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THE BEHAVIOUR OF MODERN FLEXIBLE FRAMED STRUCTURES
UNDERGOING DIFFERENTIAL SETTLEMENT
By Gerrit Smit

Modern office buildings are often open plan buiginvith a frame consisting of flat
RC slabs, RC columns and non-load bearing inteamal external partitions and
facades. These modern framed structures are redblé than older conventional
buildings with load bearing walls and are less spsble to differential settlement
damage. The use of conventional guidelines fofedihtial settlement on modern
flexible framed structures may therefore be overseovative.

The literature review of the study highlights tfectors producing differential
settlement, the types of damage caused by diffates¢ttiement and conventional
guidelines for limiting differential settlement dage. Conventional guidelines
focusing on 2D structures lack provision for the @&formation of a structure.

To determine the behaviour of a modern flexiblanfed structure a numerical
experiment was performed, which consisted of theigte according to British
Standards and Eurocodes of a 3D, 5-bay by 5-batgréy flat slab RC frame with pad
foundations on clay. The behaviour of the desigstedcture undergoing differential
settlement was then analysed by means of lineatienite element analyses.

The results show firstly that it is possible trmalise structural behaviour to the soil-
structure stiffness ratio, secondly the importaoic8D deformation of the structure and
thirdly that stiffer load-displacement responsesfaindations may also affect the
behaviour of the structure. A stiffer load-disgatent response may occur with the

reuse of foundations.
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1 INTRODUCTION

The objective of the research was to investigage bhaviour of modern flexible
framed structures undergoing differential settlemebifferential settlement in
structures is important because differential seithet of foundations often leads to
damage within the structure (Burlaret al, 2001la). The impact of differential
settlement on a structure has been widely investigsince the late 1940’s (Meyerhof,
1947, Chamecki ,1956, Skempton and Macdonald, 1BB&hin and Tokar, 1957,
Jennings and Kerrich, 1962, Brown, 1969a, 1969anGet al, 1974, Burland and
Wroth, 1975, Burlanét al, 1977, Jardinet al, 1986, Boscarding and Cording, 1989,
Boone, 1996, Potts and Addenbrooke, 1997, Rattd, 1998, Burlancet al, 2001a).
Although widely researched, progress was often leaetpby:

« the lack of rigorous methods to describe foundatimvement,

» the lack of rigorous methods to describe the tyipstracture,

« the lack of rigorous methods to describe the danagjee structure; and

- different methods used to predict differential lsetent and propose

guidelines.

This section briefly describes the current statéhef art and the shortcomings it has
with respect to modern flexible framed structurdhe following state of the art and
the shortcomings topics are discussed:

« Description of foundation movement.

e The type of structure.

e Description of damage; and

* Methods and guidelines used to predict differerstitlement.

To define foundation movement Terzaghi (1935) dtdéte an adequate description of
foundation movement precise levels needs to bentaieat least 15 or 20 points
scattered over the entire area occupied by thedibgil This will give a 3D
representation of the building deformation. Skemnpand MacDonald (1956) used a
simplified 2D approach and defined ‘angular distort as the ratio of differential
settlement and the distance between two points @lftainating the influence of tilt on
the building to describe differential settlemeniolshin and Tokar (1957) defined
‘slope’ as the difference of settlement of two adja supports relative to the distance
between them (similar to ‘angular distortion’) anelative deflection’ as the ratio of

deflection to the length of the deflected part ésatibe differential settlement. In 1974



Burland and Wroth (1975) suggested a whole setefihitions to define differential
settlements in 2D. The definitions are often useldter papers to describe differential
settlement (Burlanet al, 1977, Burlandet al, 2001a). These definitions have the
limitation that they only describe movement in armd (2D) and are useful for
describing the behaviour of 2D frames and 3D boddi with minimal lateral
deformation (which is often the case with long duigs and where settlement occurs
due to tunnelling perpendicular to the buildinggowever square buildings undergoing
differential settlement due to self weight may heasrgnificant deformation in the
corners, which is difficult to describe in 2D. Thesearch presented in this report
investigated the behaviour of modern flexible 3fiicures and the results showed that

description of deformation only in 2D is insuffioie

The type of structure influences the responsefterdntial settlement. Skempton and
Macdonald's (1956) guidelines were limited to ttamtial steel and concrete frame
buildings and structures with load bearing wallfie 1955 Building Code of the USSR
treated framed structures separately from loadifgpastructures with much stricter
criteria being laid down for load bearing brick ldinigs. Meyerhof (1956) also treated
framed panels and load bearing brick walls seplgrat®uidelines are often presented
in text books or design recommendations withoutleasjsing the type of structure the
guidelines are applicable to (Burlaatal.,1977). Current state of the art guidelines are
focussed on relatively stiff load bearing brickldirigs. The use of these guidelines on
modern flexible framed structures may thereforeober conservative. The research
presented in this report investigated modern flexibamed structures and confirmed

that these types of buildings are less suscepbhiifferential settlement damage.

Damage to a structure is very subjective and depemd both the function of the
building and the reaction of the users and is diffito quantify (Burland and Wroth,
1975). Peclet al. (1956) have shown that a certain amount of craclgrunavoidable
if the building is to be economical. Little (19683s estimated that for a particular type
of building the cost to prevent cracking may exc&é&o of the total building cost.
Therefore it will be likely that some damage witcor and the level of acceptable
damage needs to be defined. Skempton and Macd#86) divided damage into the
following 3 categories:

e ‘Structural’ involving only the frame, i.e. stanohis and beams.

e ‘Architectural’ involving only the panel walls, fbws or finishes.

* Combined structural and architectural damage.



They also stated that architectural damage suchnaaging of wall panels, is likely to
occur at smaller distortions of the building tham §tructural damage. This may be
true for conventional buildings, however it does mecessarily hold for modern
flexible structures. Skempton and Macdonald (198B8p note that the limits of
allowable settlement may be due to visual effewt$ably the tilt or lean of a building.
Burland et al. (1977) suggested a classification system to glyahtiilding damage
objectively. The damage classification systemasell on the ease of repair of visible
damage and is based on the work of Jennings andcK€i962), the UK National
Coal Board (1975) and Macleod and Littlejohn (1975)nce then it has been adopted
with only slight modifications by BRE (1981, 199Gje Institution of Structural
Engineers, London (1978, 1989, 1994, 2000) and B&&n in Freemast al. (1994).
Burland et al. (2001a) point out that the classification systemswleveloped for
brickwork and blockwork or stone masonry. It coblel adapted for other forms of
cladding and it is not intended to apply to reioéat concrete structural elements.
These guidelines may therefore not be directly iagple to modern flexible framed
structures. The research presented in this répegstigates which type of damage is
likely to occur first in modern flexible framed gttures. In conventional load bearing

structures cracking of facades or infill panelassially the limiting factor.

Initially two approaches were followed to addrdss impact of differential settlements
on structures. Meyerhof (1947) analysed the iotéya between a 2D frame and the
soil and calculated the effect it has on the stwfisin the structure. Skempton and
MacDonald (1956) and Graet al. (1974) followed an observational approach based
on case studies. They measured the differentidésent and corresponding damage
on existing buildings and suggested differentidgtlesment limits based on the study.
The study showed that an angular distortion of tgrean 1/150 will cause structural
damage and an angular distortion of greater tha@0lwill cause cracking in walls and
partitions and they recommended that angular dister greater than 1/500 should be

avoided if it was important to avoid differentigtdement damage.

In contrast Meyerhof's (1947) frame analysis showed a lesser angular distortion of
1/950 will cause an increase of 74% in the bendiggnent in the beam which was
subjected to the largest bending moment prior fferdintial settlement. Skempton and
MacDonald (1956) argued that an angular distortib@/950 did not result in damage
in the observed structures. They suggested tlsomear it may be that the live loads

assumed in the design are conservative comparethetoactual average loads in



buildings and the composite action of the frameorfoand walls may reduce the

stresses and deflections within the building.

Burland and Wroth (1975) and Burlaatal. (1977) used the concept of a tensile strain
limit to study the development of cracking in welgbks elastic beams undergoing
deflections, which is a simplified representatidraduilding. Studies done by Polshin
and Tokar (1957) and Burland and Wroth (1975) shibwmat cracking in walls and
finishes usually results from tensile strain arat flor a given material visible cracking
IS associated with a reasonably well defined valstrain that is insensitive to the
mode of deformation. Boscardin and Cording (198€jociated tensile strain values
with the damage categories as proposed by Buedrad. (1977). Strain distribution
within the simple beam depends on the mode of defbon and two extreme modes of
bending only about a neutral axis and shear onlsevemalysed. Both modes occur
simultaneously and need to be calculated to determihether bending or diagonal
strain is limiting. Using an expression for midspdeflection of a centrally loaded
beam having both bending and shear stiffness (e, 1957), a limiting value of
deflection can be calculated for a given tensiaistlimit by taking the building length
and height, Young’s modulus and shear modulus hadbsition of the neutral axis
into account. Boscardin and Cording (1989) expdrtie above analysis to include

horizontal strain which is associated with tunmejli

The above method was used successfully on theegubihe extension (Burlaret al,
2001a) and its simplicity is a big advantage wheromes to the analyses of structures,
however it is important to realise the simplificais and limitations of the method. The
method assumes that the deformation of the stricsupredominantly 2D and that the
structure behaves like a beam. These assumpti@ys ba true for conventional

buildings; however modern flexible framed structuneay behave differently.

The advance in modern computers and modern fiteteent software packages allows
for the analyses of 3D models with increased corigle Simplified 2D models may

provide valuable insight and use fewer resourcegjeer full 3D models can include
more detail and show the shortcomings of simplifdd models. The research
presented in this report makes use of the capaliitanalyse a 3D structure to

investigate the behaviour of modern flexible frarsedctures.



In recent years the need for more sustainable dpwent has become an important
factor in the design of new buildings. In areadrefuent redevelopment the reuse of
foundations of the demolished buildings is encoeda@Chapmaret al, 2001, Chowet
al., 2002, Cameron and Chapman, 2004) to save resoutdewever in practice old
foundations are often discarded in favour of neunftations at extra cost even when
the old foundations are located in the correcttfmsiin good condition and capable of
withstanding the design loads. This is due to dheertainty involved in how the
structure will behave if older preloaded foundasiowith a stiffer response are
combined with new foundations. Understanding tledaviour of modern flexible
structures undergoing differential settlement wplkve the way for the reuse of
foundations. It will also be valuable in assesdimg risk of foundation (old or new)

failure on newly constructed buildings.

The thesis first reviews and discusses the fagaducing differential settlement and
the current state of the art on the behaviour dfctires undergoing differential
settlement in Chapter 2. A linear-elastic modad@seloped and verified in Chapter 3
and typical results are presented. Chapter 4 séssuthe behaviour of structures
undergoing differential settlement. The discussfobased on the results. Chapter 5
presents the conclusions of the literature revithe, development of the numerical

model and the discussion of the results, as wedliggestions for future work.



2 LITERATURE REVIEW

The literature review firstly defines differentigettlement. Secondly the factors
producing differential settlement are discussedhwspecific reference to soail
variability, loads and their variability, foundatioload-displacement response and
structure stiffness. Thirdly the difference betweenventional old buildings and new
flexible framed buildings and the reuse of founmladi are discussed. Fourthly the
damage resulting from differential settlement iscdssed and at the end of Chapter 2

the conclusions from the discussion of the litemtre summarised.

2.1 Defining differential settlement

The complete description of the settlement of acstre requires a large number of
observation points so that detailed profiles ofnidation movement can be plotted
(Terzaghi, 1935). Differential settlement is a gah term used to describe the
differences in vertical displacement of foundatiddewever differential settlement on
its own does not give any indication of the spatiatiation. It is the magnitude of
differential settlement combined with the spatiatiation that influences the behaviour
of the structure (Skempton and Macdonald, 1956)aRdrand Wroth, 1975). To be
able to describe the movement of foundations migeeausly, definitions are needed.

This section considers definitions of differensattlement and their shortcomings.

Skempton and Macdonald (1956) suggested the useflar distortion to describe
differential settlement. They defined angular @isbn as the ratio of the differential
settlementd) and the distance)(between two points after eliminating the effettilb

of the building. Polshin and Tokar (1957) definedslope, equivalent to angular
distortion; and relative deflection as the ratialeflection to the length of the deflected
part. Subsequently similar definitions have beefnéd by a number of authors (Fjeld,
1963, Grantet al, 1974, Burland and Wroth, 1975, Wahls, 1981, Budlat al,
2001a).



Burland and Wroth (1975) proposed a consistentofetlefinitions based on the
displacement of a number of discrete points onfthdation of a building. The
definitions have been widely accepted, are illusttain Figure 2.1 and defined as
follows (Burlandet al, 2001a):

* Rotationor slope6 is the change in gradient of a line joining twderence
points (e.g. AB in Figure 2.1(a)).

* The angular straina is defined in Figure 2.1(a). It is positive fopward
concavity (sagging) and negative for downward ceitgghogging).

* Relative deflectionA is the displacement of a point relative to theelin
connecting two reference points on either side {ggare 2.1(b)). The sign
convention is as for angular strain.

» Deflection ratio(sagging ratio or hogging ratio) is denotedAsz wherelL is
the distance between the two reference pointsidgfin. The sign convention
is as angular strain.

e Tilt o describes the rigid body rotation of the structura well defined part of
it. See Figure 2.1(c).

* Relative rotation(angular distortionp is the rotation of the line joining two
points, relative to the tilb. See Figure 2.1(c). It is not always straightfary
to identify the tilt and the evaluation pfcan sometimes be difficult. It is also
very important not to confuse relative rotatiprwith angular straimi. For
these reasons Burland and Wroth (1975) preferredutie of deflection ratio

AJIL as a measure of building distortion.

The above set of definitions provides a way of dbsy differential settlement,
however in practice it is often difficult to knowe precise deformed shape between
observation points (Burland and Wroth, 1975). €fme care should be taken in

defining suitable observation points.

The definitions provide only a description of irapé movement and no attempt is
made to describe 3D deformation of a structuree définitions are therefore suitable
for structures that deform primarily in plane, heee 3D deformation needs to be
described for structures with 3D behaviour. Ddsog 3D deformation is more

complex than 2D deformation and no straightforwg@efinitions exist.



2.2 Factors producing differential settlement

Differential settlement may cause damage to strastu A good understanding of
mechanisms and factors producing differential eetint will result in a better
understanding of the behaviour of the structure waildtherefore allow for a more
optimal design. The following sections will dissue impact of soil variability, loads
and their variability, foundation load-displacemeasponse and building stiffness on

differential settlement.

2.2.1 Soil variability

This section considers soil variability, since vagy stiffness and strength of soil
beneath foundations is a potential cause of diffiak settlement. Inherent soil
variability and the parameters describing it aresitered, as are uncertainties in
measurement and transformation models of soil ptigge Typical values of variation

are also discussed.

Soils are heterogeneous materials created by cangeelogical processes. Soil
properties vary from point to point, even in thensastrata. Terzaghi (1955) discussed
how soil variability can be linked to complex depiosial conditions. Fookes (1997)
discusses the value of a comprehensive geologiaademin understanding soil
conditions on a site, but also states that, regasdbf the detail and the amount of work
involved, the geological model is unlikely to acleehe same qualitative accuracy as
the structural engineering design because of thkher@mt complexity and
inhomogeneity of the soil. Other researchers havestigated and quantified the
spatial variability of natural soils (Phoon and Kaly, 1999, Bourdeau and
Amandaray, 2005, El Gonnouat al.,2005). Table 2.1 (Phoon and Kulhawy, 1999)
shows a summary of inherent variability of strengtbperties of various soils. Table
2.2 (Phoon and Kulhawy, 1999) shows inherent vditalof the index parameters of
various soils. The Coefficient of Variation (COW3 the Standard Deviation
normalised to the mean soil property value. Anogemameter needed to describe the
variability of soil is the distance of the variatyilchange i.e. the scale of fluctuation.
Figure 2.2 shows the scale of fluctuation graphicalable 2.3 (Phoon and Kulahawy,
1999) summarises vertical and horizontal fluctuagiof some geotechnical properties.
From the data it is evident that the scale of tlatbn in a vertical direction is smaller
than for a horizontal fluctuation. Horizontal ftuations typically range from 3.0 m to
80.0 m, which means within the footprint of struetuthe soil properties can vary

significantly.



Inherent soil variation needs to be distinguishedhfvariation in measured values due

to inaccurate measurement and transformation m@¢Batson and Kulhawy, 1999).

Measurements of soil properties are dependent@medt method, apparatus used and
operator expertise. Testing of an inherently hoemegus soil will result in a measured
variation in soil properties. Therefore soil tested to be standardised to minimise
variation due to measurement error. It is widelgognised that the SPT is associated
with greater testing uncertainty than the CPT (daktsal, 2005). Leeet al. (1983)
suggested that the COV for SPT varies between 2¥¥88% and Phoon and Kulhawy
(1999) suggested it varies between 25% and 50%hadtet al. (1988) suggested that
the COV for CPT varies between 7% and 12% and Plauh Kulhawy (1999)

suggested it varies between 5% and 40% in clays.

