically estimated after the
foundation has been designed for bearing capacity (Holtz, 1991). However, Small
(2001) warned that the adopted elastic modulus must be appropriate for the stress
range in the soil.

Bowles (1997) suggested that the term elastic modulus is not strictly correct as
soil is not an elastic medium, even though, the elastic modulus is the most
common term used for this parameter. Additional methods have been used to
estimate the immediate settlement under the corner of a footing (Harr, 1966;
Perloff, 1975; Mayne and Poulos, 1999).

Bowles (1997) suggested that differential settlements are the major cause of
structural distress and therefore should be controlled by the designer. However,
Day (1999) commented that the total settlement of a foundation can have serious
effects on the use of the structure being supported. Therefore, it is recommended
that both total and differential settlement be considered alike. Numerical methods
like Finite Element Analysis (FEA) are excellent means for estimating the
predicted settlement of a raft but there are several simplified methods that do not
require such numerical procedures. In these methods, it is important that the
actual stiffness of the raft is considered (Small, 2001). He also warned that
analyses representing the raft as a Winkler foundation do not represent the true

behavior of the soil and the analyses using elastic continuum is not site specific.

2.1.3 Soil Horizontal Variability

Soil properties are known to vary from one location to another and this may have
a significant effect on the overall design of a raft foundation. Even when soils are
considered reasonably homogenous, soil properties exhibit considerable
variability (Vanmarcke, 1977a). This variability is due to the complex and varied
physical phenomena experienced during their formation (Jaksa, 1995). Variability

between soil properties is called spatial variability and has recently been modeled
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as a random variable (Spry et al., 1988). Soil variability has been categorised by
Jason (2006) into the following:

I.  Property randomness,
ii.  Statistical parameters of soil properties,
iii.  Modeling spatial variability.

2.1.4 Other Uncertainties Involved in Site Investigation

Jason (2006) outlined other sources of uncertainty inherent in the design process
and these are:

1. Statistical uncertainty,
2. Measurement error, and

3. Transformation model uncertainty.

The statistical uncertainties associated with a geotechnical model are a result of
limited sampling that may not provide an accurate representation of the

underlying conditions (Jason, 2006).

Measurement errors arise from the inability of geotechnical tests to accurately
estimate the soil properties being tested (Jason, 2006). Sources of measurement
error can be separated into two categories: systematic and random (Filippas et al.,
1988).

The results of common geotechnical insitu tests do not typically provide
applicable soil properties that are useful for design relationships (Phoon and
Kulhawy, 1999). Rather, the raw test results are processed using a transformation
model into a suitable design parameter and such models are obtained empirically
through back substitution or calibration (Jason, 2006). Phoon and Kulhawy (1999)
further stated that uncertainty still exists if the transformation is based on a
theoretical relationship because of idealizations and simplifications in the theory.
It is therefore necessary to estimate uncertainties due to transformation model

error.
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2.2 Raft Foundations

Raft or mat foundation is a combined footing that covers the entire area beneath a
structure and supports all walls and columns. This raft or mat normally rests
directly on soil or rock, but can also be supported on piles as well. A raft is used
when loads are large and pad foundations give excessive settlements. Total and
differential settlements usually govern the design. A detailed structural design is
necessary which provides slab thickness and reinforcement to resist bending and
shear.

2.2.1 Need for Raft Foundations

Gupta (2007) outlined that raft foundation is generally suggested in the following

situations:

a. Whenever building loads are so heavy or the allowable pressure on soil so
small that individual footings would cover more than floor area.

b. Whenever soil contains compressible lenses or the soil is sufficiently
erratic and it is difficult to define and assess the extent of each of the weak
pockets or cavities and thus estimate the overall and differential
settlement.

c. When structures and equipment to be supported are very sensitive to
differential settlement.

d. Where structures naturally lend themselves for the use of raft foundation
such as silos, chimneys, water towers, etc.

e. Floating foundation cases wherein soil is having very poor bearing
capacity and the weight of the super-structure is proposed to be balanced
by the weight of the soil removed.

f. Buildings where basements are to be provided or pits located below
ground water table.

g. Buildings where individual foundation, if provided, will be subjected to
large widely varying bending moments which may result in differential
rotation and differential settlement of individual footings causing distress

in the building.
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In case of soils having low bearing pressure, Gupta (2007) also outlined three
advantages of using a raft foundation:

a. Ultimate bearing capacity increases with increasing width of the
foundation bringing deeper soil layers into the effective zone.

b. Settlement decreases with increased depth.

c. Raft foundation equalises the differential settlement and bridges over the

cavities.

2.2.2 Types of Raft Foundations

Gupta (2007) classified raft foundation into various types on the following basis:
1. Based on the method of their support, raft can be:

a. Raft supported on soil,
b. Raft supported on piles, and

c. Buoyancy raft.

2. On the basis of structural system adopted for the structure of the raft, these

can be classified as:

a. Plain slab rafts, which are flat concrete slabs, having a uniform thickness
throughout. This can be with pedestals or without pedestals.

b. Beam and slab raft which can be designed with down stand beam or up
stand beam systems.

c. Cellular raft or framed raft with foundation slab, walls, columns and one

of the floor slabs acting together to give a very rigid structure.

Raft of uniform depth is most popular due to its simplicity of design and
construction (Gupta, 2007). This type is most suitable where the column loads are
moderate and the column spacing fairly small and uniform (Gupta, 2007).
Pedestals are utilised to distribute the load on a bigger area in case of heavy
column loads (Gupta, 2007).
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2.2.3 Design of Raft Foundations

Methods for the design of rafts can be separated into three main groups: ‘static’ or
approximate, theoretical, and numerical methods (Hemsley, 2000). Another way
of classifying them is according to the model used to represent the soil: methods

based on Winkler’s hypothesis and on a solid continuum (Hemsley, 2000).

According to Mahdi (2008), the design of raft foundations may be carried out by

one or two methods:

i.  The conventional rigid method and;
ii.  The finite element method utilizing computer programs.

The conventional method is easy to apply and the computations can be carried out
using hand calculations (Mahdi, 2008). However, the application of the
conventional method is limited to rafts with relatively regular arrangement of
columns (Mahdi, 2008).

In contrast, the finite element method can be used for the analysis of raft
regardless of the column arrangements, loading conditions and existence of cores
and shear walls (Mahdi, 2008). Commercially available computer programs can
be used (Mahdi, 2008). The user should, however, have sufficient background and
experience (Mahdi, 2008).

2.2.4 Concrete Under Compression

The concrete stress-strain relation exhibits nearly linear elastic response up to
about 30% of the compressive strength (Kwak et al., 1990). This is followed by
gradual softening up to the concrete compressive strength, when the material
stiffness drops to zero (Kwak et al., 1990). Beyond the compressive strength the
concrete stress-strain relation exhibits strain softening until failure takes place by
crushing (Kwak et al., 1990). For stress above 0.3 f¢’, micro cracks form at the
mortar-coarse aggregate interfaces and propagate through the mortar upon further
loading (ASCE, 1981). Owning to these micro cracks, concrete begins to soften

until it reaches the peak stress at a strain of 0.002 to 0.003 (Schnobrich and Hu,
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1985). Beyond the peak, with increasing compressive strain, damage to concrete
continues to accumulate and concrete enters the descending portion of its stress-
strain curve, a region marked by the appearance of macroscopic cracks
(Schnobrich and Hu, 1985).

Compressive failure is usually characterized by ductility and the compressive type
of failure is defined as “crushing” where many small distributed cracks appear
and the two principal stresses cannot be kept constant at the peak stress condition.
Crushing failure will take place under high compression-low tension stress state
(Schnobrich and Hu, 1985).

When concrete is subjected to compressive stresses, experimental results (Sinha et
al., 1964) have indicated that the nonlinear deformations of concrete are basically
inelastic, because upon unloading only a portion of the strains can be recovered
from the total strains. Therefore, the stress-strain behavior may be separated into
the recoverable part which can be treated within elasticity theory and the
irrecoverable parts which can be treated by plasticity theory (Schnobrich and Hu,
1985). Plasticity based models have been extensively used in recent years to
describe the behavior of concrete. Initially plasticity models described concrete as
an elastic-perfectly plastic material (Mikkola and Schnobrich, 1970; Hand et al.,
1972; Abdel-Rahman, 1982). Later models incorporated a hardening behaviour
(Chen and Chen, 1975; Buyukozturk, 1977; Chen and Ting, 1980).

Under high compression, it is known that concrete undergoes flow somewhat like
a ductile material on the yield surface before reaching its crushing surface
(analogous to the yield surface but in terms of strain) (Schnobrich and Hu, 1985).
This limited plastic flow ability of concrete before crushing can be represented by

the introduction of an elastic-perfectly plastic model (Schnobrich and Hu, 1985).

2.3 Finite Element Analysis

Finite Element Analysis (FEA) is best described as a numerical procedure to
analyse structures or continua (Cook et al., 1989). FEA can be traced back to

1906, when lattice analogy was introduced in stress analysis by Wieghardt (1906),
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Riedel (1927), Hrennikoff (1941) and Ergatoudis et al. (1968). The use of the
finite element method to analyse geotechnical and reinforced concrete structures
started with the advent of digital computing and advances made in terms of
analytical and numerical techniques. With the availability of affordable
computing power, its use has increased exponentially and its status has changed
from luxury to necessity. It is a powerful tool in structural analysis of simple to
complicated geometries (Venkatesh et al., 2009). Venkatesh et al. (2009) outlined
the basic steps involved in the finite element method as mentioned below:

i.  Discretization of the continuum.

ii.  Calculation of the element stiffness matrices.
iii.  Assembling the element stiffness matrices.
iv.  Calculation of the element load vectors.

v.  Assembling the element load vectors.

vi.  Imposition of boundary conditions.
vii.  Imposition of external forces.
viii.  Calculation of the displacement vectors.

ix.  Calculation of the strains and stress field.

The first solution which employed the finite element method for the analysis of
foundation structures on an elastic half-space was obtained by Cheung et al.,
(1968). The finite element method is an approximate technique, and as such,
results computed using the finite element method must be critically evaluated
before being relied upon in a design application. Thus, the number of elements
used in a model can greatly affect the accuracy of the solution (Deaton, 2005). In
general, as the number of elements, or the fineness of the mesh, is increased, the
accuracy of the model increases as well (Deaton, 2005). The type of element
applied in the analysis also can significantly affect the quality of the results
because various finite elements are derived from different assumptions (Deaton,
2005).
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2.4 Overview of The Abaqus Program

ABAQUS is a finite element analysis software. It is used in a wide range of
industries like automotive, aerospace etc., and also is extensively used in
academic and research institutions due to its capability to address non-linear
problems (Manjunath, 2009). In the race to deliver new and innovative products
to market faster, manufacturers face many challenges, including globalization,
cost reductions, and shorter development cycles (Simulia, 2012). To gain a
competitive advantage in the marketplace, manufacturers have started to leverage
the robust capabilities of realistic simulation to lessen dependency on physical
testing, reduce part weight, or evaluate the use of alternative materials during the
product design phase to ensure optimum product performance (Simulia, 2012).

ABAQUS is a powerful and comprehensive tool which provides the user with the
following:

i. A powerful modeling environment,
ii.  Anextensive library of material models,
iii. A comprehensive meshing environment,
iv.  Comprehensive contact modeling capabilities,
v.  An advanced analysis which include linear, nonlinear and robust multi-
physics capabilities,
vi. A high performance computing,
vii.  Best-in-class visualization capabilities, and

viii.  Analysis using specialized techniques.
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CHAPTER THREERESEARCH METHODOLOGY
3.1 Introduction

The methodology in this chapter involves the design of a simple reinforced
concrete raft foundation using the conventional method of design. Other models
are designed and tested using FEA which have additional compression
reinforcement at various percentages of the reinforcement ratio based on the cross
sectional area. This is to determine the effect of the compression reinforcement in
providing resistance against differential settlement. The design is carried out
according to Eurocode 2 (EN 1992-1-1:2004), which specified the depth of
foundation, area and amount of reinforcement, and all the necessary checks used

in the design calculations.

The finite element analysis (FEA) is carried out with the aid of a computer
program. The program that is used is SIMULIA ABAQUS 6.10. ABAQUS is a
finite element analysis software that is used in a wide range of industries like
automotive, aerospace etc., and is also extensively used in academic and research
institutions due to its capability to address non-linear problems (Manjunath,
2009). The ABAQUS program can be used to model reinforced concrete
structures,analyse and generate test results using a state of the art 3D modeling
and finite element technology. The type of analysis carried out in this research is

non-linear involving reinforced concrete.

During the modeling in ABAQUS, the analysis parts for the soil, slab, and
reinforcement are created and assigned material and section properties. The
embedded element option is used to detail the reinforcements in the slab. The
elastic foundation option is used to model the soil surface to make it act as springs
to ground which includes the stiffness effects of a support (such as the soil under
a building) without modeling the details of the support. The parts are then
assembled together, the loads and boundary conditions imposed and the job

executed to obtain the results.
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This research work is limited to the design, modeling and analysis of the flat
reinforced concrete raft foundation without any experimental study.