Variations also occur due to different transformatimodels. For example soil
properties can be derived from a standard penetradist or a cone penetration test.
Young’'s modulus is often used as a design or aisaparameter. The pressuremeter
test or the dilatometer test provides a direct mmessent of soil modulus. Phoon and
Kulhawy (1999) provide the following data on the C@f soils. The inherent
variability COV for the pressuremeter test in s@ndstimated between 15% and 65%.
The measurement error COV was estimated between d88620%. Using this
numerical data the total COV for the pressuremietesiand is between 18% and 68%.
For dilatometer test the total COV is estimatedvieen 16% and 67% which is similar

to the pressuremeter.

For soil variability to have an effect on settleténmust be within the stress influence

zone of the foundation. For a flexible square fiation, the vertical stress at a depth
of 3B, where B equals the width of the foundatigrigss than 6% of the surface stress
(Atkinson, 1993). Therefore most soil compressaoth occur within a 3B depth and

the focus should be on soil variations within tigse.

2.2.2 Loads and their variability

This section considers building loads, since vemmabdf loads across foundations is a
potential cause of differential settlement. Thast®n discusses the following:
e Live loads with reference to:
0 Measured live loads in offices.

o Measured construction loads.



o0 Wind loads.
* Dead loads with reference to:
o0 Concrete frames.
0 Steel frames.
¢ Code recommendations with reference to:
o British Standards Institution.
o Eurocodes.
« The magnitude of thermal loads.
* Summary and discussion of the live loads and deadsl of both steel and

concrete buildings.

Live loads on floors comprise all non-permanenvigydoads including furniture. This
includes desks, chairs, computers, safes, cuphoatds their contents, movable

internal partition walls with partial height andalting due to personnel.

Table 2.4 provides a summary of studies on sustdine loads in office buildings in
various countries, from Kumar (2002), Ruiz and &aoi (1997), Choi (1992), Culver
(1976); and Mitchell and Woodgate (1971). The afifhce between the live load
survey results may be attributed to cultural backgds, the habit of using office
appliances, difference in methodology, time intetwetween surveys and the sample
size of surveys (Kumar, 2002). The mean valuegadrom 0.31 to 0.83 kN/m? with
an average of 0.54 kN/m2. The standard deviatiange from 0.15 to 0.82 kN/m? with
an average of 0.40 kN/m2. From the tabulated datevident that an increase in
room floor area usually leads to a decrease iramest live load. Kumar (2002) found
in the Indian study that the personnel load couoteatd to 30.5% of the live loads in
office buildings. The maximum load measured in shevey in India (Kumar, 2002)
was 2.05 kN/m? in a store room. Although this ppraximately 4 times the average

sustained load, it was localised to one room.

Construction loads on floors consist of construtticorkers, construction machinery,
stacking of construction materials and loads dygréps supporting the next floor slab.
Ayoub and Karshenas (1994) surveyed live loadseaiynpoured slabs and suggested
a mean equivalent uniformly distributed construttlive load of 0.3 kN/m2 with a

COV of 0.32 kN/m2 on newly poured slabs (i.e. uppast floor). Beeby (2001)

measured loads in backprops in a case study by &REardington. The spacing of
columns was 7.5 m and the floor slab had a thicko€250 mm throughout. Table 2.5
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is a summary of the structural design values anasomed floor loads. The maximum
imposed load on a floor slab was 10.57 kN/mz2. figé level of load on the floor slab
is due to the load of the backprops on the slapating the formwork and casting of
the above slab. It is important to note that nbthed floor slabs will be subjected to the
maximum live load simultaneously. As constructogresses and props are removed

live loads will change to dead loads as each fitaiy supports itself.

Krishna (1995) describes the complexities in maagurind loads on buildings. Wind
loads on buildings depend on wind strength, dioacbf the wind with respect to the
building, the surrounding area i.e. other buildingsd the geometry of the building.
Meecham (1992) has reported that for a hip roodkparessures are reduced by as
much as 50% compared with those of a gable rookeviise Blackmore (1988) has
reported on the effect of chamfering building edgedifferent angles. He has reported
that roof loads reduce with increase in chamfedeandreductions as high as 70% in
average load on a corner panel and 30% in oveesligd load are observed. It is
therefore extremely difficult to generalise averaged load and duration on buildings.
Extreme wind loads are usually of a limited dunatamd are often taken into account
for strength and serviceability calculations i.ération of panels. Due to the short

duration it normally does not affect settlementaaindations.

Dead loads comprise all permanent gravity loadkidticg the floors, walls, columns,
services and finishes. The dead load depends enntéterials used within the
structure. A concrete structure is usually heathan a steel structure as shown in the

following examples of typical dead loads.

A typical dead load of a concrete frame for anceffbuilding may be summarised as
follows. (Refer to Chapter 3 for details of theirsizof the elements according to the
structural design. Densities derived from BSI| 6399996.)
* A 300 mm concrete floor slab with a concrete dgnsit25 kN/m3 results in a
distributed load per floor of 7.50 kN/mz.
e Concrete columns (2.7 m x 450 mm x 450 mm) spaded.® m centre to
centre will increase the average floor load by &RAN2.
* Combining these gives an indication of magnitudeexjpected dead load for

the typical concrete frame of 7.73 kN/m2 per storey
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A typical dead load of a steel frame for an offlwglding may be summarised as
follows. (The loads are derived from worked examafte the design of steel structures
as prepared by the Building Research Establishmidm, Steel Construction Institute
and Ove Arup & Partners (Building Research Esthbiisnt, 1994)

* A raised floor on 130 mm lightweight concrete orofpped metal decking
results in a distributed load per floor of 2.70 &R/

e Beams (406 x 140 x 46 UB) at 2.5 m spacing in thdirection and beams
(610 x 229 x 101 UB) at 7.5 m spacing in the y-climn results in a distributed
load per floor of 0.31 kN/m2,

e Steel columns (254 x 254 x 73 UC) spaced at 7.5entre to centre will
increase the average floor load by 0.03 kN/m2.

« Combining these gives an indication of magnitude>xgected dead load for a

typical steel frame of 3.04 kN/m2 per storey.

From the above examples it is evident that thectlpload of a concrete frame
(7.73 kKN/mz per storey) is more than twice the lofd similar steel frame (3.04 kN/m2

per storey).

The British Standards Codes and the Eurocodesuarently acceptable design codes
for the UK and the suggested design loads willefeee be compared. The current
suite of British Standards Codes, will in due ceupe almost entirely replaced by the
system of Eurocodes and it is expected that thasement will be complete by about
2010 (Department for Communities and Local Govemiyiz006).

Eurocode 7 (EN 1997-1: 2004) offers a choice (amlmoation) of 4 methods for
geotechnical design:

* Using ultimate limit state design calculations S and SLS.

e Using prescriptive measures. Prescriptive measuredve conventional and
generally conservative rules in the design andllysuevolve the application of
charts, tables and procedures that have been ish&blfrom comparable
experience.

* Using tests. Designs may be based on the resutsafests; or

e Using the Observational Method. The Observatidwethod is a continuous,
managed, integrated process of design, constructotrol, monitoring and
review that enables previous modifications to beoiporated during or after

construction as appropriate.
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The discussion of recommended Eurocodes load valile$ocus on the limit states
design (ULS and SLS).

The Codes recommend the following values. Ref@®rio the specific codes are
British Standards Institution (BSI), Eurocodes (Eahd the UK National Annex to
Eurocode (UK).

» Structure design for Ultimate Limit State (ULS).

0 Live loads(BSI 6339-1: 1996, EN 1990: 2002, NA to EN 199002,
EN 1991-1-1: 2002, NA to EN 1991-1-1: 2002, EN 1493: 2003,
NA to EN 1991-1-3: 2003).

Live loads for general use offices consist of arpdsed uniform
distributed load (UDL) of 2.5 kN/m2 (BSI), 1.5 to02kN/m2 (EU) and
2.5 kN/m2 (UK) on floors.

Movable partitions should be taken as an additiamalosed UDL of
not less than 1.0 kN/m? (BS). The Eurocodes (E{) @) distinguish
between movable partitions with different self-wegjand recommend
for self weights< 1.0 kN/m a UDL of 0.5 kN/m?, for self weights
<2.0 kN/m a UDL of 0.8 kN/m? and for self weights3.0 kN/m a
UDL of 1.2 kN/m?2.

For roofs with only maintenance access, minimum 8Dt 1.5 kN/m?
(BSI), 0.4 kN/m? (EU) and 0.6 kN/m? (UK) are recoemded.

Snow loads need to be considered, however reconedevalues are

site and structure specific and will therefore Ib@tdiscussed.

For beam design, reduction of live loads on beanadlowed based on
the floor area supported. The British Code (BSH &K Annex (UK)

recommend a reduction facter,j calculated from:

a, = 1.0—i < 075 Equation 2.1

100C

WhereA is the loaded area (m?) supported.

13



Eurocodes (EU) recommends a reduction faetgy ¢alculated from:

a, = O.5+£) <10 Equation 2.2
A

WhereA is the loaded area (m?) supported.

Figure 2.3 gives a graphical presentation of tlea aeduction factors.
It is evident that the load reduction facton) for the Eurocodes is
approximately 20% lower than the British Standamddg UK Annex

for areas above 50 m2.

For column design, reduction of floor live loadsalfowed based on
the number of storeys supported by the column uwrdasideration.
The British Code (BSI) and UK Annex (UK) recommemdeduction

factor @,) calculated from:

a, =11-1 forlsn<5
10

a, =06 for5<n<10  Equation 2.3
a,=05 for n>10

Where n is the number of storeys above the loatiedtgral elements.

Eurocodes (EU) recommends a reduction faetgy ¢alculated from:
+(n-2)0.
a, =M Equation 2.4
n
Where n is the number of storeys (greater thanb®yea the loaded

structural elements.

Figure 2.4 gives a graphical presentation of theegtreduction factors
and it is evident that the load reduction factex) (for the British
Standards and UK Annex is approximately 20% loweant the
Eurocodes for more than 3 floors. Combining loaduction factors
for both area and number of supported storeys dHeal to a smaller

difference in predicted column live loads betwed®ndodes.

Dead load4BSI 6399-1: 1996, EN 1991-1-1: 2002)
Dead loadsare calculated using the measured volumes andtigsnsi

building materials used. The codes suggest deasitr various
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construction materials. Dead loads include floars)ls, columns,

services and finishes.

0 Wind loadg(BSI 6399-2: 1997, EN 1991-1-4: 2005)
Wind loads are building and site dependent andifltaenced by
building location, altitude, topography, surrourgliterrain (buildings,

trees) and building geometry.

o Partial safety factordBSI 8110-1: 1997, EN 1990: 2002, NA to EN
1990: 2002)
Partial safety factors are applied to above loaddJLS calculations.
Combinations of partial factors according to BhtiStandards are
summarised in Table 2.6. The Eurocodes distinglostween the
following ULS and the appropriate partial factore dummarised in
Table 2.7.

EQU: Loss of static equilibrium of the structure any part of it
considered as a rigid body, where the strengthtrofctiral
materials and the ground are insignificant in pdow)
resistance.

STR: Internal failure or excessive deformationtioé structure or
structural members, including footings, piles, araksement
walls, etc., where the strength of structural makeris
significant in providing resistance.

GEO: Failure or excessive deformation of the gcbwhere strength
of soils or rock are significant in providing resisce, (e.g.
overall stability, bearing resistance of spreadnffations or

pile foundations).

» Structure design for Serviceability Limit State (SLS)

0 General(BSI 8110-2: 1985, EN 1990: 2002, NA to EN 199002)
For serviceability calculations the codes statd th#s necessary to
make sure the assumptions made regarding loadsoarpatible with
the way results will be used. If a best estimatethe expected

behaviour is required then the expected or mostylikalues should be
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used. However, to satisfy a serviceability limiate it may be
necessary to take a more conservative value depgodi the severity
of the serviceability limit state under considesati i.e. the

consequences of failure (with regard to servicdgbiinit state).

0 Live loads(BSI 8110-2: 1985, EN 1990: 2002, NA to EN 1990020
Live loads should in general be the characteristioes (as calculated
for ULS, with a partial safety factor of one), hoxge when calculating
deflections, it is necessary to determine how mathhe load is
permanent and how much transitory. The Britism&iads suggest for
normal domestic or office occupancy, 25 % of tive lioad should be
considered as permanent and for structures usestdosge, at least
75% should be considered permanent when the upmér tb the

deflection is being assessed.

0 Dead loadgBSI 8110-2: 1985, EN 1990: 2002, NA to EN 199002)
Dead loadsshould be the characteristic value (as calculabedJLS,

with a partial safety factor of one).

* Foundation design according to British Standards (Bowable bearing

pressure)

0 Dead and live loadéBSI 8004: 1986)
Dead and live loads should be the characteristieev@s calculated for
ULS, with a partial safety factor of one). Deaddcshould include the

weight of foundations and any backfill above therfdations.

0 Wind loadg(BSI 8004: 1986)
Wind loads resulting in loads on foundations thatlass than 25% of
the loadings due to dead and live loads may berégghd/Nhere this
ratio exceeds 25% foundations may be so propodiothat the
pressure due to combined dead, live and wind loads not exceed

the allowable bearing pressure by more than 25%.
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Thermal actions

The investigation of thermal actions on buildingaedto climatic and
operational temperature changes falls outside twpes of this research,
however it should be considered in the design dfdimgs where there is a
possibility of the ULS or SLS being exceeded duthewmal movement and/or
stresses. This section illustrates the possibfectefof temperature on a
building. Eurocode 1 (EN 1991-1-5: 2003) and the€ Annex (NA to EN

1991-1-5: 2003) provide guidance on calculating perature changes in
buildings.

The Eurocode suggests inside building temperatfré&® °C during summer
and 25 °C during winter. Outside building temperasudepend on shade air
temperature and the type of surface. In the UK imum shade air
temperatures range from -21 °C to -9 °C and maxirsbade air temperatures
range from 26 °C to 35 °C, depending on locatidable 2.8 shows the surface
temperatures to be used for design calculationsekample, according to the
Eurocode, in the summer buildings in Southamptadh exiperience an inside
temperature of 20 °C, while dark surfaces outsice North-East facing
elements will experience 37 °C and dark surfacastt®@/est or horizontal

elements 75 °C, resulting in a 55 °C temperatufferénce in the building.

Table 2.9 (EN 1991-1-5: 2003, EN 572-1: 2004) listefficients of linear
expansion for construction materials. The follogviexample illustrates the
impact of thermal expansion on a structure. Assarsgucture:
o with a thermal expansion coefficient of 10 x®1€ for both the
internal frame and external facades
o located in Southampton,
0 during summer; and

o dark surfaces on facades.

On West-South sides the facades will be 55 °C wathan the internal frame.
Thermal expansion in an unrestrained 3 m facadé tivdrefore lead to
1.65 mm differential movement of the facade witlspext to the frame.
Thermal expansion in a totally restrained facad#h & Young's modulus of
70 GPa (aluminium or glass (EN 1991-1-1: 2002, ER2-B: 2004)) will

increase the stress in the facade by 38.5 MPa.
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It is important to note that not only the magnituldet also the duration, of load affects
the settlement of the building. The impact of lcdutation on settlement will be

discussed under foundation-load displacement resspon

Table 2.10 provides a summary of the measured aspbped loads as listed above.
The average of the measured live loads is 0.54 kN/rithe codes recommend
unfactored values, excluding floor area and stoeelyctions ranging from 1.50 kN/m?
to 4.70 kN/m2. The measured loads are significdother than the values suggested by
the codes. The maximum load in one room measwd¢umar (2002) of 2.05 kN/m?
is within the lower end of the range of the codeg€ommended live loads. The dead
load of the concrete frame in the worked exampl@3(RN/nf) is more than twice the
load for the steel frame (3.04 kN9m If a short term live load of 3.00 kNfnis
assumed, it will be approximately 100% of the dieadl of the steel frame; however it
will only be approximately 40% of the dead loadtiod concrete frame. The live load
on a steel framed structure is therefore a morgifgignt part of the total load in

comparison to a concrete framed structure.

2.2.3 Foundation load-displacement response

This section considers foundation response, sincgng load-settlement response is a
potential cause of differential settlement. Fouiwtha load-displacement response
varies significantly and depends on the structlwalding on the foundations, the
foundation geometry and the soil supporting thenétation. These aspects in

combination with measured load-displacement regmase discussed.

Structural loading on a foundation results in settnt of the foundation. An increase
in load (while other properties remain constant] eause an increase in settlement;
however the stiffness will usually decrease withilatrease of load as seen in the
measured load-displacement response of a numbgilesf in Figure 2.5 and 2.6

(Whitaker and Cooke, 1966, De Besral, 1979, Fleming, 1992). Load-displacement
response is also dependent on the load historyreleading on a foundation will

usually result in a stiffer load-displacement rexmthan virgin loading (Whitaker and
Cooke, 1966). Whitaker and Cooke (1966) measwad-tisplacements on a number
of piles in London Clay and Figure 2.7 shows thadldisplacement response of a
bored pile with an enlarged base (12 m lengthn@dameter shaft and 1.7 m diameter
base). The first part of the test (until reloadingas a maintained load test with

incremental steps and the second part (after reigp@ constant rate of penetration

18



test. Although the difference in test methods mslghtly influence the measured
stiffness, the data still show a significant inaeén stiffness on reloading. In the range
of 1260 kN to 3620 kN the stiffness of the virgoading was 40 kN/mm and on the
reload 385 kN/mm showing an increase in stiffnegsapproximately 10 times.
Therefore the increase in stiffness on reloadingdago be taken into account when
piles are being reused and combined with new piRsuse of piles will become more
common practice due to the drive for more sustanalevelopment in large cities
where frequent redevelopment leads to the soilgodilled with old foundations,

restricting the installation of new piles (Chapnedral.,2001, Chowet al.,2002).