3.2 Design of Raft Foundation

The raft foundation consists of a regular arrangement of eight column loads with
four corner and four internal loads. All the corner columns carry a load of 458.33
KN each and the internal columns carry 666.66 KN each. Each column is 0.5 m by
0.5 m. Bearing capacity of the soil will be taken as 100 KN/m?. The characteristic
strengths of the concrete and steel to be used in the design are 45 MPa and 500
MPa respectively. The Poisson ratio and density of the concrete will be taken as
0.2 and 2400 kg/m? respectively while the Poisson ratio and density of the steel
will be taken as 0.3 and 7850 kg/m® respectively. The full details of the design are

shown in chapter four.

3.3 Finite Element Analysis

The size and dimension of the soil layer and raft foundation model adopted for the

finite element analysis is as shown in Fig. 3.1.

\iﬂ -

15m

soIL

2am

Fig. 3.1 The Raft Foundation and Soil layer Configuration Adopted for The Finite Element
Analysis.



The 3D deformable solid parts involved in the analysis consist of the soil layer,
concrete slab and steel reinforcements. The dimensions of the steel
reinforcements used are obtained from the foundation design as seen in Fig.4.9
while the dimension of the soil layer and the slab can be seen in Fig. 3.1 above.

Fig. 3.2 The Soil Layer Part in ABAQUS

31



Fig. 3.3 The Concrete Slab Part in ABAQUS

Fig. 3.4 The Tensile Reinforcement Running Along The Length
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Fig. 3.5 The Tensile Reinforcement Running Along The Width

Elastic soil, concrete and steel are used to define the properties of the parts in the
model. Soil, concrete and steel sections are then created using these properties and
the sections are assigned to the individual parts accordingly. An elastic material is
used for the soil with an isotropic hardening rule. Elastic foundations allow the
modeling of the stiffness effects of a distributed support without actually
modeling the details of the support (Simulia, 2012).
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Fig. 3.6 The Interaction Between The Concrete Slab and The Elastic Soil Surface

‘I'he soll material IS assumed to have a density of 190Ukg/m~ and Is assigned a
Poisson’s ratio of 0.3. Foundation stiffness per area of 100x10°N/m? is applied to
the top surface of the soil layer. A compressive strength of 45MPa is assigned to
the concrete part. A plastic strain of 0.0035 and a density of 2400kg/m® are also
assumed for the concrete. The young’s modulus and the Poisson’s ratio are taken
to be 36GPa and 0.2 respectively. An elastic, perfectly plastic material is used for
the reinforcing bars. The reinforcing bars are 3D solid elements embedded in the
concrete. They exhibit an elastic-plastic behavior and the transfer of loads to the
concrete through the reinforcements is achieved by introducing tension stiffening
to the concrete model. The embedded element option is used to model the
interaction/bond between the concrete and the reinforcing bars. The reinforcing
bars are the embedded elements while the concrete slab is the host element. A
solid homogeneous steel section is assigned to the reinforcing bars with isotropic
hardening. The steel is assigned a tensile strength and strain of 500MPa and 0.003
respectively. The density of steel is taken as 7850kg/m°. A Young’s modulus and
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Poisson’s ratio of 200GPa and 0.3 are assigned to the reinforcements

respectively.

Linear hexahedral elements of type C3D8R are used in defining the mesh for the
entire assembly. This fine mesh helps in improving the accuracy of the results

obtained after the analysis.

Fig. 3.7 The Discretization of The Structure into Elements and Nodes.

Concentrated loads and boundary conditions are applied to the assembly on the
surfaces of the parts. The loads are applied on the surface of the nodes of the
concrete slab. Four edge loads and four internal loads are applied with magnitudes
of 458.33x10°N and 666.66x10°N respectively. The loads are applied along the y-
axis and are given a negative value for downward action. An encastre boundary
condition (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) is applied to the sides and
bottom of the soil block which restricted it from moving or rotating in all

directions. The top surface of the soil layer is not restricted and is allowed to
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deform in all directions. The edges of the slab are assigned a boundary condition
in the form of YASYMM (U1 = U3 = UR2 = 0) which only allows movement
along the y-axis and rotation along both x-axis and z-axis. The aim of this is to
allow the raft foundation to deform in the direction of the loads.

Tl Fig. 3.8 The Applied Loads and Boundary Conditions ted “slab load
step”. Interactions are created in the initial step while loads and boundary
conditions are created and applied in the slab load step. The slab load step has a
maximum number of 100 increments. The initial increment size is 1, the

minimum 1E-005 and the maximum 1.

A set of field output and history output requests are created in the slab load step.
A full analysis job is created, submitted and run with results obtained. The
analysis is repeated for models with additional amount of compression
reinforcement; the additional amount ranging from 0.1% to 0.9% of the cross

sectional area of the raft slab.
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CHAPTER FOUR

RESULTS

4.1 Design of Raft Foundation According to Eurocode 2

S/N

CALCULATION

OUTPUT

Clause 2.3.1
EN 1992-1-1:2004

Clause 6.8
EN 1997-1:2004

Table 3.1
EN 1992-1-1:2004

Clause 3.1.3
EN 1992-1-1:2004

Clause 3.2.2
EN 1992-1-1:2004

Table 2.1N
EN 1992-1-1:2004

The raft consists of 8 column loads with 4 corner
and 4 internal loads of an office building. All the
corner columns carry a load of 458.33 KN each
and internal columns carry 666.66 KN each.
Bearing capacity of the soil is 100 KN/m?. Each
column is 0.5 m by 0.5 m

4.1.1 Design of a Simple Raft Foundation

Design loads:

Each internal column load = 1.5 x 666.66
= 1000 KN

Each corner column load = 1.5 x 458.33
=687.5 KN

Dimension of columns =05mx05m

Soil definition:

*Allowable bearing pressure = 100 KN/m?
*The bearing capacity is assumed to be
distributed linearly.

*Number of types of soil forming the sub-soil =
Two or more types

*Soil density = Firm

Raft slab definition:

Concrete strength, f« = 45 MPa

Ultimate strain of concrete = 0.0035

Poisson's ratio of concrete, v = 0.2

Slab mesh reinforcement strength, fyx = 500 MPa
Partial safety factor for concrete, y. = 1.5

Partial safety factor for steel reinforcement, y, =
1.15

To avoid
punching shear
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S/IN

CALCULATION

OUTPUT

Clause 4.4.1

EN 1992-1-1:2004

Clause 3.2.7

EN 1992-1-1:2004

Concrete cover top and bottom, Cnom =40 mm

Assume effective depth, d = 520 mm
Overall depth, h =600 mm

Density of concrete = 2400 Kg/m®
Density of steel reinforcement = 7850 Kg/m®
Modulus of elasticity of steel, Es = 200 GPa

Basic Loading
1. Load transferred by columns
(4 x 687.5) + (4 x 1000) = 6750 KN

2. Self weight of the foundation at 10%
(0.1 x 6750) = 675 KN

Total load = 6750 + 675 = 7425 KN

Area of foundation required = Total load/Bearing
capacity

= 7425/100 = 74.25 m

Hence, provide 5 m by 15 m (75 m?) foundation
as shown in Fig. 4.1

0.75m asm . 45m 45m  0.75m
< > —> S|
A @0.75m
| N 1 | I |
8 . B L =
; 3.5m
s | 5 5 :
M | Mo 1
| I L L [J $ 0.75m
v

15m

Fig. 4.1 Plan of The Raft Foundation

Net upward pressure = (1000 x 4) + (4 x 687.5)
(5 x 15)
= 90 KN/m* = 90,000 N/m?
The raft is designed as a continuous footing in
two directions.

Total load = 7425

KN

Area of
foundation =
74.25 m?

Net upward
pressure
90,000 N/m?
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SIN CALCULATION OUTPUT
4.2.1.1 Design along the longer span (Bottom)
N
[] [] [] O] =
>
15m
Fig. 4.2 Half the Width of The Raft Foundation
Upward pressure per metre length = Net upward | Upward
pressure x Width pressure =
225 KN/m

=90,000 x 2.5 = 225,000 N/m = 225 KN/m
Shear force and bending moment (S.F. and B.M.):

687.5KN 1000KN 1000KN 687.5KN

l&—y | )

e
| I~ 71
0.75m ﬁ 4.5m \L 4.5m \l/ 45m \l; 0.75m

S | S
MMTHQMHTMMT

225KN/m

Fig. 4.3 Loads and Reaction for The Longer Span

Shear Force (S.F.)
*S.F. at cantilever end, = 225 x 0.75 = 168.75 KN
*S.F. at point A, = 168.75 — 687.5 = -518.75 KN
*S.F. between points A and B,

=-518.75 + (4.5 x225) = 493.75 KN
*S.F. at point B, = 493.75 -1000 = -506.25 KN
*S.F. between points B and C,

=-506.25 + (4.5 x 225) = 506.25 KN
*S.F. at point C, = 506.25 — 1000 = -493.75 KN
*S.F. between points C and D,

=-493.75 + (4 x 225) =518.75 KN
S.F. at point D, = 518.75 — 687.5 = -168.75 KN
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S/IN

CALCULATION

OUTPUT

506.25KN 518.75kN
493.75KN
168.75kn
A B C D
168.75KN
493.75KN
518.75kN 506.25kN
fe—>t KKK —k—K s ,‘
0.75m  23m 2.2m 225m  2.25m  2.2m 2.3m 0.75m

Fig. 4.4 Shear Force Diagram (S.F.D.)

Bending Moment (B.M.)
B.M. at both cantilever ends, = 225 x 0.75
2
=63.28 KNm
B.M. between points A & B and points C & D
= (687.5 x 2.3) — (225 x 3.05%) = 534.72 KNm
2

B.M. at points B and C
= (225 x 5.25% — (687.5 x 4.5) = 7.03 KNm
2
B.M. between points B & C at 7.5 m
= (687.5 x 6.75) — (225 x 7.5%) + (1000 x 2.25)
2

= 562.50 KNm
63.28KNm 63.28KNm
7.03KNm 7.03KNm
A AB c ‘ D
534.72KNm 534.72kNm
562.50KNm

|

> 1 >t <—>
0.75m 4.5m 4.5m 4.5m 0.75m

Fig. 4.5 Bending Moment Diagram
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SIN CALCULATION OUTPUT
Tension reinforcement required in cantilever:
Maximum cantilever moment, Max = 63.28 KNm "l"ﬁ;ﬁ =63.28
Clause 6.1 — —
EN 1992-1-1:2004 | K 00 = kaﬁ(z = K =0167
C
=  63.28x10°  =0.00208 = 2.08 x 10° K =0.00208
45 x 2500 x 5207
K factor =0.00208 <Kpa = 0.167
Therefore, no compression reinforcement is
required.
Clause 6.1 ©
EN 1992-1-1:2004 | Lever arm, Z = d(0.5 + \[ (0.25 - m) .

Clause 6.1
EN 1992-1-1:2004

Clause 6.1
EN 1992-1-1:2004

=519.04 mm

M
Area of steel required, As = (1_0% or
vk

s
_ Minax
0.87fyZ
63.28 x 10°

= = 280.27 mm?
0.87 X500 x519.04

For full length of 5 m, As = 280.27 x 2
= 560.54 mm*

Provide 17H8 @ 300 mm B (854.52 mm?)
Bottom (cantilever)

Tension reinforcement required for internal
slab
Maximum cantilever moment, Mmax = 562.5 KNm

K factor = Mmax < Kpa = 0.167
fckmz
= 56250 x 10° =0.0185=18.5 x 10

45 x 2500 x 5202
K factor :0.0185 <Kba| = 0.167

Therefore, no compression reinforcement is
required.

As = 280.27 mm?

17H8 @ 300 mm
B

K =0.0185
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SIN CALCULATION OUTPUT
Lever arm, Z = d(0.5 + \/(0.25 — %)
=511.37 mm
. _ Mmax
Clause 6.1 Area of steel required, As = 7oy —— of
EN 1992-1-1:2004 (y_s) vk
— Mmax
0.87fyk Z
562.50 x 10° )
= 2528.704 mm

Clause 6.2.2
EN 1992-1-1:2004

Clause 6.2.2
EN 1992-1-1:2004

~0.87 X500 x511.37

For full length of 5 m, As = 2528.704 x 2
= 5057.41 mm?

Provide 17H20 @ 300 mm B (5340.71 mm?)

Bottom (spans)

Design checks:
Check for shear

VED = Vinax
Vep =518.75 KN
bw = 2500 mm
d =520 mm
fo = 45 MPa
— Ast
P1 by, d < 0.02
2528.70

= ——— =0. < 0.
P1 = Joooxegg =0.00195 < 002

0.18
Crac = . =0.12
C
200
K=1+ |— <20

K=162 < 20

Veae = [CracKV(100p,f)]b,,d

=[0.12 X 1.62 X /100 x 0.00195 x 45 x
2500 x 520 =521.26 KN

17H20 @ 300
mm B

Vep =518.75 KN

p; = 0.00195

Crac = 0.12

K=1.62

V= 521.26
KN
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SIN CALCULATION OUTPUT
Ve = 521.26 KN >V, = 518.75 KN
Therefore, the shear capacity of the slab is
adequate.
Check for deflection
Clause 7.4.2 10044
EN 1992-1-1:2004 = —=
p bd
_ 100 x 2528.71
P~ 72500 x 520
=0.1945 %
Table 7.4N From tgble 7.4N,_K =15 _ _
EN 1992-1-1-2004 | From figure, Basic span-effective depth ratio
=36
Basic span-effective depth ratio = 36 x 1.5
=54
Clause 7.4.2 Modificationratio = 54 X %
EN 1992-1-1:2004 sred
Modificati tio =54 X 3925
odificationratio = 552871
Ratiogow = 83.82 Raiow = 83.82
) Span 1500
Ratiogctyar = 7= 0 - 28.85 Ractual = 28.85

Clause 6.4.3
EN 1992-1-1:2004

RatioactuaI<Rati0aIIow

Therefore, slab span to depth ratio is adequate.