The resistance of a foundation to vertical movemsemtder loads is caused by end
bearing resistance on the horizontal contact sesfa@nd friction on the vertical
surfaces. Pad and raft foundations depend mamlynal bearing resistance, while the
load capacity of pile foundations are from eithermccombination of end bearing and
shaft friction, depending on the type of pile. Hrehring resistance in pads or rafts will
increase with settlement until the foundation faiith regard to stability (i.e. tilting).
However, damage to or unacceptable response frerauperstructure due to excessive
differential settlement is likely to be the limigirfiactor and not the ultimate capacity of
the foundation (Chan, 1997). Two pad foundati@ssed on soft clay at Bothekennar
(Jardineet al, 1995, Lehane and Jardine, 2003) failed due tiogilat 160 mm and
220 mm vertical displacement respectively; howewubis settlement will be

unacceptable for most structures.

Whitaker and Cooke (1966) instrumented bored piék load cells and the results
showed that shaft friction and end bearing capaaiéy mobilised at different rates of
settlement. Frictional resistance develops rapidtia settlement and is generally fully
mobilised when the settlement is about 0.5 % ofpileediameter. On the other hand,
base resistance is seldom fully mobilised until piie settlement reaches 10% to 20%
of the base diameter. The shape of a bored palé-dtisplacement graph depends on
the relative contribution of shaft and the base ri@d and Cooke, 1974).
Figure 2.8(a) shows a typical load settlement ctdiovdong straight shafted piles and
Figure 2.8(b) shows the behaviour of relatively rehmles with large under reams.
Whitaker and Cooke (1974) measured the load digtdb of the shaft and the base of
an under reamed pile. Figure 2.7 shows the resmtsit is evident that the skin

friction for this pile is fully mobilised at appronately 10 mm (1% of pile diameter) of
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settlement, whereas the base load was fully mekiles approximately 100 mm (6% of

base diameter) of settlement.

From the discussion above it is evident that adation load-displacement is not linear
elastic. Burland and Wroth (1975) point out that feasonably small stress changes
overconsolidated clay behaves as an elastic mhatariacontrast to normally

consolidated clays which deform plastic.

Foundation settlement is time dependent and theons® depends on the type of
supporting soil. On sands settlement will usuadgcur immediately, however

collapsible sand may show significant settlemerd &iter stage due to a rising water
table (Wiseman and Lavie, 1983, Alawaji, 1997).s&turated fine grained soils with a
low permeability, consolidation will take place ate short and long term settlement

will differ significantly.

For a uniform circular load on overconsolidatedycl8urland and Wroth (1975)

calculated the ratio of immediate to total settlatras:

Equation 2.5

where p, is immediate settlemeng, is total settlement andl'is effective Poisson’s
ratio. For overconsolidated clays the likely rarige V' is 0.1 to 0.33. Therefore
p,! p, lies in the range of 0.55 to 0.75. This simplasét analysis suggests

(assuming no consolidation occurs during the cansbn period) that the ratio of
immediate to total settlement of a foundation oerownsolidated clay will be in the
range of 0.55 to 0.75.

Burland and Wroth (1975) similarly calculated ti@t overconsolidated clay, with a

linear increase of Young’'s modulus with depth, thgo of p,/p, is reduced and

suggests a range 0.35 to 0.55.

Morton and Au (1975) analysed 8 case records ofdingis on London Clay and
suggested a ratio @b, / p, in the range of 0.40 to 0.82 with an average 03.0.6
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Simons and Som (1970) analysed 12 case recordsiloinfgs on overconsolidated

clays and 9 case records on normally consolidakegsc For overconsolidated clay
they suggest a ratio gb,/ p, in the range of 0.315 to 0.735 with an average.57®

and for normally consolidated clays a range of D./0.212 with an average of 0.156.

Table 2.11 provides a summary of immediate to kemo settlements.

2.2.4 Structure stiffness

This section discusses the structural stiffness thedfactors affecting it. Structural
stiffness is determined by the stiffness of theamals used and the geometry. Firstly
the stiffness of reinforced concrete and masonty v discussed and secondly the

effect of the geometry on the structural stiffness.

The stiffness of construction materials are stemid time dependent, however under
normal operating conditions a typical stiffness mbg determined. Reinforced
concrete, masonry, dry wall partitions and glasadies are often used for construction.
Dry wall partitions and glass facades are usualstened in such a way that the
contribution to the overall structure stiffnessrisignificant and this will therefore not
be discussed. Reinforced concrete consists oforeement steel and concrete. The
Young's modulus of reinforcement steel ranges frb@® to 210 GPa (Gere and
Timoshenko, 1991). British Standards Institutior5(B110-1:1997) suggests the use
of a steel stiffness of 200 GPa in the elastic zomée stiffness of concrete is time
dependent and influenced (Neville, 1981) by:

* The strength of the concrete (which increases agi).

» Applied stress (which influences the strain)

* Moisture condition.

* Type of aggregate, and

 Mix ratios.

Figure 2.9 (Neville, 1981) shows the relationshigtween stress/strength ratio and
strain for concrete of different strengths. leigdent that stiffness decreases with an
increase of stress and that a high strength cantya$ a higher stiffness than a low
strength concrete at an equivalent strain. Coacséength increases with time as
shown in Figure 2.10 (Wood, 1991) which shows tlewetbpment of strength in
150 mm concrete cubes over 20 years. Figure Rétilie, 1981) shows the influence

of the moisture condition on the modulus of elatstiat a stress of 5.5 MPa of concrete
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at different ages. The concrete stiffness incrtédyed GPa to 5 GPa in a wet sample.
Figure 2.12 (Neville, 1981) shows the variationstiffness between cement paste,
aggregate and concrete. The stiffness of the ggtgeand cement paste is linear with
concrete being nonlinear. The stiffness of theregate is approximately 4 times the
stiffness of cement paste and an increase in aggrégthe mix will therefore increase
the stiffness of the concrete. A stiff aggregata approximately double the stiffness

of the concrete in comparison to a low stiffnesgragate.

Shrinkage, creep and cracking affect the streskimwithe concrete member and
therefore also the stiffness of the concrete membable 2.12 (Neville, 1981) shows
the effect of aggregate/cement and water/cemeint oat shrinkage of concrete. An
increase in the aggregate/cement ratio leads tecaedse in shrinkage. Using an
aggregate/cement ratio of 3 instead of 7 will iasee the shrinkage by 4 times. An
increase in water/cement ratio will lead to an @ase in shrinkage. Using a water
cement ratio of 0.7 instead of 0.4 will approxinhaouble the shrinkage. Figure 2.13
(Neville, 1981) shows the effect of stiffness onirdkage. An increase in stiffness will

lead to a decrease in shrinkage. Concrete wittband’'s modulus of 35 GPa will

experience approximately half the shrinkage of a@Pa concrete. Figure 2.14
(Neville, 1981) shows the effect of different typsaggregate on shrinkage over time.
Using sandstone instead of quartz aggregate cablaldhe amount of shrinkage.

Figure 2.15 (Neville, 1981) shows the effect ofatigle humidity on shrinkage of

concrete. A decrease in relative humidity leadartancrease of shrinkage over time.

Shrinkage for concrete typically ranges from 0 ®x.10°

Creep in concrete can be defined as the increasteaiim under sustained stress, or as a
decrease in stress within the member under consteait. In most structures creep
and shrinkage occur simultaneously. Creep dependaggregate content, type of
aggregate, type of cement, applied stress, constretiegth, humidity, size of specimen,
temperature and time (Neville, 1995). Figure AN6ville, 1981) shows the effect of
creep on stress over time at a constant straire cféep resulted in a 50% decrease in
stress within 80 days for this specific samplegufe 2.17 (Neville, 1981) shows the
effect of aggregate type on creep. Using sandstgueegate instead of limestone
aggregate can double the amount of creep. FigaiBz(Rleville, 1981) shows the effect
of admixtures on the creep in concrete over tin@ertain admixtures can increase
creep by up to 30%. Figure 2.19 (Neville, 19819veh the effect of relative humidity

on creep over time. A humidity of 50% can increasep with 150% in comparison to
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100% humidity. Figure 2.20 (Neville, 1981) showe tange of creep-time curves for
different concretes stored at various relative iditres. Creep in concrete typically
ranges from O to 2000 x £0

From the discussion above it is evident that th#ness of concrete can range
significantly depending on the circumstances. Bh&sh Standards Institution (BSI
8110-2: 1985) suggest in the absence of bettermation the use of the following

equations to determine the Young’s modulus foriseability limit state calculations:

E s =20+ 02f Equation 2.6

WhereE, 5 is the concrete modulus at 28 days in GPafangis concrete strength at
28 days in MPa. A class 25/30 concrete will themefhave Young's Modulus of
26 GPa at 28 days. British Standards Institutio8I (8110-2: 1985) suggests using the

following equation for the Young's modulus at are &ig

Ec,t = Ec,28(0'4+ 06 fcu,t/ fcu,28) Equation 2.7

Masonry infill in reinforced concrete frames mayvéaa significant impact on the
stiffness of the structure. The behaviour of magomfiled frames has been
investigated by a number of researchers. Holm@81(1 Stafford Smith (1962, 1966,
1967), and Mainstone and Weeks (1970) have condtperimental and analytical
investigations on the lateral stiffness and stierajtsteel frames infilled with mortar
and concrete panels. The behaviour of masonrijeidfreinforced concrete frames is
generally more complicated than of steel infillednies and has been examined by
Kahn and Hanson (1979), Bertero and Brokken (1988hrabiet al. (1996) and
Mehrabi and Shing (1997). Mehradtial. (1996) tested twelve 1/2-scale single-storey,
single bay frames of which eleven were infilled twithasonry. The experimental
results showed that the masonry infill can sigaifity influence the stiffness of
reinforced concrete frames. The Young’s moduluthefeleven masonry infill panels
ranged from 3.1 to 9.6 GPa with an average of 8@&.G The Young's modulus of the
masonry is therefore approximately % of the stégef a class 25/30 concrete at
28 days.

Differential settlement depends on both the stgfnef the structure as well as the

stiffness of the supporting soil. Theoretically sté#fness of the structure with respect

to the soil can range from perfectly flexible torfpetly rigid. A real structure’s
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stiffness will be within the two extremes. To ganbetter understanding of the

behaviour of a structure the two theoretical exegsmre discussed.

Poulos and Davis (1974) provided standard elasligtisns for surface displacement
and stress due to a circular uniform load on a g$efmite mass as shown in
Figure 2.21. Comparing settlement ratios and stpasierns for perfectly flexible and
perfectly rigid loads illustrates the behaviour afstructure at opposite extremes.
Circular loads are a simplified way to illustrake teffect of structural stiffness without
dealing with the added complexity of rectangulamidations which are present in most

structures.

The contact stress distribution under a flexiblewdar uniform loading is the uniform
loading whereas the contact stress distributioneund rigid circular loading
(Schiffmann and Aggarwala, 1961, cited in Poulog Bavis, 1974) can be calculated

from:

o = Pa Equation 2.8

2
r
2 1_72
a
The vertical surface displacemegmt under a flexible circular uniform loading (Ahlvin

and Ulery, 1962, cited in Poulos and Davis, 19°&4) loe calculated from:

1-v*)
E

p,=p aH Equation 2.9

where H is a function afa. Ahlvin and Ulery provided tabulated values fr

The vertical surface displacement under a rigidutar uniform loading (Schiffmann
and Aggarwala, 1961, cited in Poulos and Davis4)@@n be calculated from:
T @1-v?)

P, _E Pay E

a Equation 2.10

Using Equations 2.8, 2.9 and 2.10, ratios of cdanpaessure and surface settlement
were calculated and are shown graphically in Figugd. The contact stress beneath
the centre of a rigid uniform loading is 50% lekart for a flexible uniform loading
with the same load and area. The contact striesiseaedge of the rigid uniform

loading on an elastic halfspace is infinite. Ewkaugh a circular load on an elastic
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halfspace is a simplification of real foundatiorhbeiour the same trends will be seen
until the soil fails due to excessive stress. didristructure on a raft foundation will

therefore have higher contact pressure at the aggasthe point of soil failure.

Surface settlement due a flexible uniform loadiadl® % less at the edge and 27 %
more at the centre in comparison to that of a rigidorm loading. The stiffness of a

structure and soil will influence the amount anstrilution of differential settlement.

From Equations 2.9 and 2.10 it is evident thatfepnstant:

* area, settlement will increase linearly with anréase of applied stress
(o, U p).

» applied stress, settlement will increase with andase in aread, U A?); and

+ applied total load, settlement will increase with decrease in area

(p, O A).

It may be argued that differential settlement may dliminated by sizing the
foundations according to the loads carried, resglim uniform settlement. However to
achieve this, accurate predictions of the loadsiwithe structure and load-settlement
responses of the foundations are needed. Preglicéul and load-settlement response

accurately is difficult due to the variation in ¢band soil conditions.

The stiffness of structures is between perfectixiile and perfectly rigid. Brown
(1969a, 1969b) investigated the effect of raffrstiés on the behaviour of the raft. The
study was based on the numerical analyses of wmiloaded circular rafts of any
flexibility which rest on an isotropic elastic fodstion layer. He found that the
behaviour of the raft depends on the soil raffregs ratio, and defined the relative raft
stiffnessk as:

K= Luf)t?’ Equation 2.11

E.a

WhereE, denotes Young's modulus of the raf, denotes Young’'s modulus of the
foundation materialy, denotes Poisson’s ratio of the foundation mateties the raft

thickness ana is the raft radius.
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Fraser and Wardle (1976) defined relative raffratgsk as:

= AE -0

Equation 2.12
3E.[1-02)b° q

Wherev, denotes Poisson’s ratio of the soil and b is #fiewidth.

Hain and Lee (1978) defined relative raft stiffnsss:

« = JE[-02pt’

2 Equation 2.13
37E. a

Although Equations 2.11, 2.12 and 2.13 vary, ituthde noted that results against
relative raft stiffness K are usually plotted ofog scale; therefore the Poisson’s ratio

will not have a significant impact.

In the Equation 2.13 by Hain and Lee the effedhefgeometry of the raft is described
by termbt¥a’. For a complete building this term needs to dbscthe effective
building geometry. Potts and Addenbrooke (1997indd relative bending stiffnegs

of a building as:

5= El
EH*

S

Equation 2.14

Where H is the half width of the building in the plane déformation andcEl the
bending stiffness of the structure. Potts and Abdsok state that two approaches can
be taken to calculate thd of a structure. The first approach employs thalpe axis
theorem to define the structural stiffness abowt tieutral axis as shown in
Equation 2.15:

n

(EI )Stiffstruc = Ez (I slab + Aslabhz) Equation 215

1

Where nis the number of storeys. This can be considerdsk an overestimate of the
building stiffness as only a rigidly framed struetuwould approach such mode of
deformation. An alternative method was used taaiobthe bending stiffness by
summing the independef values for each slab as shown in Equation 2.16is T
implies that the walls and columns transfer theesdaformed shape to each storey.

n

(EI)FIexstruct = Ez I slab Equation 2.16

1
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From equation 2.15 and 2.16 it is evident thaf gtfill panels will have a significant
effect on the bending stiffness. Currently thedieg stiffness calculations are based
on these simple assumptions. Researching thebezaling stiffness of a variety of
buildings will therefore be valuable to predict ate differential settlement behaviour

of structures.

It is important to note that most studies of thieraction between a structure and the
supporting soil assumed that the building framepimplete before loading commences.
In practice much of the loading is applied progredg during construction (Brown
and Yu, 1986). Heil (1969) and Goschy (1978) lmthlysed progressive loading, but
did not attempt to quantify the differences betwéen effect of progressive loading
and the loading of the completed frame. Brown #nd(1986) analysed a 3-bay by
3-bay four storey steel framed office building watecast floor and roof slabs on a raft
foundation resting on a deep homogeneous lineatieksoil mass. They also analysed
a plane frame representing the midspan of the tateic Both the plane and space
frame analysis showed that the effective stifffessnteraction purposes of a building
that is loaded progressively during constructionai®ut half the stiffness of the

completed building.

2.3 Difference between modern and old buildings

The design of modern office buildings is often digantly different from the design of
older buildings, resulting in a more flexible stiwre. This section discusses the case
studies of the Jubilee Line Extension with refeeerto the type of structure,
construction date and building stiffness. Lastly tendency and the effect of reuse in

modern buildings are discussed.

Table 2.13 shows a summary of the descriptiondhefdase study buildings for the
Jubilee Line Extension (Burlandt al, 2001b). The case studies provide detail
information on the type of structures. From thet It is evident that load bearing
brickwork was mostly used in the earlier buildingg50 to 1950) and in the lower
(5-storeys or less) buildings of 1960 to 1990. Bhexl framed buildings date from
1900 to 1930 and one from 1978. The reinforaattete frame buildings date from
1915 to 1990. Even though the list is limitedshbws a tendency to move away from
load bearing brick infill (especially in higher ldings) and use reinforced concrete

frames instead.
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The case studies listed in Table 2.13 providesilddtaettlement movements of the
buildings during and after the construction of Jluilee Line Extension. The stiffness
of the building influences the settlement of theucure (Burlandet al, 2001a),
however it is difficult to back analyse the builgigtiffness based on the settlement due
to the complex factors which also influence théleeient. These factors include:

¢ The size of the tunnel.

The location of the tunnel relative to the struetur

Tunnel construction method.

Compensation grouting.

Time dependency.

Settlement predictions were made for Elizabeth, ttegy Murdoch and Clegg Houses.
Elizabeth House is a 10-storey reinforced conchetme building constructed in the
1960s with two levels of basement and founded oh.4am thick concrete raft.
Neptune, Murdoch and Clegg Houses are of similasicaction, being 3-storey brick

load bearing structures.

The relative bending stiffnesses of the structuvese calculated based on the relative
bending stiffnesg* (Equation 2.14) as defined by Potts and Addenled¢aR97).

For Elizabeth House (reinforced concrete frame)biieding stiffness of the structure
(El') was calculated from:
o EconcreteWas assumed to be 23 x*1®a
e |Egexstruct Was calculated based on Equation 2.16, i.e. the afuthe individual
slab stiffness and any AHierms (Equation 2.15) were ignored.
The calculated EIl for the 10-storey reinforced cete building is approximately
6 x 10 kN-m.

For Neptune, Murdoch and Clegg Houses the bendiffgess of the structureE( )
was calculated from:
e Epi Was assumed to be 7.5 X «Pa
o |Eqismuee Was calculated based dff x Eix WhereH is the height of the
building.
The calculated El for the 3-storey load bearingkwork building is approximately
203 x 16 kN-m.
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From the values above it is evident that the benditiffness of the 3-storey load
bearing brickwork building is approximately 34 timestiffer than the 10-storey
reinforced concrete building, even if the stiffnefghe brickwork is approximately a
third of the concrete stiffness. Modern reinforagzhcrete buildings are therefore

significantly more flexible than older load bearimgckwork buildings.

Historically most structures fell in the categorfyload bearing brickwork structures
and research was focused on this type of stru¢kempton and MacDonald, 1956,
Polshin and Tokar, 1957, Graatt al, 1974, Burland and Wroth, 1975, Burlasdal,
2001a). Modern reinforced concrete frame strustuséth no infill or danger of
damage to the cladding are less susceptible to gimae to differential settlement.
Applying the stricter criteria applicable to stuets with load bearing brickwork to

modern reinforced concrete framed structures maybdy conservative.

The drive for sustainable development has an impmectthe design of modern
structures. Reuse of foundations reduces the ogptgan of resources (energy and
materials) and leads to a more sustainable deveop(Chapmaret al, 2001, Chow
et al, 2002, Cameron and Chapman, 2004). In areazqfiént development the soil
becomes polluted with old discarded foundationsavilly no space for new
foundations. Existing services like tunnels, giped and cables may also affect the
availability of space for new foundations. To tecapace for new foundations, old
foundations need to be removed. Deep foundatfongxample piles, are expensive to
remove and cause disturbance to soil. Thereforerdbse of foundations may be a

more suitable alternative.

To reuse old foundations the foundation must béabla for supporting the new
structure. Old foundations are usually not usedtduée following reasons (Chapman
et al, 2001, Chovet al, 2002, Cameron and Chapman, 2004):
* Unsuitable load capacity of the foundation.
* Unsuitable location of the foundation.
* Uncertainty of the dimensions of the foundation.o@aecords and in-situ
testing may eliminate it.
* Uncertainty of the integrity of the foundations.efpbus loading from load
takedown calculations and non destructive testarggive valuable insight into

the integrity of foundations.
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» Stiffer load-displacement response due to prelaadin

* The belief that new foundations are better and pess risk than old
foundations.

Knowledge of the behaviour of modern flexible framéuildings on reused
foundations in combination with new foundations|vdwer the risk involved in the

reuse of foundations.

2.4 Damage to buildings

Damage to buildings is very subjective and depemokh on the function of the
building and the reaction of the users, and idaliff to quantify (Burland and Wroth,
1975). Burlandet al. (1977) have suggested a classification system untify
damage. This will be discussed in more detailhi@ fiollowing section. Peckt al.
(1956) have also shown that a certain amount akarg is unavoidable if the building
is to be economical. Little (1969) has estimatedd particular type of building the
cost to prevent cracking may exceed 10% of thd tmidding cost. It is therefore
important to educate clients about possible damageagement within buildings and
the impact of it on construction and running costsis also important to note that
damage due to movements in buildings can also tbewuéed to a number of factors
such as creep, shrinkage and temperature as walbasment from structural members

under working loads, rather than movement of fotinda (Burland and Wroth, 1975).

2.4.1 Classification of damage

This section firstly discusses the different typ#sdamage. Secondly a damage
classification system based on the severity of dmmia presented, and lastly the

applicability to modern buildings is discussed.

Building damage can range from minor cracks toltetllapse. Skempton and
Macdonald (1956) have divided building damage Btmategories; visual appearance,
function and structural.

* Visual damage affects the appearance of structamesis usually related to
cracks or separations in panel walls, floors aniiies. Burlanet al, (1977)
suggested that cracks in plaster walls greater @hamm wide and cracks in
masonry or rough concrete walls greater than 1 menrepresentative of a

threshold of where damage is noticed.
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* Functional damage affects the use of the strucnck is related to jammed
doors and windows, tilting and deflection of wabsd floors, extensive
cracking and falling plaster. This type of damagmild require non-structural
repair to ensure full functionality of the struaur

» Structural damage affects the stability of thetrre and is related to cracks

or distortions in support elements like beams, mwols and load bearing walls.

Burland et al. (2001a) state that as foundation movements ineredamage to a
building will progress successively from visual daya to functional damage to

stability issues.

To quantify building damage objectively, guidelinesth descriptions are needed.
Burlandet al. (1977) suggested a classification system basetieomork of Jennings
and Kerrich (1962), the UK National Coal Board (3pand MacLeod and Littlejohn
(1975). Since then it has been adopted with olidyatsmodifications by BRE (1981
and 1990), the Institution of Structural Engine&xdon (1978, 1989, 1994 and 2000)
and by the Institution of Civil Engineers and BR&am in Freemaret al. (1994).
Table 2.14 shows the suggested classification isygtdter Burlandet al, 2001a).
Burland et al. (2001a) made the following important comments reigg the
classification system:
* The classification is based on the ease of repdireovisible damage.
» The classification only relates to visible damagea given time and not cause
or possible progression.
* The temptation to classify the damage solely oekcreidth must be resisted.
The ease of repair is the key factor in the clasdibn.
 The classification was developed for brickwork dodiwork and stone
masonry and could be adapted for other forms afdifey. It is not intended to

apply to reinforced concrete structural elements.

The above classification system has been used ssfotlg and extensively on the
Jubilee Line Extension (Burlanet al, 2001a). However it is important to note the
limitations of this approach as highlighted by Bundiet al. (2001a). This is aimed at
structures with load bearing walls. These strestuwill usually first show visual
damage, then functional damage and lastly structiaimage as differential settlement
increase. Therefore maximum allowable differensiattiement will be limited by

visual damage. However the design of facades atetnal partitions in modern
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framed structures often allows for movement byegitleaving gaps or the connection
detail. This results in the capability to accomiated more differential settlement
without damage in comparison to older load beastmctures. This leads to the
following questions about modern open plan strgsur
» How much differential settlement can the facadgsartitions on modern
structures withstand without signs of damage?
*  Will visible cracking or functional damage be timaiting factor?
* How much more differential settlement can a mod&rncture withstand in
comparison to an old structure with load bearingsva
* Is it sensible to apply established approachesofdr structures with load
bearing walls to modern open plan structures? if wbat approach needs to

be followed?

To answer these questions damage needs to be liokdifferential settlement. The
following section will discuss differential settlemt guidelines and the applicability to

old and modern structures.

2.4.2 Guidelines to prevent differential settlement damage

This section considers the relationship betweeferdiftial settlement and damage.
Firstly, angular distortion limits to prevent darsagased on a simple frame analysis
are suggested. Secondly, empirical limits basedaonumber of case studies are
presented and compared to each other as well the tiimits suggested by the frame
analysis. Thirdly a fundamental method linking da® to differential settlement is

presented through the use of tensile strain asviceability parameter and a 2D beam
analysis. These limits are compared to case studleastly the limitations of the

current methods are discussed.

Meyerhof (1947) analysed a five storey three bayfeeced concrete frame and found
that an angular distortion of 1/950 caused an as®en bending moment of 74% in the
beam with the largest bending moment prior to deifeial settlement. A beam already
at working stress before differential settlementhwa 74 % increase in bending

moment would be expected to show damage in the édrenacking.
Skempton and MacDonald (1956) however followed lagoapproach and summarised

settlement and damage observations on 98 buildi#@syf which showed signs of

damage. The buildings studied were mostly stedl rainforced concrete structures
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with load bearing walls. No useable data was akgl for framed structures with
curtain walling and dry-construction partitions.ngular distortion was used to define
the differential settlement on buildings and wapressed as the ratio of differential
settlemen® and the distanckebetween two points after eliminating the effectilbf It

was concluded from the data that an angular distodreater than 1/150 will cause
structural damage and an angular distortion grehter 1/300 will cause cracking in
walls and partitions. They recommended that amgdistortions greater than 1/500

should be avoided if it was important to preveffiiedential settlement damage.

Skempton and MacDonald (1956) argued that an andigtortion of 1/950 as used by
Meyerhof (1956) in the example did not result inmdge in the observed structures.
They gave the following possible explanations:
* The live loads assumed in the design are conseevatmpared to the actual
average loads in buildings, and
* The composite action of the frame, floors and wailky reduce the stresses

and deflections within the building.

In response to the study of Skempton and Macdoiagerhof (1956) used laboratory
results of panel and load bearing brick walls fa&land combined them with different
factors of safety which are based on the type ohatge. He suggested angular
distortion limits of 1/300 for open frames, 1/100@0 panel walls of brick masonry and

1/2000 for load bearing walls.

Burland et al. (1977) commented on Skempton and MacDonald’'s workhey
recognised it as a milestone; however, they alsmedaof the danger of following the
guidelines blindly, without taking the limited ramgf structures studied or the criteria
that were used into account. The following poimése noted:

* The studies were limited to traditional steel aethforced concrete frame
buildings and a few load bearing brick wall builgn The direct evidence is
based on seven frame buildings of which two wenmatged and seven load
bearing brick wall buildings of which only one wdamaged. The remaining
data was based on indirect evidence, being whetttersent damage was
reported without specifying detail or where, so daris known, no settlement
damage had occurred. Skempton and Macdonald ereptiahis, however it

is seldom emphasised in textbooks or design recaomdatons.
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* The criterion used for limiting deformation is ateyu distortion and this
implies that damage results from shear distortidmch is not necessarily the
case.

* No classification other than *architectural’, ‘futfanal’ and ‘structural’ damage
was used to classify the damage.

« Although it is the cladding and finishes that aseially damaged, the angular
distortion values quoted are for the whole struetamd not necessarily applied
to the cladding or finishes. For load bearing séitlie angular distortion values
are the relevant values. However for frame bugdithe cladding and finishes
may be applied after some settlement has occuriBderefore the angular
distortion values of the facades may be signifigatgss than those for the
whole structure.

* The limiting values for angular distortion thatdsao structural damage are for
frame buildings with structural members of averdgeensions. They do not
apply to exceptionally large and stiff beams oruocmbts where the limiting

values of angular distortion may be much less.

Grantet al. (1974) performed a similar study to that of Skemnpand Macdonald
(1956) analysing 95 additional structures. Thecstires analysed were newer than
those analysed by Skempton and Macdonald (1956)6&itof the 95 structures built in
the 1950’s and 1960’s. The structures analysedisiad of open frames and frames
with loadbearing walls. Their conclusions were #mito those of Skempton and
MacDonald (1956) and they suggest an angular tistolimit of 1/300 to prevent

damage.

Polshin and Tokar (1957) discussed the allowabl®rdetion and presented the
limiting values proposed by the 1955 Building Cade¢he USSR. They recommend
angular distortion limits that vary from 1/500 feteel and concrete frame infilled
structures to 1/200 where there is no infill or glanof damage to the cladding. These
values are in line with those proposed by Skemptwh Macdonald (1956). However
they laid down much stricter criteria for load begr walls. For ratios of
Length/Height L/H < 3, the maximum deflection ratis/L are 0.0003 and 0.0004 for
sand and soft clay respectively. For L/H > 5 tbheesponding values are 0.0005 and
0.0007. Polshin and Tokar introduced two new cpts;etaking the L/H ratio into

account and the use of a limiting tensile straif.606% for a theoretical approach.
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Burland and Wroth (1975), Burlared al. (1977) and Burlandt al. (2001a) followed a
more fundamental approach to link damage to diffége settlement. Following the
work of Polshin and Tokar (1957) they assumed tiatonset of visible cracking in a
given material may be linked to a limiting tensdigain. Burland and Wroth (1975)
took as their starting point the statement thatatgendue to differential movement is
almost always confined to the cladding and finistagker than the structural members
and apart from a few notable exceptions buildings wgually become unserviceable

before there is danger of structural collapse.

Drawing on the work of Mainstone (1970), Mainst@ame Weeks (1971) and Burhouse
(1969), Burland and Wroth (1975) set out to detaerdritical tensile strains before
cracking occurs. Mainstone and Weeks reportedaogel scale tests of frames with
brick infill by the UK Building Research Establisknt. It was observed that visible
cracking occurs at average diagonal tensile stizétween 0.081% and 0.137% with a
mean of 0.081%. However, these figures are bagsedthe measurement of
displacement of the frame. Detailed observatiohshe brick infill of one of the
frames indicated lower local average strains inréimgie of 0.05% to 0.10%. Burhouse
reported on a study of the composite action betvieiek walls and supporting beams.
In these tests the tensile strain at the onsetsilile cracking varied from 0.038% to
0.06%. Polshin and Tokar (1957) suggested th#ileisracking occurs in brick walls

at 0.05%, which seems to correlate with above t&sul

Boscardin and Cording (1989) analysed 17 case deaufr damage due to excavation
induced settlement. These case studies showeththaamage given Table 2.13 can
be broadly linked to ranges of limiting tensileagtt These ranges are tabulated in
Table 2.15.

Using a limiting tensile strain as serviceabilitgrameter Burland and Wroth (1975),
Burland et al. (1977) and Burlancet al. (2001a) used the following approach to
determine the relation between differential setdatrand tensile strain. They suggest
representing a building with a rectangular beartenfthL and heighH. Figure 2.22
illustrates the approach. The aim is to calcuth&etensile strains in the beam for a
given deflected shape and obtain the sagging ogihggatioA/L at which cracking is
initiated. The distribution of strains depends thie mode of deformation. Two
extreme modes are bending only at a neutral axiheatcentre (Figure 2.22c¢) and

shearing only (Figure 2.22d). In bending only, theximum tensile strain occurs in the
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extreme bottom fibre, where cracking will startor Bhear only the maximum tensile
strains are inclined at 45 degrees, initiating die cracking. Both modes of
deformation will usually occur simultaneously. Téfere both will need to be

calculated to determine which one is limiting.

Timoshenko (1957) gives the equation for total ipais deflectionA of a centrally

loaded beam having both bending and shear stifiess

3
A= PL (1+ 128E| j Equation 2.17
48EI L“HG

Equation 2.17 can be rewritten in terms of the mmaxn extreme fibre straigymaxas

follows:

A L 3l E
= + X

2l = — €0 max Equation 2.18
L (12 2yLH G

Similarly Equation 2.17 can be rewritten for maximdiagonal straimgmaxas follows:

A h®> G
—=|1+—x—=|¢ Equation 2.19

L ( 18 Ej ame q

It can be shown that for a given deflectibrine maximum tensile strains are not very

sensitive to the precise form of loading (Burland &Vroth, 1975).

By setting emax = &im Equation 2.18 and 2.19 define the limiting valudsAd_ for
cracking of simple beams in bending and sheas &vident that for a given value of
&im the limiting valueA/L (whichever is the lowest from Equations 2.18 antBp
depends orlL/H, E/G and the position of the neutral axis. Figure 2sh®ws the
relationship betweem\/L normalised byg;, and L/H for an isotropic E/G =2.6)
rectangular beam with the neutral axis at the bo#oge. For values of L/H < 1.5 the

diagonal strains dominate, whereas for L/H >1.5db@nstrains dominate.

Burland et al. (1977) compared the beam approach to damage fasa studies.
Figure 2.24 show the results for frame buildingd doad bearing walls. A limiting
tensile strain of 0.075% and a neutral axis atctv@re were used for both cases. E/G
ratios of 12.5 and 2.5 were used respectivelyHerftamed buildings and load bearing
walls. Also shown are an angular distortion of0f¥Y&nd the relationship proposed by

Polshin and Tokar (1957). The beam approach igood correlation to the case
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studies, in spite of its simplicity. The data atdmws that frame buildings can tolerate

more settlement than load bearing walls.