Punching shear check
Vep = 518.75 KN
1—for

VRd,C = 0.5ud % [06( 250 )] X 15fck

VED =518.75
KN
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S/IN

CALCULATION

OUTPUT

Where

u = perimeter of column =4 x 500 = 2000 mm
d =520 mm

fo = 45 MPa

Vg = 7675.2 KN
Vrae = 7675.2 KN>  Vgp = 518.75 KN

Therefore, the shear capacity of the slab is
adequate.

4.2.1.2 Design along the shorter span (Bottom)
Upward pressure per metre length = Net upward
pressure x Width

= 90,000 x 15

= 1,350,000 N/m = 1350 KN/m

3375KN 3375KN

| <
0.75m 3.5m

v
I|:|A DB|
IR

1350KN/m

Fig. 4.6 Loads and Reaction for The Shorter Span

Shear force and bending moment (S.F. and B.M.):

Shear Force (S.F.)
S.F. at cantilever end, = 1350 x 0.75 =1012.5 KN

S.F. at point A, = 1012.5 — 3375 = -2362.5 KN

S.F. between points A and B,
=-2362.5 + (3.5 x 1350) = 2362.5 KN

S.F. at point B, = 2362.5 — 3375 = 1012.5 KN

VRac= 7675.2 KN

Upward pressure
= 1350 KN/m
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S/IN

CALCULATION

| OUTPUT
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2362.5KN

1012.5KN
A B
1012.5KN
2362.5KN
| S| | | |
1< I | ZI< |
0.75m 1.75m 1.75m 0.75m

Fig. 4.7 Shear Force Diagram (S.F.D.)

Bending Moment (B.M.)

B.M. at both cantilever ends, = >

= 379.69 KNm

B.M. at both cantilever ends,

1350 X 3.052
=3375x175 —|————

2
= 1687.50 KNm

379.69KNm 379.69KNm
1687.5KNm
| l&
[ —>| /IQ H
0.75m 3.5m 0.75m

Fig. 4.8 Bending Moment Diagram

1350 X 0.752

S/IN

CALCULATION

| OUTPUT
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Clause 6.1
EN 1992-1-1:2004

Clause 6.1
EN 1992-1-1:2004

Clause 6.1
EN 1992-1-1:2004

Tension reinforcement required in cantilever
Maximum cantilever moment, Myax = 379.69
KNm

K factor = Mmax < Kpa = 0.167
fckmz
= 379.69x10°  =0.00208 =2.08 x 10°

45 x 15000 x 5202

K factor =0.00208 <Kpq = 0.167
Therefore, no compression reinforcement is
required.

Leverarm, Z = d(0.5 + \[(0.25 — %)
=519.04 mm
. Mmax
Area of steel required, As = 7oy of
(y_s) yk
— Mmax
0.87fyk Z
379.69 x 10° )
=1681.66 mm

~ 0.87 X500 x519.04

Provide 75H6 @ 200 mm B (2120.58 mm?)
Bottom (cantilever)

Tension reinforcement required for internal slab

Mmax = 379.69
KNm

K =0.00208

Z =519.04 mm

As = 1681.66
mm?

75H6 @ 200 mm
B

Maximum cantilever moment, M.x = 1687.5 Mmax = 1687.5
KNm KNm

Clause 6.1 K factor = Mmax < Kpa = 0.167

EN 1992-1-1:2004 fobd?
= 1687.5x10°  =0.00925=9.25 x 107 K =0.00925

45 x 15000 x 5207
K factor :0.00925 <Kba| = 0.167
Therefore, no compression reinforcement is
required.
SIN CALCULATION | OUTPUT |
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Clause 6.1
EN 1992-1-1:2004

Clause 6.1
EN 1992-1-1:2004

Clause 6.2.2
EN 1992-1-1:2004

Clause 6.2.2
EN 1992-1-1:2004

Lever arm, Z = d(0.5 + \/(0.25 — %)
=515.72 mm

M
Area of steel required, As = ﬁ or
vk

s
_ Minax
0.87fyZ
1687.50 x 10°

= = 7522.13 mm?
0.87 X500 xX515.72

Provide 75H12 @ 200 mm B (8482.3 mm?)
Bottom (spans)

Design checks:

Check for shear
VED = Vinax
VED = 2362.5 KN
b, = 15000 mm
d =520 mm
f. = 45 MPa
Ast
= < 0.02
PL=4 d =
7522.13

= —m88M8 =(. < .
P1 = Toooooge = 0000064 < 002

0.18
Crac = . =0.12
C
200
K=1+ <20

d
K=162 < 20

Veae = [CraKV(100p,f)]b,d

=[0.12 X 1.62 X V100 x 0.000964 x 45 x
15000 x 520 =2472.98 KN

Veac = 2472.98 KN > Vg, = 518.75 KN
Therefore, the shear capacity of the slab is
adequate.

Z =515.72 mm

As =7522.13
mm?

75H12 @ 200 mm
B

Vep =2362.5 KN

p1=0.000964

Crac = 0.12

K=1.62

Vgae= 2472.98
KN
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S/N CALCULATION OUTPUT
Clause 7.4.2 Check for deflection
EN 1992-1-1:2004
1004,
P~ "bd
100 x 7522.13
P~ 715000 x 520
=0.0964 % p=0.0964 %
Table 7.4N From table 7.4N, K=1.5
EN 1992-1-1:2004 | From figure, Basic span-effective depth ratio
=36
Basic span-effective depth ratio = 36 x 1.5
=54
Clause 7.4.2 Modificationratio = 54 X %
EN 1992-1-1:2004 sireq
Modificati tio =54 X 10050
odificationratio = TVRE
MR =72.15
=72.15
Ratiogow = 72.15 Raliow = 72.15
) Span 5000 -
Ratloactual = d = 520 = 9.62 Ractual = 9.62

Clause 6.4.3
EN 1992-1-1:2004

Ratioactual<Rati0allow
Therefore, slab span to depth ratio is adequate.