Boscardin and Cording (1989) included horizontadistin the above analysis using
superposition. This will not be discussed becaliggzontal strains are usually

associated with tunnelling and exaction which ismie the scope of this report.

The above analyses assume that the behaviour@fsr@cture undergoing differential
settlement can be represented by a simplified 2@mbendergoing bending and shear
deformation. For damage prediction, the deformatma maximum tensile strain
within the beam are calculated and compared to knomtical tensile strains for
damage in infill panels. For this method to bed/éhe following criteria need to be
satisfied:

< Insignificant differential settlement must occumgendicular to the plane of
bending. This may happen where differential settlet occurs due to
tunnelling or open excavations parallel to the cttre, however differential
settlement driven by the self weight of the buitdiresults in 3 dimensional
deformation of the structure.

e The complete building (including facades and partg) is constructed before
any differential settlement occurs. This may hestifiable assumption if the
differential settlement is caused by adjacent exttan after the completion of
the building. However, for differential settlemeadriven by the self weight of
the building the change of stiffness of the struetand the settlement that
occurs as construction progresses, needs to be itlstkeaccount.

« The facades and partitions are fixed to the frantereo allowance is made for
differential settlement. Gaps or brackets allowfog movement will reduce

the strain in facades and partitions.

The current state of the art as presented abows gi@luable insight into damage due
to differential settlement and the works preseti@e can be summarised as follows:
* The frame analysis by Meyerhof (1956) resulted icoaservative angular
distortion value of 1/950 for an open frame whempared to case studies.
This is most likely due to overestimated live loaud the stiffness effect of
walls and patrtitions in the case studies.
e Structures can be divided into 3 categories with tbllowing suggested

angular distortion limits:
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o Structural damage on frames without cladding: 1A660¥300.

o Facade cracking on frames with non load bearingdas: 1/300 to
1/1000, and

o Damage to load bearing walls: 1/300 to 1/2000.

* A method to predict deformation limits was presenfTensile strain was used
as a serviceability parameter and a 2D beam asatgsiink deflection to
damage. This approach showed a good correlatittndaia from case studies.

* The data presented are for specific structuregtatimits must not be applied
blindly to all structures.

* The guidelines are based on the overall distoiotne structure; however the
distortion of the facades may be less than the eviwucture. For load bearing
walls the overall distortion and the facade distorare the same.

* The L/H ratio of a building affects the deformatitmit. The higher the L/H

ratio, the more differential settlement can be auoodated.

Although sometimes forgotten, a number of authdearty state the type of buildings
the data of their analyses are related to. Thetourearises whether these approaches
are applicable to modern framed structures withadas designed to allow for
movements? These approaches also simplify thelibgd to 2D structures without
any reference to the 3D behaviour of the buildingBurland et al. (1977) state
regarding this method: “Clearly there is scope riwore realistic analysis of actual
structures using numerical methods of analysisis hoped that the success of the
present over-simplified approach will stimulate ther work along these lines.”
Approximately 20 years later the same simplifiedrbeapproach has been used on the
Jubilee Line Extension (Burlanet al, 2001a). Although a major advantage of the
approach is the simplicity, a deeper insight ifte behaviour of 3D structures as well

as modern structures is needed.

25 Conclusions

The following is a summary of the conclusions & literature review:
* Current deformation definitions describe only irame deformations and no
attempt is made to define 3D behaviour.
» Spatial variation of soil properties are often inaately predicted due to a lack
of understanding of the inherent soil variabilityycertainties in measurement

and transformation models of soil properties.
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» Ultimate limit state design loads are significarttigher (up to 8 times) than
expected loads during normal use.

* Although foundation load-displacement response a-lmear, the load-
displacement behaviour of foundations loaded wittie design loads on
overconsolidated clays is close to linear elastic.

 Reused foundations have been preloaded and wile havstiffer load-
displacement response than a similar new foundafidre increase in stiffness
of the load-displacement response depends on dldélp and soil type.

* The ratio of immediate to total settlement of anfdation on overconsolidated
clay will be in the range of 0.35 to 0.75.

* The stiffness of a building that is loaded progredg during construction is
about half the stiffness of the completed building.

» The need exists for accurate building stiffness digteons and the
normalisation of soil-structure stiffness.

e On structures with load bearing walls, the firstmndge to occur due to
differential settlement will in most cases be visi@mage. Structural damage
will only occur at larger differential settlements.

» The current state of the art guidelines to predifferential settlement damage
are based on the assumption that the behaviouneof3D structure can be
represented by a simplified 2D structure.

* The current state of the art guidelines to predgiferential settlement damage
are focussed on older, rigid, masonry infill builgé. These acknowledge that
the behaviour of flexible structures may be différand the guidelines are only
applicable to rigid structures, however minimal dgwice is given on the

behaviour of 3D flexible structures.
From the literature it is evident that the currstatte of the art may not be applicable to

modern flexible structures. The need exists testigate the full 3D behaviour of

modern flexible buildings with or without the reusfefoundations.
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Table 2.1:

Summary of inherent variability of strergth parameters (Phoon and
Kulhawy, 1999)

Property?® Soil type No. of | No. of tests per | Property value | Property COV (%)
data group
groups | Range | Mean| Range Mea| Range Mean
n

S, (UC) Fine grained 38 2-538 101 6-412 10p 6-56 33
(kN/m?)
S (UV) Clay, silt 13 14-82 33 15-363 276 11-49 22
(kN/m?)
S, (CIUC) Clay 10 12-86 47 130-713 405 18-44 32
(kN/m?)
S, (kN/m2P | Clay 42 24-124 48 8-638 112 6-80 32
a(°) Sand 7 29-136 62 35-41 37.6 5-11 9
a(°) Clay, silt 12 5-51 16 9-33 15.3 10-50 21
18) Clay, silt - - 17-41 333 4-12 9
tand (TC) Clay, silt 4 - - 0.24-0.69 0.509 6-46 20
tan@ (DS) Clay, silt 3 - - - 0.615 6-46 23
tan@® Sand 13 6-111 45 0.65-0.92 0.744 5-14 9

a

S, undrained shear strength, effective stress friction angle; TC, triaxial comgsion test; UC,

unconfined compression test; UU, unconsolidatedaindd triaxial compression test; CIUC,
consolidated isotropic undrained triaxial compresdest; DS, direct shear test.

b

Laboratory test type not reported
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Table 2.2:

Summary of inherent variability of index parameters (Phoon and
Kulhawy, 1999)

Property?® Soil typé® No. of | No. of tests per | Property value | Property COV (%)
data group
groups | Range | Mean| Range| Mean Range Mean

W, (%) Fine grained 40 17-439 2572 13-105 29 7-46 18
WL (%) Fine grained 38 15-299 129 27-89 51 7-39 18
W, (%) Fine grained 23 32-299 201 14-2) 22 6-3¢4 16
Pl (%) Fine grained 33 15-299 120 12-44 25 9-57 29
LI Clay, silt 2 32-118 75 - 0.094| 60-88 74
v (KN/m3) Fine grained 6 5-320( 564 14-20 17/5 320 9
vd(KN/m3) Fine grained 8 4-315 122 13-18 15(7 2-13 7
D, (%) Sand 5 - - 30-70 50 11-36 19
D, (%)° Sand 5 - - 30-70 50 49-74 61

a

index y total unit weight,yq dry unit weightD, relative density
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W, natural water content) liquid limit, W, plastic limit, PI plasticity index, Lliquidity

Fine-grained materials derived from a variety oblggic origins, e.g. glacial deposits,
tropical soils and loess.

Total variability of direct method of determination
Total variability for indirect determination usistandard penetration test (SPT) values.




Table 2.3: Scale of fluctuation of some geotechnicgarameters (Phoon and
Kulhawy, 1999)
No. of Scale of Fluctuation (m)

Property® Soil type studies Range Mean
Vertical fluctuation
S Clay 5 0.8-6.1 2.5
Oc Sand, clay 7 0.1-2.2 0.9
o Clay 10 0.2-0.5 0.3
s (VST) Clay 6 2.0-6.2 3.8
N Sand 1 - 2.4
Wi, Clay, loam 3 1.6-12.7 57
W, Clay, loam 2 1.6-8.7 5.2
Y Clay, loam 2 2.4-7.9 5.2
Horizontal fluctuation
O Sand, clay 11 3.0-80.0 47.9
Or Clay 2 23.0-66.0 44.5
s (VST) Clay 46.0-60 50.7
Wi, Clay 1 - 170

% g ands, (VST), undrained shear strength from laboratory testvameé shear tests

respectively.
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Table 2.4: Summary of live loads
Survey Location | Survey | Number of | Total area Room Live load
date buildings surveyed | Floor area Mean Standard
(m?) A (KN/m2) Deviation
(m?) (kN/m2)
Kumar Kandur, 1992- 8 11720 All 0.458 0.278
(2002) India 1993 A<8 0.68 0.41
8<A<16 0.60 0.32
16<A<24 0.50 0.36
24<A <32 0.50 0.29
32<A <40 0.47 0.26
40<A <48 0.45 0.24
48<A <56 0.45 0.25
64<A <72 0.46 0.15
72<A <80 0.46 0.19
A >80 0.31 0.20
Ruiz and Mexico
Soriano city, 5 14 890 Al 0.734 Jm
(1997) Mexico A
Choi Sydney, 1972- 11 144 136 All 0.62 0.60
(1992) Australia 1979 A<5 0.50 0.66
5<A<10 0.62 0.64
10<A<20 0.55 0.47
20<A <40 0.45 0.53
40<A <80 0.43 0.45
A >80 0.51 0.41
Culver USA 23 A<47 0.83 0.82
(1976) 4.7<A<9.3 0.63 0.60
9.3<A< 0.44 0.31
27.9 0.42 0.43
A>27.9
Mitchell UK 2.4 0.66 0.65
and 5.2 0.64 0.53
Woodgate 14.0 0.62 0.43
(1971) 31.2 0.61 0.34
58.0 0.59 0.30
111.3 0.58 0.26
192.4 0.56 0.21
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Table 2.5: Summary of design and measured construon loads (Beeby, 2001)

Construction stage Floor | Design floor | Measured floor
loads: load:
kN/m? KN/m?2
Formwork to first floor struck 1 7.00 6.00

Second floor concreted 1 8.25 ?

Formwork to second floor struck 2 7.00 6.00
Third floor concreted 1 10.50 8.20
2 11.75 10.32
Formwork to third floor struck 3 7.50 6.00
Fourth floor concreted 1 9.33 6.90
2 9.33 7.35
3 10.58 10.57
Formwork to fourth floor struck 4 7.00 6.00
Fifth floor concreted 3 10.50 8.50
4 11.75 9.90
Formwork to fifth floor struck 5 7.00 6.00
Sixth floor concreted 4 10.50 8.20
5 11.75 10.32
Formwork to sixth floor struck 6 7.50 6.50
Roof concreted 5 9.70 7.80
6 12.69 9.50
Backprops between fifth and sixth 6 15.25 10.10
floor struck 7 0.00 1.20
Formwork to roof struck 7 7.00 6.00
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Table 2.6: Load combinations and partial factors fo Ultimate Limit State design
according to British Standards Institution (BSI 8110-1: 1997)

Load type
Load combination Dead Live Wind
Adverse | Beneficial | Adverse| Beneficial
Dead and live 14 1.0 1.6 0 -
Dead and wind 1.4 1.0 - - 14
Dead, live and wind 1.2 1.2 1.2 1.2 1.2
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Table 2.7: Load combinations and partial factors fo Ultimate Limit State
design according to Eurocode (EN 1990: 2002, N& EN 1990: 2002)

Permanent action Variable action

Unfavourable | Favourable | Unfavourable | Favourable
A) *EQU 1.05 (1.1 UK) | 0.95 (0.9 UK) 15 0
B) *STR/GEO 1.35 1.00 15 0
C) *STR/IGEO 1.00 1.00 1.3 0

* Notes: Static equilibrium should be verified ugithe design values of actions ‘A’
Design of structural members not involving geotecainactions should be
verified using the design values of ‘B’

Design of structural members (footings, piles, )etnvolving geotechnical
actions should be verified using one of the follogvi

Approach 1: Applying in separate calculations desiglues from ‘B’
and ‘C’ to the geotechnical actions as well as dbo#ons
on / from the structure;

Approach 2: Apply the design values of actions frd to the
geotechnical actions as well as actions on / frdra t
structure;

Approach 3: Applying design values of actions fro@l to the
geotechnical actions and, simultaneously, applydegign
values from actions from ‘B’ to the actions on orfr the
structure.

UK Annex recommends Approach 1.
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Table 2.8: Thermal surface temperatures (EN 1991-%: 2003, NA to

EN 1991-1-5: 2003)

Season Surface Surface temperature in °C
North-East South-West or
facing horizontal facing
Summer Bright light surface i+ 0 Trax+ 18
Light coloured Thaxt+ 2 Tmax+ 30
surface
Dark surface Faxt 4 Thax + 42
Winter Tmin Tmin

Note: Tnax iS the maximum shade air temperature

temperatures
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Table 2.9: Coefficients of linear expansion (EN 1991-5: 2003, EN 572-1: 2004)

Material ar (x 10°%°C)
Aluminium, aluminium alloy 24
Stainless steel 16
Concrete 12
Masonry 6-10
Glass 9
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Table 2.10:

Summary of measured and proposed loads

Source Load type Uniform
distributed
load
(KN/m2)
Measured
Kumar (2002) Live load (all) 0.46
Kumar (2002) Live load (maximum in one room) 2.05
Ruiz and Soriano (1997) Live load (all) 0.73
Choi (1994) Live load (all) 0.62
Beeby (2001) Live load - Construction (including slab support 10.57
Proposed
Ayoub and Karshenas (1994) | Live load - Construction 0.30
British Standards Live load (excluding partitions, unfactored) 2.50
British Standards Live load (including partitions, unfactored) 3.50
Eurocode Live load (excluding partitions, unfactored) 1.50 - 2.00
Eurocode Live load (including partitions, unfactored) 2.00-3.20
UK Annex Live load (excluding partitions, unfactored) 2.50
UK Annex Live load (including partitions, unfactored) 3.00-4.70
Worked example concrete frameDead load (frame only) 7.73
Worked example steel frame | Dead load (frame only) 3.04
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Table 2.11: Summary of immediate to long term settiment ratios
Reference Clay type Based on Ratio
(min.-max.)
Burland and Wroth| Overconsolidated Calculations 0.55-0.75
(1975)
Burland and Wroth| Overconsolidated, increased Calculations| 0.35-0.55
(2975) Young’s modulus with depth
Morton and Au | London Clay Case studies 0.40-0.82
(1975)
Simons and Som| Overconsolidated Case studie®.315-0.735
(1970)
Simons and Som | Normally consolidated Case studie®.315-0.735
(1970)
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Table 2.12: Effect of aggregate/cement and water/eent ratio on shrinkage

Aggregate/cement| Shrinkage after six months (10) for water/cement ratio of:
ratio 0.4 0.5 0.6 0.7
3 800 1200 - -
4 550 850 1050 -
5 400 600 750 850
6 300 400 550 650
7 200 300 400 500
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Table 2.13: Description of buildings analysed forhie Jubilee Line Extension (Burland

etal., 2001b)
Building Storeys Load Steel | Reinforced | Construction
bearing frame concrete date
brickwork frame
RICS, Great George Street 6 X 1756 & 1896
128-130 Jamaica Road 3 X unknown,
probably early
1800s
London Bridge Post Office 5 X early 1840s
St. Stephen’s (Clock) Tower, Palacg 92 m X 1858
of Westminster
Treasury 5 X 1898-1912
Ritz Hotel 8 X 1906
RAC Building 5 X 1911
ICE, Great George Street 8 X 1912
Telephone House 7 X X X 1915
PHED, Great George Street 9 X 1927
Murdoch, Clegg and Neptune Housg¢s 3 X 1931
Blick House 5 X 1950
Fielden House 7 X 1952
Elizabeth House 7&10 X 1960
182-210 Jamaica Road 2 X 1960s
Niagara Court 4 X 1960s
Regina and Columbia Points 21 X 1961-1962
Tenants’ Hall and Boiler House, 1 X 1961-1962
Canada Estate
BT Building 6 X mid 1970s
RICS extension, Great George Stregt 6 X 1978
Keeton’s Estate 3 X early 1980s
1-7 St, Thomas Street 4 X late 1980s
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Table 2.14: Classification of visible damage to wkl with particular reference to

ease of repair of plaster and brickwork or masonry(Burland et al., 2001a)

Description of typical damage (ease of repair is in bold type)
Note: Crack width is only one factor in assessiagegory of
damage and should not be used on its own as atdireasure
of it.

Category of damage Normal degree of

severity

0 Negligible

1 Very slight

2 Slight

3 Moderate

4 Severe

5 Very severe

Hairline cracks less than about 0.1 mm wide.

Fine cracks that are easily treated during normal @coration.
Damage generally restricted to internal wall figish Close
inspection may reveal some cracks in external tmick or

masonry. Typical crack widths up to 1 mm.

Cracks easily filed. Redecoration probably requied.
Recurrent cracks can be masked by suitable liningsCracks
may be visible externally andome repointing may be
required to ensure weather-tightness.Doors and windowsg

may stick slightly. Typical crack widths up to 5m

The cracks require some opening up and can be pateti by
a mason. Repointing of external brickwork and posbly a

small amount of brickwork to be replaced. Doors and
windows sticking.  Service pipes may fracture. ‘en
tightness often impaired. Typical crack widths &5 mm or
several > 3 mm.

Extensive repair work involving breaking-out and replacing
sections of walls, especially over doors and windew
Windows and door frames distorted, floor slopingiceably.
Walls leaning or bulging noticeably, some loss of bearing
beams. Service pipes disrupted. Typical crackhsidre 15-25
mm, but also depends on the number of cracks.

This requires a major repair job involving partial or
complete rebuilding. Beams lose bearing, walls lean badly g
require shoring. Windows broken with distortioanger of

instability. Typical crack widths are greater th2lh mm, but

depends on the number of cracks.

"Note: Local deviation of slope, from the horizontelvertical, of more than 1/100 will normally bearly visible.

Overall deviations in excess of 1/150 are undekirab
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Table 2.15: Relationship between category of damaged limiting tensile strain
(Burland et al., 2001a)

Category of damage Normal degree of severity Limitig tensile strain
(%)
0 Negligible 0-0.05
1 Very slight 0.05-0.075
2 Slight 0.075-0.15
3 Moderate* 0.15-0.3
4t05 Severe to very severe >0.3

*Note: Boscarding and Cording (1989) describe tamage corresponding to limiting
tensile strain in the range of 0.15 to 0.3 per @ntmoderate to severe”. However
none of these cases quoted by them exhibits selamage for this range of strains.
There is therefore no evidence to suggest thatléessains up to 0.3 per cent will

result in severe damage.
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Figure 2.1: Definitions of ground and foundation meement (Burland et al., 2001a)
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Bored piles in stiff clay
Load-displacement response

4000
3500 -
3000 - =
2500
z
<
- 2000
@
(@]
-
1500 +
1000 +
500 =
O T T T T
0 2 4 6 8 10 12 14 16 18 20
Settlement (mm)
—&— D (Pile without enlarged base)
—— G (Pile without enlarged base)
—a&— H (Pile without enlarged base)
—8&— K (Pile without enlarged base)
—¥— N (Pile without enlarged base)
—O—E (Pile with enlarged base)
—+— F (Pile with enlarged base)
—aA— L (Pile with enlarged base)
—>— A (Pile with enlarged base)
—oO— M (Pile with enlarged base)
—8— P (Pile with enlarged base)
Figure 2.5: Load-displacement of bored piles in i clay (Whitaker and Cooke,

1966)
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Various piles
Load-displacement response
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Typical load settlement curves (Burlandand Cooke, 1974)
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3 RESEARCH METHODOLOGY

Finite element analysis was used to investigate ileaviour of modern flexible
framed structures undergoing differential settlemedodern office buildings vary in
design and to minimise the numerical modelling ypittal” modern structure was
investigated. The structure investigated was afosied concrete structure with six
storeys and five bays in both directions, suppobggad foundations. This structure
was designed according to British Standards anddeale 7 to determine the member
sizes for the finite element model. Using thedtrtal sizing from the design the finite
element model was created in phases, graduallyneipg the geometry. Each phase
of the model was analysed, the behaviour verifiad problems corrected before
commencing with the next phase. With the modelpletely built and verified the
effect of soil-structure stiffness was investigatad changing the soil or concrete
stiffness by varying the Young's modulus of the eni@l. The following analyses sets
were run:

» For the 5 bay structure the soil stiffness for wiwle halfspace was varied
from a Young's modulus of 100 Pa to 1 000 GPa,easing the stiffness each
time with an order of magnitude to determine thieafof soil stiffness on
column loads, column displacements and bending mtsme the slabs.

* For the 5 bay structure the Young's modulus of ¢bacrete was increased
from 13 GPa to 13 000 GPa to determine the effée stiffer structure on
column loads. 13 000 GPa is not a realistic s88) however it was used to
increase the superstructure stiffness without drange in the geometry. The
soil stiffness was varied as before.

e The structure geometry was reduced from 5 by 5 tbays by 4 bays and
5 by 3 bays to determine the effect of structurengstry on column loads.

* The 5 by 5 bay superstructure was replaced bylavgiltn a bending stiffness
equivalent to the individual slabs to determine plasibility of modelling an
equivalent slab instead of the whole structure; and

* The soil stiffness under individual pad foundatiomshe 5 by 5 bay structure

was varied to determine the effect of soft or rsdts under foundations.

This chapter firstly discusses the layout of theicdure and presents the structural

design of the frame which was used to determine lmeensizes. Secondly the
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numerical model is presented. Thirdly the veriiima of the model is discussed and

lastly typical results are presented. Chapterrtains a discussion of the analyses.

3.1

3.1.1

Structural design

Layout

To investigate the behaviour of a modern flexibienfe structure the layout of the

structure under investigation needed to be definédr a representative structure the

following assumptions were made:

The structure was a 6 storey frame with 5 bay@ghalirection. This structure
was chosen to provide a sufficiently large struetior evaluate the change in
behaviour from external to internal bays and fdissquent levels. This was
also the upper limit for the number of foundati@m&l surrounding soil which
the finite element analysis software could meslgadtely, given the computer
software that was available.

Floor and roof slabs were reinforced flat concedtds, i.e. no beams. Modern
office buildings often use flat slab constructiorhe use of flat slabs also
simplifies the geometry of a finite element model.

Floor spacing was 3 m centre to centre which igctpf modern buildings.
Columns were reinforced concrete with the same k#oes throughout the
structure, i.e. sized according to the largestmoldoad which is an internal
ground floor column. This simplified the designdathe finite element
modelling.

Column spacing was 7.5 m centre to centre whitypigal for current flat slab
construction.

External facades and internal partitions were assunot to alter the frame
stiffness, i.e. movement was allowed between tbada or partition and frame.
Ground floor columns were supported by individuatl foundations at 5 m
below ground level. The 5 m depth ensured enowggrithg capacity on an
assumed London Clay for individual pad foundatiforseach column. Three
different foundation sizes were used for cornegeegind internal foundations.
The ground floor slab was supported by the undeglgoil and not connected

to the structure.

The complete structure layout was based on the eala®sumptions as shown in

Figure 3.1.
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3.1.2  Structural sizing

The structure as shown in Figure 3.1 was desigoedrding to British Standards to

determine member sizes. Eurocode 7 was usedaoae the foundation footprint.

The design was based on the following characterisids derived from the British
Standards.
* A uniform distributed imposed floor load of 2.5 ki and a concentrated
point load of 2.7 kN (BSI 6399-1: 1996).
* A uniform distributed imposed roof load of 1.5 kN/(BSI 6399-3: 1988).
* A horizontal uniform distributed wind load of 1.4kn2 (BSI 6399-2: 1997).
* A uniform distributed dead load of 0.419 kN/m? d¢re troof represented the
asphalt waterproofing.
* A uniform distributed dead load of 0.566 kN/m? dme tfloor represented the
floor finish; and
* Aline load of 7.241 kN/m on the edge of each flelab, represented facades
(BS 648: 1964).

Note the above loads were for the ultimate limitestdesign and the live loads were
significantly higher than the expected long terrad® during the normal use of the
structure. For the subsequent finite element arsalyf the behaviour of the structure
an expected uniform distributed imposed floor l0&d€@.5 kN/m? with no imposed roof

or wind load was used.

Design loads were calculated using combinationgaofial safety factors as described
in BSI 8110-1 (1997). Appendix A shows the desigadl calculations. The following
partial safety factors were used:

* Adverse dead load: 1.4.

» Beneficial dead load: 1.0.

* Adverse imposed load: 1.6, and

» Beneficial imposed load was neglected.
A C25/30 concrete as suggested by the BSI 850®006(2for office buildings and

reinforcing steel with a 500 MPa tensile stren@®B1(8110-1: 1997) were used for the

design.
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The structural design was carried out using stahdasign Excel spreadsheets from
RCC-2000. RCC-2000 are design spreadsheets basB81d8119-1 (1997) and were

published by the British Cement Association on Kfebiathe industry sponsors of the

Reinforced Concrete Council. The slab design taticins are shown in Appendix B

and the column design calculations in AppendixHRIat slab and column design were
done according to BSI 8110-1 (1997).

The design showed that 300 mm flat floor slabs,58 2nm flat roof slab and

450 mm x 450 mm columns were adequate. Althougdllencolumns may be used on
the higher floors, 450 mm x 450 mm columns wereduggoughout the structure to
simplify the design. A 200 mm ground floor slab veasumed. The ground floor slab

was not connected to the columns and was supploytéte underlying soil.

The following vertical characteristic column loaatsground level were calculated for
foundation design. Live loads were reduced basethe number of floors supported
(BSI 8110-1: 1997).

e Corner columns, dead load 1 050 kN, imposed lo&dkhb

» Edge columns, dead load 1 688 kN, imposed loackBREnd

* Internal columns, dead load 2 636 kN, imposed B&OkN.

The above loads in combination with the foundatfootprint area were used to
calculate appropriate pad foundation thickness raang to BSI 8110-1 (1997). The
design calculations are shown in Appendix D. ToléoWing foundation thicknesses
are adequate for the imposed loads.

* Corner pad, 0.50 m.

* Edge pad, 0.65 m, and

e Internal pad, 0.85 m.

Foundation footprint sizing was done according tndéode 7. The design calculations

are shown in Appendix E.

The undrained shear strength)(&f the soil was assumed to be 90 kN/m? and S&iira
soil bulk unit weight 20 kN/m3. The undrained shstiength was based on the data
collected by Burlanet al. (2001a) on London Clay during the Jubilee Lineesgion

in London as shown in Figure 3.2. They recommerdésign line ofS, = 50 + &
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where z is the depth below the top of the London Clay.|l the foundations were
founded 5 m below ground level. The following fadndation sizes and factors of
safety regarding settlement were calculated acagridi Eurocode 7:

e Corner foundation 3.3 m x 3.3 m x 0.50 m thick (F®6)

» Edge foundation 4.2 m x 4.2 m x 0.65 m thick (FO®&3 and

e Internal foundation 5.4 m x 5.4 m x 0.85 m thiclO& 3.04).

3.2 Finite element modelling

The LUSAS version 14.3 finite element analysiswafe package was used to perform
the numerical modelling. LUSAS is the trading naofid-inite Element Analysis Ltd
whose headquarters are located in the UK. LUSAsijorted around the world by a
number of LUSAS regional offices as well as by auoek of LUSAS Distributors
LUSAS is a commercial package often used by strattengineers due to the ease
with which superstructures can be modelled witmddad element libraries. Other
finite element analysis software packages with aded soil models may be more
suitable for geotechnical modelling, however fas ttmodelling the decision was made
to model the supporting halfspace as a linearielasiterial, making LUSAS a suitable
package. A 2.4 GHz Intel Core2 Duo PC with a 32pkatform and 3 GB of RAM was
used to run LUSAS.

Modelling the soil as a linear elastic material kda significant reduction in the

computational effort to run the model. Modellinigtioe soil as a linear elastic material
was based on the underlying assumption that atimgrloads the soil mass was
behaving in a linear elastic way. To validate #ésumption the linear elastic model
was compared to a model on non-linear soil; seeigmission in Chapter 4, discussion

of the analyses.

The superstructure was also modelled as a lineastiel material to reduce
computational effort. Although stress-strain beébawin reinforced concrete within a
structure is complex and influenced by creep, &age and cracking, the use of a
linear elastic material still provided valuableigig into the change of stress within the
structure, although it may not represent the acstr&lss within a real structure. To
validate this assumption the elastic bending momenthe slabs were compared to the

design bending moments, as discussed in Chaptiescission of the analyses.
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3.2.1 Structural geometry

The structural geometry of the numerical model hased on the member dimensions
as calculated in the structural design. Figureshidws the structural model and the
geometry can be summarised as follows:

» five 0.3 m thick flat floor slabs spaced 3 m ceritr centre,

e a0.25 m thick roof slab, 3 m above the top floor,

* thirty-six 0.45 m x 0.45 m columns, (six in bothagg) with a 7.5 m spacing,

» four corner pad foundations, 3.3 mx 3.3 mx 0.5 m,

» sixteen edge foundations, 4.2 m x 4.2 m x 0.65 m,

* sixteen internal foundations, 5.4 m x 5.4 mm x (h85nd,

» all the foundations were founded at 5 m below gdogwel.

The following variations of the above model weralgsed and are discussed in more
detail in the subsequent paragraphs:
* The structure geometry was reduced from five bg fhays to a five by four
and a five by three bay structure.

e The structure above ground level was replaced aviimgle slab.

The structure’s geometry was reduced to 5 by 45angl 3 bays to determine the effect
of the structure’s aspect ratio on the behaviodrhe structure with the reduced
geometry had the same size corner, edge and ihtByaadations as the original

structure.

To replace the structure with an equivalent slabtiickness of the slab should be such
that the bending stiffness (El) of the single dwlequivalent to that of the structure.
Two approaches were used to calculate an equivglenThe first approach employed
the parallel axis theorem to define the structustiBness about the neutral axis as

shown in Equation 3.1
5 2
(Ecl )Stiffstrud = Ecz (l slab + AslabH ) Equatlon 3.1
1

Where n is the number of storeys. For this stmactiit gave an equivalent slab
thickness of 14.0 m. This could be consideredaab overestimate of the building

stiffness as only a rigidly framed structure woajgproach such mode of deformation.

84



An alternative assumption was used to obtain thedipg stiffness summing the

independent El values for each slab as shown imfitqu3.2

n
(Ecl )Flexstruct = Ecz l slab Equation 3.2
1

This implied that the columns transform the samferdeed shape to each storey. For
this structure it gives an equivalent slab thicknes532 mm. This approach was used
for the plate model. The loading on the replacdmkb was equal to that of the whole
structure. This was done by a distributed loadampensate for the live loads on the

slabs and the self weight of the slabs and poadddor the columns.

3.2.2 Model discretisation and element types

Columns were modelled as 3D thick beam elementh véstrained translation and
rotation at end nodes. Each 3 m column and thenowd below ground level (with a
length of either 4.5 m, 4.35 m or 4.15 m due tcaaation in foundation thickness)

were discretised in 8 equal divisions.

The floor and roof slabs were modelled as thinlsBehode quadrilateral elements
taking membrane and flexural deformations into aoto Both translation and rotation
were restrained at nodes. Each bay was dividedSimtqual divisions in both the x and

y direction.

The foundations were modelled with 10 node tetredle@8D continuum elements
capable of modelling curved element boundariese ibdes were free to rotate and
only translation was restrained. The foundatioresewdiscretised with an irregular
mesh with a maximum element size of a quarter effttundation length. Figure 3.3

shows the mesh of foundations and the underlyiilg so

The halfspace was modelled with the same 10 nddshtdral 3D continuum elements
as for the foundations. An irregular mesh withiatlle element sizes was used.
Although LUSAS can vary the mesh size graduallyyds unable to mesh the model
with 36 pad foundations with a gradually variablesim. The halfspace was therefore
divided into zones each with an assigned maximwment size. The choice of internal
zones, element sizes and boundary location is skgclin detail in Chapter 3 under the
verification of the finite element model. Figurel 3hows the discretisation zones and

Table 3.1 lists the maximum element size in eackezo
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The connections between the columns and slabsuod&dions were fixed. The bases
of the foundations were connected to the halfspadethe other sides (top and edge) of
the foundations and the subsoil columns were disectied from the halfspace allowing

freedom of movement.

3.2.3 Material properties

The whole structure was designed based on RC 2&B@orced concrete. The
following values were used for concrete properitiethe numerical analysis:

» A Poisson’s ratio of 0.2 (BS 8110-1: 1997).

* A Young's modulus of 13 GPa. British Standardsstitation
(BSI18110-2: 1985) suggests a Young's modulus ofGEa for a RC 25/30
concrete at 28 days. Half of the recommended velag used in line with
Brown and Yu's (1986) recommendation due to thek laf progressive
modelling of the loading during construction; and,

» A concrete weight of 24 kN/m3 (BS 648: 1964)

The soil was modelled as an elastic, isotropic nateith a Poisson’s ratio of 0.25. A
range of Young’s modulus values of 100 Pa to 10 8&aused to display the effect of
soil stiffness. This range of values is unreai&r soil; however it is important to note
that the behaviour of the structure depends orrdlagive bending stiffness ratio and
not the absolute stiffness value of the soil. uFeég3.5 shows the envelope of undrained
Young’'s modulus / undrained shear strength ratitis &xial strain for a London Clay.
The envelope is a result from triaxial tests penfed on London Clay for the Jubilee
Line Extension (Burlandet al, 2001a). For 0.1% local axial strain the undrdine
Young’'s modulus was between 250 and a 1000 timesrdrained shear strength. For
the design an undrained shear strength of 90 kRaassumed and the corresponding
Young’'s modulus at 0.1% strain will be in the rang2.5 to 90 MPa.