Punching shear check
Vep = 2362.5 KN
1- fck

VRd,C = 0.5ud x [06( 250 )] X 1'5fck
Where
u = perimeter of column =4 x 500 = 2000 mm

d =520 mm
fy = 45 MPa

VRdc = 7675.2 KN

VED =2362.5 KN

Viao= 7675.2 KN
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SIN CALCULATION OUTPUT
VRdc = 76752 KN>  Vgp =2362.5 KN
Therefore, the shear capacity of the slab is
adequate.
4.2.1.3 Design along the longer span (Top)
Clause 6.1 Maximum cantilever moment, Mmax = 63.28 KNmM | Mmax = 63.28
EN 1992-1-1:2004 KNm
K factor = Mmax < Kpa = 0.167
fcsz
= 63.28x10°  =0.00208 =2.08 x 107 K = 0.00208
45 x 2500 x 5207
K factor =000208 <Kba| = 0167
Therefore, no compression reinforcement is
required.
Clause 6.1 Lever arm, Z = d(0.5 + \[(0.25 - L)
EN 1992-1-1:2004 1.134 Z =519.04 mm
=519.04 mm
M
Clause 6.1 Area of steel required, As = 77 gn—— or
EN 1992-1-1:2004 (y—s) yk
— Mmax
087fyZ
63.28 x 10° ) )
=280.27 mm As =280.27 mm

Clause 6.1
EN 1992-1-1:2004

~ 0.87 X500 x519.04

For full length of 5 m, As = 280.27 x 2
= 560.54 mm*

Provide 17H8 @ 300 mm T (854.52 mm?)
Top (column supports)

3.2.1.4 Design along the shorter span (Top)
Maximum cantilever moment, Mpyax = 379.69
KNm

K factor = Mmax < Kpa = 0.167
fckmz
= 379.69 x 10° =0.00208 = 2.08 x 107

45 x 15000 x 5202

17H8 @ 300 mm
T

K =0.00208
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S/IN CALCULATION OUTPUT
K factor :000208 <Kba| = 0167
Clause 6.1 Lever arm, Z = d (0.5 + \[(0.25 ~ T f34)
EN 1992-1-1:2004 | _ £19 04 mm 2 = 519.04 mm
. Mmax
Area of steel required, As = 7oy —— of
(y_s) yk
— Mmax
0.87fykZ
379.69 x 10° As = 1681.66
= = 1681.66 mm”
0.87 x500 x519.04 mm*

Provide 75H6 @ 200 mm T (2120.58 mm?) Top
(column supports)

= 050

T/P”74007”ﬂﬁil‘mi”ﬂ”im(}i”m
75H06-200T 17H08-300T, oe0 -
75H12-200B 17H20-300B

15.00

BOTTOM PLAN

Fig. 4.9 Reinforcement Mesh for Simple Raft Foundation

4.2.2 Design of Simple Raft Foundation With
Additional 0.1% Compression Reinforcement

This model is exactly the same as the first model
but with 0.1% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.

75H6 @ 200 mm
T

52




S/N CALCULATION OUTPUT
Compression reinforcement required along the
longer span
Compression reinforcement ratio (%), p
_ 1004
" bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section
bd
Therefore, Ag = e
100
0.1 x15000 x 520
B 100
= 7800 mm?
Total area = 7800 + 1681.66 = 9481.66 mm’ As = 9481.66
mm
Provide 75H16 @ 200 mm T (15079.64 mm?) 75H16 @ 200
Top mm
Compression reinforcement required along the
shorter span
bd
A, = Pt
100
_ 0.1 x 5000 x 520
B 100
= 2600 mm®
Total area = 2600 + 560.54 = 3160.54 mm? As 2 316054
Provide 17H16 @ 300 mm T (3418.05 mm?) Top | 17H16 @ 300
mm T
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S/IN

CALCULATION

OUTPUT

VA
fo— - - —400 — - - B R 00— - -

75H12-200B 17H20-300B 060
75H16-200T 17H16-300T

15.00

TOP PLAN

Fig. 4.10 Reinforcement Mesh of Raft Foundation with
0.1% Compression Reinforcement

4.2.3 Design of Simple Raft Foundation With
Additional 0.2% Compression Reinforcement

This model is exactly the same as the first model
but with 0.2% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.

Compression reinforcement required along the
longer span

Compression reinforcement ratio (%), p
1004,

bd

Where, As = area of reinforcement
b = width of the section
d = depth of the section

pbd

Therefore, A, = 00

_0.2x 15000 x 520
N 100

= 15600 mm?

Total area = 15600 + 1681.66 = 17281.66 mm?

As = 17281.66
mm?
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SIN CALCULATION OUTPUT
Provide 75H20 @ 200 mm T (23561.94 mm®) 75H20 @ 200
Top mm T
Compression reinforcement required along the
shorter span

bd
A = poe
100
_0.2x 5000 x 520
B 100
= 5200 mm?
Total area = 5200 + 560.54 = 5760.54 mm’ As = 5760.54
mm
Provide 17H20 @ 300 mm T (8344.86 mm?) Top | 17H20 @ 300
mm T

—={ |=—050
V‘P—7—400—”ﬂ~—400—~ﬂ~—400———ﬁ
75H12-200B 17H20-300B 060
75H20-200T 17H20-300T

TOP PLAN

Fig. 4.11 Reinforcement Mesh of Raft Foundation with
0.2% Compression Reinforcement

4.2.4 Design of Simple Raft Foundation With
Additional 0.3% Compression Reinforcement

This model is exactly the same as the first model
but with 0.3% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.
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SIN CALCULATION OUTPUT
Compression reinforcement required along the
longer span
Compression reinforcement ratio (%), p
_ 1004
" bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section
bd
Therefore, Ag = e
100
0.3 x 15000 x 520
B 100
= 23400 mm?
, As = 25081.66
Total area = 23400 + 1681.66 = 25081.66 mm mm?
Provide 75H25 @ 200 mm T (36815.54 mm?) 75H25 @ 200
Top mm T
Compression reinforcement required along the
shorter span
bd
4 = P
100
_ 0.3 x 5000 x 520
B 100
= 7800 mm®
Total area = 7800 + 560.54 = 8360.54 mm? As = 8360.54
mm
Provide 17H32 @ 300 mm T (13672.21 mm?) 17H32 @ 300
mm T

Top
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S/IN

OUTPUT

CALCULATION

‘\/L
fo— - - —400 — -~ - —400— - —~ - —4 00 — - -

75H12-200B 17H20-300B 060
75H25-200T 17H32-300T

TOP PLAN

Fig. 4.12 Reinforcement Mesh of Raft Foundation with
0.3% Compression Reinforcement

4.2.5 Design of Simple Raft Foundation With
Additional 0.4% Compression Reinforcement

This model is exactly the same as the first model
but with 0.4% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.

Compression reinforcement required along the
longer span

Compression reinforcement ratio (%), p
1004,
~ bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section

pbd

Therefore, A; = 00

0.4 x 15000 x 520
N 100

= 31200 mm?

Total area = 31200 + 1681.66 = 32881.66 mm?

As = 32881.66
mm?
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S/IN CALCULATION OUTPUT
Provide 75H25 @ 200 mm T (36815.54 mm®?) Top | 75H25 @ 200
mm T
Compression reinforcement required along the
shorter span
bd
4 = Phd
100
_0.4x 5000 x 520
B 100
= 10400 mm?
Total area = 10400 + 560.54 = 10960.54 mm? As = 10960.54
mm?
Provide 17H32 @ 300 mm T (13672.21 mm?) Top | 17H32 @ 300
mm T

—~| o050

V‘P77—400——741/%7——4'00—77%”—400—”4-'—\#‘
75H12-200B 17H20-300B 060
75H25-200T 17H32-300T

15.00

TOP PLAN

Fig. 4.13 Reinforcement Mesh of Raft Foundation with
0.4% Compression Reinforcement

4.2.6 Design of Simple Raft Foundation With
Additional 0.5% Compression Reinforcement

This model is exactly the same as the first model
but with 0.5% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.
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S/N CALCULATION OUTPUT
Compression reinforcement required along the
longer span
Compression reinforcement ratio (%), p
_ 1004
" bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section
bd
Therefore, Ag = e
100
0.5 x 15000 x 520
B 100
= 39000 mm?
, As = 40681.66
Total area = 39000 + 1681.66 = 40681.66 mm mm?
Provide 75H32 @ 200 mm T (60318.58 mm?) 75H32 @ 200
Top mm T
Compression reinforcement required along the
shorter span
bd
A, = poe
100
_0.5x5000 % 520
B 100
= 13000 mm*
Total area = 13000 + 560.54 = 13560.54 mm* As = 13560.54
mm
Provide 17H32 @ 300 mm T (13672.21 mmz) 17H32 @ 300
mm T

Top
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S/IN

CALCULATION

OUTPUT

T e b e

75H12-200B 17H20-300B
75H32-200T 17H32-300T

0.60 1

15.00

TOP PLAN

Fig. 4.14 Reinforcement Mesh of Raft Foundation with
0.5% Compression Reinforcement

4.2.7 Design of Simple Raft Foundation With
Additional 0.6% Compression Reinforcement

This model is exactly the same as the first model
but with 0.6% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.

Compression reinforcement required along the
longer span

Compression reinforcement ratio (%), p
1004,
~ bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section

pbd

Therefore, A; = 00

_ 0.6 x15000 x 520
N 100

= 46800 mm?

Total area = 46800 + 1681.66 = 48481.66 mm?

As = 48481.66
mm?
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SIN CALCULATION OUTPUT
Provide 75H32 @ 200 mm T (60318.58 mm?) 75H32 @ 200
Compression reinforcement required along the
shorter span

bd
4 = Pbd
100
0.6 x5000 x 520
B 100
= 15600 mm®
Total area = 15600 + 560.54 = 16160.54 mm® As = 16160.54
mm
Provide 17H40 @ 300 mm T (21362.83 mm?) 17H40 @ 300
mm T

Top

—| |J-050

j/L'»—7—400——7«|—\/‘—'»7——A.oo—na-l—\/g'-k — 400 — m
\ ]

75H12-200B 17H20-300B 0%
75H32-200T 17H40-300T
5.00
15.00
TOP PLAN

Fig. 4.15 Reinforcement Mesh of Raft Foundation with
0.6% Compression Reinforcement

4.2.8 Design of Simple Raft Foundation With
Additional 0.7% Compression Reinforcement

This model is exactly the same as the first model
but with 0.7% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.
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S/N CALCULATION OUTPUT
Compression reinforcement required along the
longer span
Compression reinforcement ratio (%), p
_ 1004
" bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section
bd
Therefore, Ag = e
100
0.7 X 15000 x 520
B 100
= 54600 mm®
, As = 56281.66
Total area = 54600 + 1681.66 = 56281.66 mm mm?
Provide 75H32 @ 200 mm T (60318.58 mm?) 75H32 @ 200
Top mm T
Compression reinforcement required along the
shorter span
bd
4 = P
100
_ 0.7 x 5000 x 520
B 100
= 18200 mm*
Total area = 18200 + 560.54 = 18760.54 mm* As = 18760.54
mm
Provide 17H40 @ 300 mm T (21362.83 mm?) 17H40 @ 300
mm T

Top
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S/IN

CALCULATION

OUTPUT

‘\/L%OSD
-7——7400—774=|—\/‘—'P—77400777%7774007——4-‘

0.60 4

75H12-200B 17H20-300B
75H32-200T 17H40-300T

15.00

TOP PLAN

Fig. 4.16 Reinforcement Mesh of Raft Foundation with
0.7% Compression Reinforcement

4.2.9 Design of Simple Raft Foundation With
Additional 0.8% Compression Reinforcement

This model is exactly the same as the first model
but with 0.8% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.

Compression reinforcement required along the
longer span

Compression reinforcement ratio (%), p
1004,
~ bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section

pbd

Therefore, A, = 00

_0.8x 15000 x 520
N 100

= 62400 mm?

Total area = 62400 + 1681.66 = 64081.66 mm?

As = 64081.66
mm?
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S/N CALCULATION OUTPUT
Provide 75H40 @ 200 mm T (94247.78 mm°) 75H40 @ 200
Compression reinforcement required along the
shorter span

bd
4 = Pbd
100
_0.8x 5000 x 520
B 100
= 20800 mm’
Total area = 20800 + 560.54 = 21360.54 mm? As = 21360.54
mm
Provide 17H40 @ 300 mm T (21362.83 mm?) Top | 17H40 @ 300
mm T

—| o050 Al'\/‘"»
|

75T12-200B 17T20-300B
75T40-200T 17T40-300T

60 -

15.00

TOP PLAN

Fig. 4.17 Reinforcement Mesh of Raft Foundation with
0.8% Compression Reinforcement

4.2.10 Design of Simple Raft Foundation With
Additional 0.9% Compression Reinforcement

This model is exactly the same as the first model
but with 0.9% compression reinforcement. The
compression reinforcement was designed and
added to the first model using compression
reinforcement ratio based on the cross sectional
area.
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S/N CALCULATION OUTPUT
Compression reinforcement required along the
longer span
Compression reinforcement ratio (%), p
_ 1004
" bd
Where, As = area of reinforcement
b = width of the section
d = depth of the section
bd
Therefore, Ag = e
100
0.9 15000 x 520
B 100
= 70200 mm?
, As = 71881.66
Total area = 70200 + 1681.66 = 71881.66 mm mm?
Provide 75H40 @ 200 mm T (94247.78 mm?) 75H40 @ 200
Top mm T
Compression reinforcement required along the
shorter span
bd
4 = P
100
_ 0.9 x 5000 x 520
B 100
= 23400 mm*
Total area = 23400 + 560.54 = 23960.54 mm* As = 23960.54
mm
Provide 25H40 @ 200 mm T (31415.93 mmz) 25H40 @ 200
mm T