3.2.4 Loading and restraints

The following loads were imposed on the model:
» A vertical acceleration of 9.81 m/s? on the coreret
» Adistributed load of 0.5 kN/m2 on floor slabs repented the live loads.
» Adistributed load of 0.566 kN/m? on floor slabgmesented the finishes.
» Adistributed load of 0.419 kN/m2 on roof slabsregented the waterproofing;
and,

* Aline load of 7.241 kN/m on the edge of the flstabs represented the facade.
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The boundaries of the halfspace were modelled »asl fiexcept for the top surface

which was free.

3.3 Verification of finite element model

The finite element model was built in stages, wetith stage introducing a new aspect
of the model. In each stage the behaviour of thdehwas verified before introducing
more complexity in the following stage. The folloy stages were analysed and are
discussed in the subsequent paragraphs:

» Asingle bay slab on pinned supports.

* A single bay slab with fixed support on the edges.

» A continuous slab with five spans in both direci@m pinned supports.

* The 6 storey superstructure (slabs and columng) fixied supports at ground

level.
» Asingle pad foundation supported by an elastitspate.

» The superstructure founded on 36 pad foundatioranalastic halfspace.

Figure 3.6 shows the vertical displacement of an7%6 7.5 m x 300 mm concrete slab
with self weight and an imposed load of 1.066 kN({fh@or finish and live load)
supported by four hinged supports. The maximunicardisplacement was 22.3 mm
at the centre. The same slab modelled with fixggpert on the edges had a maximum
vertical displacement of 1.1 mm at the centre, Wisicowed the clamping of the edges

had a significant effect on the deflection.

Timoshenko (1959) gave the following solution foe tbending of square plates under

uniform loading:

4

gb
Et3

Yax = @ Equation 3.3
Whereymaxis the maximum displacementjs a factor for the type of edge suppaqris
the uniform loadingp the length of the plate& is the Young’s modulus andthe
thickness of the plate. For a plate with simplysanged and clamped edgess 0.0443
and 0.0138 respectively. The maximum displaceméntghe slab calculated with
Timoshenko’s solution for the simply supported atamped edgewere 3.3 mm and

1.0 mm respectively.
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The maximum displacement (1.1 mm) of the modell&b with clamped edges
correlated well with the solution by Timoshenko O(1mm). The maximum
displacement on the modelled slab (22.3 mm) wasifgigntly more than the
displacement of the slab that was simply suppodedhe edges (3.3 mm). This
showed that line supports reduced the displacersigmificantly in comparison to

pinned point supports.

Figure 3.7 shows the vertical displacement of apleta level with 25 bays on pinned
supports. Loading was the same as for the siragleelcept for the added line load of
7.241 KN/m at the edge of the floor slab which espnted the weight of the external
facade. The maximum vertical displacement foratmmer slabs was 13.8 mm. For the
edge slabs it ranged from 8.7 mm to 9.6 mm, andherinternal slabs it ranged from
3.4 mm to 5.9 mm. This clearly showed the effega@eht bays had on the reduction of

the deflection of the slabs.

Figure 3.8 shows the vertical displacement of thraplete six storey superstructure on
fixed supports at ground level. It is importanntute that the top level was the roof slab
with a thickness of 250 mm with no live load andrdfore the vertical displacement
will vary from a typical floor slab. The maximunentical displacements of the top
floor level (not roof) are summarised in Table &8lumn 2). It is clear the vertical
displacements were significantly higher than fog #ingle 25 bay slab (column 1).
This was due to the shortening of the columns uhdad. Normalising the slab
vertical displacement by subtracting the averagécat column displacement for the
specific bay gave the displacements as shown nuol3. These values correlated
well with the values of the single 25 bay slab. ludm 4 gives the values of column
displacement at the top floor calculated by theseagtion that each column supported
25% of each adjacent span. The values correlatdd with the values from the

numerical model.

The sum of the vertical reactions at the suppartthe model was within 2% of the
total load takedown determined by hand calculatiodssuming each ground level
support carried the columns above and 25% of tfgcadt bays, an estimation of the
expected column loads was made. Table 3.3 shosvsdmparison between column
loads from the numerical model and hand calculati&l of the column loads were

within 10% of the estimated values, which shows the model behaved as expected.
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The next step was to add foundations and the elhstfspace to the model. It was
critical to get a reasonable load-displacement aesp for the foundations while
keeping the number of meshed elements to the mmimiDue to the scale of the
model, a small increase in the mesh density hadrge |effect on the number of
elements in the model, which may result in the ilitgbto mesh to the model. To
investigate the load-displacement response ofdtedations, a single rigid foundation
was modelled on an elastic halfspace and the sesoiinpared to a known elastic
solution from Poulos and Davis (1974). The medkement type and halfspace
boundaries of the halfspace supporting the singlmdation were varied to optimise

the mesh, element type and halfspace size.

A regular mesh for the halfspace proved to be taisi@ for the large model. It either
created too many elements or unacceptably distontedspect ratio of the elements.
An irregular mesh with tetrahedral elements waseioee used. Although LUSAS was
capable of generating an irregular mesh with awatyl changing mesh density, it was
not capable of applying the automated process ¢oldinge model with multiple

foundations. To overcome this problem, zones wlifferent mesh densities were
manually assigned to the model. The single fouadahodel was used to optimise the
zones, mesh density, and the boundary locatiorf®e aim was to get an acceptable
foundation load-displacement response with the Iestahumber of elements. The size
of the linear elastic model was limited by the ditisation of the foundations and
supporting halfspace and not by the solver. LUSASnNly available as a 32-bit

program and can therefore only use a maximum oB2RAM.

The single foundation model consisted of a rigidl . x 5.4 m pad foundation on an
elastic halfspace with a Young’s modulus of 10 Mdral a Poisson’s ratio of 0.25.
Symmetry was used, to reduce the model size t@eeruA 100 mm displacement was
applied to the foundation and the reaction forcleutated. The reaction force was
compared to the following approximate elastic sotutof a rectangular rigid loaded
area on a semi infinite mass (Whitman and RicH&67, cited in Poulos and Dauvis,
1974):

_Pa-v)

= Equation 3.4
1.2xbE

P,
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More than 50 model load-displacement responses \apedysed to determine an
optimal model. Figure 3.9 shows the dimensiorthefoptimised zones with respect to
the foundation width. Table 3.4 shows the effdchalfspace size, element type and
element size on the load-displacement response. tyfte of halfspace element had a
significant effect on the accuracy of the solution& TH4 element was a 4 node
tetrahedral element and a TH10 was a 10 node é&sirah element capable of
modelling curved boundaries. Changing from a TH4&AtdH10 element reduced the
error from 35.9% to 7.0%. An increased halfspaze and the use of a finer mesh
discretisation reduced the error. Model 2 was eh@s a basis for the discretisation of
the large model. Although this model was not tlesihaccurate model, having a 7.0%
error, it used fewer elements than the more aceumatdels and therefore significantly
reduced the number of elements in the whole modkeeé ratios of the zone dimensions
and the element sizes from the single pad foundatiere applied separately to each
foundation in the large model, as well as to theral footprint of the building. In
overlapping areas, the finer mesh was used. Toutdrom Model 2 was the upper
limit with respect to elements that could be masttlsuccessfully for the complete

geometry.

Using the above discretisation the structure withnflations on an elastic halfspace
with a Young’s modulus of 10 MPa was modelled. omparison of the column loads
at ground level showed that the total load in tleleh was within 1 % of the total load
takedown. This model was used to verify the silitplof the slab discretisation and
element type. The columns loads were calculatdccampared for both 4 noded and 8
noded quadrilateral elements. Each bay was divided either 4, 8, 12, 16 or 20
divisions. Figure 3.10 shows the column loads efrtiodels normalised to the column
load of the 12 divisions, 8 noded elements (whies wsed for further modelling). It
was evident that the 8 noded element resulted ire raocurate predictions than the 4
noded element. With the 8 noded element the streiatas insensitive to the number
of divisions with the difference in column load Wween 2 and 12 divisions being less
than 3%. The suitability of the column mesh was$e@ by comparing the ground level
column loads for 4, 8 and 12 column mesh divisiod$ie change of column loads
were within 0.1% of each other and therefore tlifeidince between using 4, 8 or 12

divisions was insignificant. 8 column divisionsr&aised for the final model.
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3.4 Typical model results

In this section typical modelling results are préed. Specific aspects are discussed in

detail in Chapter 4, discussion of results.

For the design, an undrained soil strength of 9 \WwRs assumed. Based on Figure 3.5
the stiffness of clay with an undrained shear gfiteof 90 kPa at 0.1% strain typically
ranged from 22.5 MPa to 90 MPa. A stiffness valfile0 MPa was used for the model.
Figure 3.11 shows the vertical strain under the fpaddations. The vertical strain for
the internal foundations typically ranged from 9%.10 -0.2% and for the edge and
corner foundations from -0.075% to -0.15%. Furtheray from the foundation base

the strain was lower, which may have resultedhigher stiffness.

Figure 3.12 shows the vertical displacement at dation level. Foundation
displacements ranged from 20 mm to 45 mm. Equ&idnwvas used to calculate single
rigid foundation settlement for comparison. Usimdoad takedown (based on the
assumption that each column supports half of thenlsgoundation loads were
calculated. With the foundation load, a soil sgf$s with Young’'s Modulus of 50 MPa
and a Poisson’s ratio of 0.2, the following rig@lhdation settlements were calculated
according to Equation 3.4:

e Single corner foundation: 5.6 mm.

« Single edge foundation: 7.4 mm.

* Single internal foundation: 9.8 mm.

e Total superstructure footprint (37.5 m x 37.5 n¥):8mm.

e Total ‘foundation’ footprint (41.7 m x 41.7 m): 34mm.
The single rigid foundations had significantly lessttlement than the combined
foundations in the finite element model. This wia to the interaction effect of the
adjacent foundations. The total rigid ‘foundatidootprint settlement correlated well
with the finite element model. As expected thédrgettiement was within the range of

the settlement of the model with a flexible struetu

Figure 3.13 shows the vertical stress beneathailvedations. The vertical stress under
the foundations ranged from 40 kPa to 110 kPa. tdta building load (including the
foundations) divided by the total foundation areeveyan average vertical stress of

115 kPa, which was higher than the range of 40t&R4.0 kPa. The stress contours in
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this figure are ‘smoothed’ and based on averagedalnwalues derived from

extrapolation of the values in the integration pmin

Figure 3.14 shows the vertical displacement ofdtnecture. The maximum vertical
displacement was 67.3 mm at the midspan of a tabf sThis displacement was due to

foundation settlement, column compression and cédilection.
Figure 3.15 shows the pattern of the bending monoeenthe first floor slab. The

bending moments in the floor slabs are discusseteiail in Chapter 4, discussion of

analyses.
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Table 3.1: Maximum element size in mesh discretisain zones

Zone Element size

1 0.25B
0.5B
1B
2B
4B
4B

o OB~ W N
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Table 3.2: Summary of vertical displacements

25 bay slab | Superstructure | Superstructure | Hand calculation
top floor normalised top floor
(mm) (mm) (mm) (mm)
Corner slab 13.8 21.6 14.7 NA
Edge slab 8.7-9.6 18.2-18.4 9.6-9.9 NA
Internal slab 3.4-5.9 15.2-15.7 4.4-5.1 NA
Corner column NA 3.0 NA 3.7
Edge column NA 5.5-6.1 NA 6.2
Internal column NA 10.0-12.5 NA 10.3
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Table 3.3:

Column load comparison

Column FE Model Hand Calculation Difference
(kN) (kN) (%)
Corner 947 1030 9
Edge 1632 to 1708 1702 Oto4
Internal 2763 t0 3 025 2773 Oto-8
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Table 3.4: Optimisation of single foundation model
Model | Element Halfspace Maximum element size with respectto B in| Total Difference
size zone elements from
(D, H/2 with No.* solution
respect to B) 1 2 3 4 5 6 %
TH4 10 0.25 0.5 1 2 4 NA 761 35.9
2 TH10 10 0.25 0.5 1 2 4 NA 749 7.0
TH10 5 0.25 0.5 1 2 NA NA 789 12.8
TH10 10 0.25 0.5 1 2 4 NA 749 7.0
4 TH10 20 0.25 0.5 1 4 4 1484 3.9
5 TH10 10 0.5 1 2 4 8 NA 248 11.8
2 TH10 10 0.25 0.5 1 4 NA 749 7.0
6 TH10 10 0.125 0.25 0.5 2 NA 4275 1.8
7 TH10 10 0.0625| 0.125 | 0.25| 0.5 1 NA 26348 0.1

* The number of elements if symmetry is used. \Withthe use of symmetry it would be approximately

four times more.
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Undrained shear strength , Su (kN/m2)
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Slab discretisation
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Figure 3.14: Vertical displacements of superstructre and halfspace surface
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4 DISCUSSION OF ANALYSES

This chapter discusses the results from the fielement analyses. Firstly the
normalisation of the data is discussed. The nosatdin of the data allows for the data
of a limited number of models to be applied to devirange of models, based on the
structure’s relative bending stiffness. Secondly lbads generated within the model
are compared to the strength of the materials teraéne possible failure. Thirdly the
structural deformation is compared with suggesteiitd from the literature review.

Fourthly the effect of variation in foundation ledi$placement response is discussed.

4.1 Normalisation of data

The behaviour of a structure undergoing differérgettlement is determined by the
relative bending stiffness. The relative benditiiress depends on the:

» stiffness of the building materials,

» geometry of the building,

* geometry of the foundation; and

* soil stiffness.
By normalising the relative bending stiffness trehdwiour of a few specific models

can be applied to a wider range of structures,tasdhe relative bending stiffness.

The magnitudes of column loads at ground level wesed as an indicator of the
behaviour of the structure. Due to symmetry witthia structure only six column loads
needed to be used. Figure 4.1 shows the locafitimeocolumns. Column Al is the
corner column, A2 and A3 are the two edge colunBis, B3 and C3 are internal
columns with C3 being the nearest to the centthefktructure. Figure 4.2 shows the
column loads for the 5 bay structure with an imgoead of 0.5 kN/m? on the floors,
an imposed line load on the edges of the floorsskaib7.241 kN/m representing the
facades, a concrete stiffness of 13 GPa and astdfiless that ranges from 100 Pa to
1000 GPa. The wide range of soil stiffness is alistic for real soils; however it
provides valuable insights into the theoreticalitinral behaviour. From Figure 4.2 it
is evident that the column loads at ground level @pproximately constant for soil
stiffnesses larger than 100 MPa. The column l@dgound level vary for a stiffness
range from 0.01 MPa to 100 MPa. For soil stiffessewer than 0.01 MPa the column
loads are also constant. The change in columms laad the ultimate strength of the

structure are discussed in detail in the followgegtion.
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Figure 4.3 shows column loads for the same stractunere the stiffness of the
concrete in the structure was increased by thrdersrof magnitude (from 13 GPa to
13 000 GPa). From the results in Figure 4.2 aiditdis evident that an increase
of 3 orders of magnitude in structural stiffnessdsiivalent to a decrease of 3 orders of
magnitude in the stiffness of the soil. It is #fere the relative bending stiffness and

not the absolute values that determine the behawiahe structure.

To determine the effect of the geometry of thedind on the relative bending stiffness
an ‘equivalent’ single slab with a similar stifflesvas calculated. Potts and
Addenbrook (1997) have suggested two possible appes to calculate the stiffness
(Ell) of a structure. The first approach employs thealtel axis theorem to define the

structural stiffness about the neutral axis as shiovEquation 4.1:

(Ecl )Stiffstrud = Ecz (I slab + A%Iabhz) Equation 4.1
1

Wheren is the number of storeys. Using Equation 4.1 gquivalent slab thickness of
14.0 m was calculated for the model. Finite elena@alysis carried out, replacing the
superstructure with a single 14.0 m thick slab raiugd level, with no soil contact,
supported by the subsoil columns and foundatiorith the same loading as the
original structure, showed the replacement slalbdosignificantly stiffer than the
structure. This can therefore be considered tameoverestimate of the building
stiffness. Only a rigidly framed structure wittabing would approach such a mode of

deformation.

The alternative method was used to obtain the begndtiffness by adding the
independentl values of each slab as shown in Equation 4.2.s irhplies that the

walls and columns transfer the same deformed stoeg@ch storey.

n
(Ecl )Flexstruct = Ecz I slab Equation 4.2
1

Using Equation 4.2 an equivalent slab thicknes$3# mm was calculated for the
model. The structural bending stiffness based qumkon 4.1 is approximately 18 000
times stiffer than the bending stiffness based guaon 4.2. Figure 4.4 compares the

column loads at ground level for the 532 mm sladh #ue structure. From the graph it

113



is evident that the stiffness of the single 532 siab is a good approximation of the

stiffness of the structure.

Based on a plane strain analysis (only) Potts asdieAbrooke (1997) defined relative

bending stiffnesg* of a building as:

= _E
EH*

S

Equation 4.3

Where El is the bending stiffness of the superstructitejs a representative soil
stiffness andH is half the width (in the plane of deformation) tbe superstructure.