Top
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S/IN CALCULATION OUTPUT

—= |=—0.50
A W |
f— - - —400— - - - - —400 — - - - - —400— - -
\ |
75H12-200B 17H20-200B 060
75H40-200T 25H40-200T
5.00
15.00
TOP PLAN

Fig. 4.18 Reinforcement Mesh of Raft Foundation with
0.9% Compression Reinforcement
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4.2 Stress Patterns in the Raft Foundation

S, Mises
(AvVg: 75%)

+1.163e+08
+1.071e+08
+9.740e+07
+8.766e+07

Time 2013

Fig. 4.19Result of Stress Analysis (0%)

S5, Mises
[AVg: 75%)

+8.298e+07
+7.606e+07
+6.915e+07
+6.223e+07

Time 2013

Fig. 4.20Result of Stress Analysis (0.1%)
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5, Mises
(Avg: 75%)

+7.040e+07
+6.453e+07

Fig. 4.21Result of Stress Analysis (0.2%)

5, Mises
(Awg: 75%)

+5.163e+07
+4.732e+07

Fig. 4.22Result of Stress Analysis (0.3%)
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S, Mises

{Avg: 75%)
+4.386e+07
+4.021e+07

Fig. 4.23Result of Stress Analysis (0.5%)

5, Mises

(Avg: 75%)
+3.919e4+07
+3.593e4+07

Fig. 4.24Result of Stress Analysis (0.6%)
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5, Mizes

(Avg 75%)
+3.450e+07
+3.163e4+07

Fig. 4.25Result of Stress Analysis (0.8%)

S, Mizes

{Avg: 75%)
+3.185e+07
+2.920e+07
+2.655e

Fig. 4.26Result of Stress Analysis (0.9%)
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4.3 Settlement of the Raft Foundation

1, Magnitude
+2.0292-03
+1.860e-03
+1.691e-03
+1.522e-03
+1.353e-03

[| Time 2013

Fig. 4.27Result of Settlement Analysis (0%)

U, Magnitude

+1.901e-03
+1.742e-03
+1.584e-03
+1.425e-03
+1.267e-03

Tirme 2013

Fig. 4.28Result of Settlement Analysis (0.1%)
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1, Magnitude

+1.848e-03
+1.694e-03
+1.540e-03
+1.2BEe-03

Fig. 4.29Result of Settlement Analysis (0.2%)

1, Magnitude
+1.761e-02
+1.615e-03
+1.468e-032
+1.221e-Ca

Fig. 4.30Result of Settlement Analysis (0.3%)
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U, Magnitude

+1.72%e-03
+1.5585e-03
+1.441e-03

— Fig. 4.31Result of Settlement Analysis (0.5%)

U, maginue
+1.705e-03
+1.563e-03
+1.421e-03
+1.278e-(

Fig. 4.32Result of Settlement Analysis (0.6%)
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1, Magnitude
+1.677e-02
+1.538e-03
+1.298e-03

Fig. 4.33Result of Settlement Analysis (0.8%)

1, Magnitude
+2,983e-02
+2,735e-032
+2.486e-032
+2.237e-02

Fig. 4.34Result of Settlement Analysis (0.9%)
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CHAPTER FIVE

DISCUSSION
5.1 Stress Patterns in the Raft Foundation

The Von Mises stress pattern obtained after the analysis for the raft foundation
models can be seen in the deformed diagram of the models shown in Fig. 4.19 -
4.26. The Von Mises stress refers to the theory called Maxwell-Huber-Hencky-
Von Mises criterion for ductile failure. The analysis shows that there are no Von
Mises stresses within all the raft foundation models. The contour blue indicates
zero VVon Mises stresses and hence it is an indication that the foundation is stable
after the deformation caused by the applied loads.

5.2 Settlement of the Raft Foundation

Bowles (1997) considered settlement estimates of a foundation as a best guess of
the footing deformation after a load has been applied. He noted that most
structural distress is caused by excessive settlements and not the shear failures
associated with bearing capacity. Eurocode 2 (2008) specifies that where
differential settlements are taken into account a partial safety factor for settlement
effects should be applied. Also Eurocode 7 (2004) specifies that differential
movements of foundations leading to deformation in the supported structure shall

be limited to ensure that they do not lead to a limit state in the supported structure.

The immediate settlement of the raft foundation models takes place in the
direction in which the load is applied. The spatial displacement of the models can
be seen in Fig. 4.27 - 4.34. It can be seen that the maximum immediate settlement
in the first raft foundation model occurred at the points where the loads are
applied while the minimum immediate settlement occurred at the center where
there is an upward heave. The result indicates that the tensile reinforcement
provided is insufficient to provide adequate resistance against deformation and

differential settlement.The addition of compression reinforcement increases the
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resistance until uniform settlement is obtained at a value 0.9%, a percentage of the
cross sectional area of the raft slab.
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CHAPTER SIX SUMMARY, CONCLUSIONS AND

RECOMMENDATION

6.1 Summary

In the course of this research, the following were carried out:

1.

A simple raft foundation is designed using the conventional method of
design according to Eurocode 2.

The design is subjected to finite element analysis in order to obtain the
stress and settlement patterns.

The settlement pattern indicates there is differential settlement within the
raft foundation and hence additional compression reinforcement is
provided to this initial design from 0.1% to 0.9% of the cross sectional
area of the raft slab.

The raft foundation design with the additional reinforcements is then
subjected to finite element analysis until uniform settlement is obtained at
0.9%.

6.2Conclusions

This work has successfully achieved its objectives through the literature review

and the studies conducted. On the basis of the study carried out, the following

conclusions may be drawn:

The variation of the amount of reinforcement in compression and
tension in a raft foundation plays a significant role and affects the
moments and deformations of the foundation.

Compression reinforcement is effective in providing resistance against
differential settlement in a reinforced concrete raft foundation.
Settlement estimate of a foundation is the best guess of the footing
deformation after a load has been applied as proved from the nodal

representations of elements in the finite element analysis display.
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iv. The overall settlement of the raft foundation was reduced by about 20%
due to the increase in the stiffness of the foundation as proved from the
displacement of nodes and elements in the finite element analysis
results.

v. The finite element analysis is a good method for the design and analysis
of raft foundations.

6.3Recommendation

This work suggests that a suitable percentage of the concrete cross sectional area
of raft slab foundations should be used as compression reinforcement in order to
prevent differential settlements. The percentage should be derived using finite
element analysis (FEA) by testing the conventional design of the raft foundations.
This value is obtained as 0.9% of the concrete cross section when using Eurocode
2 and may be generally applied for the design of reinforced concrete raft

foundations.
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