From the equation it is evident that for a fixedlding and foundation geometry

p U E which coincides with the data given in Figure dti2l 4.3. From Figure 4.4

s
it is evident thatEl for this flexible structure without bracing or fl#ning due to
facades can be calculated with Equation 4.2. Terdene the effect of building width
a 5 bay x 4 bay and a 5 bay x 3 bay model wereysedl Both models were produced
by removing either 1 or 2 of the internal bayste & bay model, which resulted in an
identical line load on the edges of the floor slabv&l identical edge and corner

foundations for the structures.

Figure 4.5 shows the normalised ground level colloads of the 5, 4 and 3 bay
structures normalised using from Equation 4.3 wherél is half the length of the
structure. Note that due to the formulationpdfthe ‘stiffer soil’ is on the left of the
horizontal axis, in contrast to the previous graphere the stiffer soil is on the right.
The column loads were normalised to the column loaithe specific column without

any soil-structure interaction effect (i.e. foundedan infinitely stiff soil).

Figure 4.5 shows that the corner column loadseénitiear elastic finite element model
for a ‘rigid’ structure may be up to 5 times greatean for the flexible structure. A
basic load takedown to determine column loads cbealdsed for the flexible structure;
however a load takedown would underestimate thenwolloads for the linear elastic
‘rigid’ structure model. It is important to notieat the results in Figure 4.5 are based on
a linear elastic model. Failure of concrete in todumns, floor slabs or soil failure

may reduce the column loads.
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Three distinct zones of behaviour within the sdilusture stiffness range can be
identified within Figure 4.5:

e Zone 1 ‘Flexible structureis the zone of relative bending stiffn€gs) where
the structure is flexible in comparison with thel.sg* is typically less than
1 x 10% in Zone 1 The structural loads idone 1can be determined without
taking differential settlement into account.

e Zone 2 ‘Intermediate structurés the intermediate zone where the loads in the
edge and corner columns increase and the load&eninternal columns
decrease with an increase of relative bendingnsi. p* typically ranges
from 1 x 10° to 1 x 10" in Zone 2

e Zone 3 ‘Rigid structureis the zone of relative bending stiffn€s$) where the
structure is rigid in comparison with the soil. Zone 3 the loads, stresses and
differential movements within the structure are stant, independent of the

relative bending stiffnessp* is typically larger than 1 x 10in Zone 3

The designed 5 bay structure on a typical LondoayGkith an undrained shear
strength §) of 90 kPa results in an approximate relative hemdstiffness £*)

of 2.2 x 1¢°, which falls in Zone 1. This relative bendingffsiéss was based on a
concrete stiffness of 13 GPa, a bending stiffneseth on Equation 4.2, i.e. the sum of
independenEl values of each slab and a soil stiffness of 60@& MRe soil stiffness are

discussed in detail in section 4.2). The ‘typicstfucture modelled in this thesis by

finite element analysis will therefore behave fldyi

The ‘typical’ structure modelled in this thesis Wway of finite element analysis was
modelled without any internal walls or bracing teduce the complexity. To
investigate the effect of a stiffer structure tloaarete stiffness was increased by orders

of magnitude instead of adding internal walls arating.

Internal walls and bracing within structures wilcrease the bending stiffness of the
structure. The stiffness, location and fitmentdstof the walls and bracing will affect
the bending stiffness of the structure. The bepditiffness can be expected to be
between the lower bound calculated by Equatiorea®the upper bound calculated by
Equation 4.1. For the ‘typical’ structure modeli@dthis thesis the bending stiffness
calculated by Equation 4.2 is approximately 4 asdef magnitude larger than the

bending stiffness from Equation 4.1.
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4.2 Structural strength

This section discusses the loads within the nurakrimear-elastic models and
compares them to the strength of the members. fflwegshs of the members were then
compared to the loads from the linear-elastic mtal@tdicate possible concrete or soil

failure.

Concrete, reinforcement steel and soil have namlinstress-strain characteristics.
Modelling this behaviour numerically on a full sealtructure is complex and requires
significant computing power; therefore a simplifikiear elastic model was used to

model the behaviour of the structure.

Because linear-elastic numerical models were usedddtermine the effect of
differential settlement on the loads within thausture, the maximum load in the model
could be infinitely high (depending on the deforima}, whereas in a real building the
material may fail, limiting the load. Under norn@derating conditions the structural
members are not intended to be stressed to failueeefore comparing the load in the
linear-elastic model to the strength gives an iatom of the performance of the

structure.

The structural strength of reinforced concrete mensitvaries and is influenced by the
strength of the individual materials and productiontrols. To ensure adequate
member strength the British Standards InstitutiB$1(8110-1: 1997) design code
recommends the use of partial safety factors fétimate limit state design. A
characteristic material strength is defined assthength of the material at which less
than 5% of all possible test results are expeabethit. The characteristic material
strength is then reduced by a partial safety fastich depends on the type of material
and application to calculate design strength. éxample, the characteristic strength of
reinforcement steel is divided by a factor of ldttl concrete in flexure or axial load
by a factor of 1.50. The same principle applieslé@ads. Characteristic loads are
calculated and increased by a partial safety fadegending on the load type and
application. In the design, the design load shdddess than the design strength, to
ensure a safe structure. Under normal operatimglitons the actual load will be
significantly less than the design load and thenel® strength will be higher than the

design strength.
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The loads in the numerical models are based onceeghéoads and not ultimate design
loads and are therefore significantly lower. Thwaosed live load on the model is
0.5 kN/m2 on all the floors with no roof load. dontrast the ultimate design live load
for the floor slabs ranges from 0 to 4.0 kN/m2 dejieg on the load combination.
Dead loads on the model are the characteristicsloada partial safety factor of 1.0 in
contrast to the design dead load where a partiatyséactor of 1.0 to 1.4 is used
depending on the load combination. The loads énsthucture under normal operating

conditions should therefore be significantly lowleain the strength of the members.

The following sections will compare the column Isatbundation loads and bending

moments in the slabs from the finite element modéis the strength of the members.

4.2.1 Column loads

Column strength depends on the geometric and rahtmoperties of the column. To
simplify the design, the same column dimensiond) (4&n x 450 mm) were used
throughout the structure. The column design wasdan the maximum load which
occurred at an internal column at ground levelis Holumn was used to calculate the
column strength for comparison. The column wass@ #m x 450 mm reinforced
column with 9 Y40 reinforcement bars (3 on eacle)sidith 40 mm cover. A 30 MPa
actual strength of the concrete was assumed.strueture the actual concrete strength

will vary and will depend on site quality control.

A concrete column fails due to a critical combioatof axial load and biaxial bending.
To calculate and present this 3-dimensional eneeliepcomplex and therefore the
simplification as suggested in BSI 8110-1 (19973 waed. The code suggests the use

of the following equations to compare biaxial bewgdio uniaxial bending:

[ ] [ - hl .

For MX/hZMy/b,MX—MX+,BEMy Equation 4.4
Ih<M,/b'\M,'= " |

For M, /h'<M, ,My—My+,6’EMX Equation 4.5

Whereh' andb’ are the depth of the reinforcing steel &rid a coefficient based on the

axial force on the column, the dimensions and atecstrength.

The uniaxial column strengths under combined akiatl and bending moments are

shown in Figure 4.6. Table 4.1 shows the axialmwl loads with the equivalent
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uniaxial bending moment derived from the biaxiahdieg moments and the column
loads from the model using Equations 4.4 and 4AS.the relative bending stiffness
increased in the linear elastic model the axiatiom the corner columns increased by
approximately 5 times, the loads in the edge coluaproximately doubled and the
loads in the internal columns reduced to approxeiyal/3 in comparison to the
column loads within a flexible structure. The sdiighlighted in grey show where the
loads from the linear elastic numerical model egdbe strength of the column. These
column loads are based on a linear elastic model,nb slab or foundation failure
occurs. Yielding of foundations may protect theistiure from damage to the columns.
Foundation failure is discussed in section 4.232ab failure is discussed in Section
4.2.3. From Table 4.1 it is evident that (withdotindation or slab failure) column
failure may occur for a relative bending stiffne@g) higher than approximately
1.32 x 10* which is in Zone 2, intermediate stiffness. I tkolumns were sized
according to the expected loads (i.e. a cornemaplamaller than an internal column),
failure in the corner and edge columns may occur latver relative bending stiffness.
Column failure will result in moment redistributiovithin the structure or instability of

the structure.

4.2.2 Foundation loads

Foundation loads depend on the load-displacemaprse and the displacement of
the foundation. This section firstly discussesnfiation loads with a linear foundation
load-displacement response and secondly foundadtiads with a non-linear load

foundation response.

Figure 4.7 shows the foundation loads (not colupad$ at ground level) from the
linear-elastic model normalised to relative bendtifjness f*). The foundation loads
are constant in Zone 1, Flexible structupg<(l x 10%. In Zone 2, Intermediate
stiffness (1 x 10 <p*<1 x 10" the loads in the corner foundation (A1) and edge
foundations (A2 and A3) increase while the loadshim internal foundations (B2, B3
and C3) decrease. In Zone 3, Rigid structptee{ x 10" the foundation loads are
constant again. The load in the corner foundasapproximately 2.5 times greater in
Zone 3 than in Zone 1; however these values aredbas foundations on a linear
elastic soil resulting in linear load-displacemeesponse. Foundation failure (non-

linear load-displacement response) may reduceotislin the foundations.

To determine the effect of non-linear load-disptaeat response a ‘non-linear’ model

was analysed which consisted of changing the s88runder foundations according to
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the settlement. For the ‘non-linear’ model, a duite with a relative bending stiffness
(p*) of 1.32 x 10 (Zone 3, Rigid structure) was used to evaluateefifect of non-
linear load-displacement response. In Zone 3 thetsire is rigid in comparison with
the soil and foundation failure may be expectgt. is a function of both the soil and
superstructure stiffness and for the model, firgtty appropriate soil stiffness and
secondly the superstructure stiffness were deteuinfor a relative bending stiffness
(p*) of 1.32 x 10

Soil stiffness is a function of the strain withis avell as the strength of the soll
(Atkinson, 2000). Figure 4.8 (Atkinson, 2000) sisahe relationship between the soil
secant stiffness divided by initial soil secanffiséiss vs. the foundation settlement
divided by the foundation width. The graph waseobsen data from settlement of
foundations on London Clay. To determine a stéfprofile for the model, a tangent
stiffness was chosen for each intervabt¥ and the corresponding secant stiffness was
calculated (shown on Figure 4.9). The input tahgéffnesses were changed until the
calculated secant stiffness corresponded with theard stiffness degradation as
suggested by Atkinson (2000). With the tangefrftnstss,p/B intervals and an initial
small strain soil stiffness a stress strain cures ealculated. Soil stiffness is related to
the soil strength (Atkinson, 2000), therefore thigial soil stiffness must be based on
the soil strength. For the designed structure radrained soil shear strengt@,] of

90 kPa was used. The following equation (Euroc@yeives the ultimate bearing

stress for a pad foundation:
Qu =(mr+212C, +q Equation 4.6

Where Qy; is the ultimate bearing stress, the undrained shear strength, apthe
surcharge. Assuming the surcharggi¢ approximately equal to the self weight of the
foundation and the soil above @,; = 6.17C,. For an undrained shear strength of
90 kPa, the ultimate bearing capacity is therefss® kPa. Figure 4.10 shows the
applied stress vs. settlement graph based on Akisstiffness degradation curve and
an initial small strain stiffness of 600 MPa. Téph shows an initial small strain
stiffness of 600 MPa, which relates to an ultimagaring stress of approximately 555
kPa.

For a relative bending stiffnesg*j of 1.32 x 10 and a soil stiffness of 600 MPa, a

structural stiffnessE.l) of 9.79 x 16 kN.n? was needed. For the required structural

stiffness, the concrete stiffneds; ) was increased instead of the second moment of
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inertia (). This resulted in an unrealistically high corerstiffness (780 000 GPa),

however it is easier to change the concrete sgffrtban the geometry, and it has the
same effect on the structural stiffness. The loigihcrete stiffness (780 000 GPa) was
assigned to the superstructure (slabs and coluamtsjhe foundations were assigned a

normal concrete stiffness of 13 GPa.

To analyse the ‘non-linear’ model a concrete stié of 780 000 GPa and an initial
soil stiffness of 600 MPa were used (which relaterelative bending stiffness gf*()

of 1.32 x 10' as shown above). Below each foundation a soitkbleas defined to
which an individual stiffness was assigned. Thildocks were 7.5 m x 7.5 m wide
and 10.4 m deep (5.4 m below foundation level)dio@de with the mesh boundaries.
For the first iteration 10% of the structural loaas assigned to the structure and a
600 MPa soil stiffness was assigned to the blogks the surrounding soil. The
settlement of each foundation was extracted froenrtiodel and a new soil stiffness
calculated based from the stiffness degradatisha®/n in Figure 4.8. The calculated
stiffnesses were assigned to each soil block aftéch the model was analysed again.
These steps were repeated until the change imesHfin each block was less than
0.1 MPa, after which the load was increased by 188d the process repeated.
Table 4.2 shows the soil stiffness degradation wébh iteration for the model with a
concrete stiffness of 780 000 GPa for the supastre and 13 GPa for the
foundations. Table 4.3 shows the soil stiffnesgradéation with each iteration for the
model with a concrete stiffness of 780 000 GPabiath the superstructure and the
foundations. The final soil stiffnesses at 100%dldar the model with the 13 GPa
foundations were between 75 MPa and 100 MPa (betWeELl% and 0.20% strain)
and for the model with 780 000 GPa foundations betw94 MPa and 123 MPa
(between 0.07% and 0.13% strain). The stiffer éation resulted in less soil stiffness

degradation.

Table 4.4 shows the column loads of four modeldhite same relative bending
stiffness p* = 1.32 x 10) namely:
* The ‘non-linear model described above with a ceterstiffness of
780 000 GPa for the superstructure and 13 GPadédioundations.
* A linear model with a concrete stiffness of 780 @Ra for the
superstructure and 13 GPa for the foundations.
* The ‘non-linear model as described above with accete stiffness of
780 000 GPa for both the superstructure and theditions.
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« A linear model with a concrete stiffness of 780 G®a for both the

superstructure and the foundations.

The results show that the stiffness of the foumdiatinas an influence on the column
loads:

* The load in the corner column (Al) was reduced 4% in the non-linear
model with a 13 GPa foundation concrete stiffnesd 34% in the non-
linear model with a 780 000 GPa concrete stiffness.

* The loads in the edge columns (A2, A3) were redumeletween 1% and
4% in the non-linear model with a 13 GPa foundatoncrete stiffness
and 11% in the non-linear model with a 780 000 Gdterete stiffness.

* The loads in the internal columns (B2, B3, C3) ethfrom a reduction of
5% to an increase of 9% in the non-linear modéh wil3 GPa foundation
concrete stiffness and increase of between 56%68%ain the non-linear

model with a 780 000 GPa concrete stiffness.

It is evident that the foundation and soil stiffadsave a significant effect on the
column loads and yielding of foundations may prbthe structure against column

failure.

4.2.3 Slab bending moment

For a ‘rigid’ structure (i.e. in Zone 3) redistriimn of column loads may be possible by
bending of the slabs. Increased bending momengsitieg in column load

redistribution may lead to stresses which exceed atailable strength leading to
excessive deformation, shear failure or the foromatif plastic hinges and structural
damage. It is therefore important to check theliedpbending stresses for the finite

element analysis with the actual strength of thecoete.

For the design of the structure a simplified 2Drfeaanalysis was used to determine the
design bending moments in the slabs. These dégigding moments were compared
to the bending moments in the slabs calculatechbylibear elastic 3D finite element
analysis to determine possible failure of the dtmec To compare the bending
moment of the 3D finite element model with thosetledé design 2D frame, the 3D
model was divided into a series of 2D frames. frames are shown in Figure 4.11.
The bending moment for the frame was calculatedv®raging the bending moments

of the integration points for each row of elemgragpendicular to the 2D plane.
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Figures 4.12 and 4.13 compare the bending momeheifirst floor level slab from the
linear elastic finite element analysis model witle tesign strength envelope. Figure
4.12 is for an internal span and Figure 4.13 foredge span. From Figure 4.12 and
4.13 it is evident that the bending moments inracstire with a relative bending
stiffness larger than 1.32 x 1@all outside the ultimate limit state load envedppnd
that cracking with load redistribution will occurithin the slab which may lead to
failure of the structure. Yielding of foundatiomay prohibit slab failure. Slab failure
depends on the geometry and the load redistributitimin the structure, however it is
most likely that the slabs will firstly fail due tonacceptable deflection, secondly
collapse due to shear failure (the plastic defoignadf the reinforcing and the opening
of cracks reduce the shear resistance) and lagsllgpse due to the development of

enough plastic hinges for the structure to beconstable.

4.3 Structural deformation

Excessive deformation within a structure may havenapact on the serviceability of
the structure. The following two sections comptime deformation within the finite

element model with guidelines from the literature.

43.1 Tilt

Excessive tilt in buildings has an impact on visappearance and may therefore be a
limiting criterion with respect to differential slkefment. The British Standards
Institution (BSI 8110-2: 1985) provides guidelines deflection limits; however no
guidance is given for tilt. Burlaret al. (2001a) note that a deviation of slope, from the
horizontal or vertical, of more than 1:100 will nmally be clearly visible and overall

deviations in excess of 1:150 are undesirable.

Table 4.5 shows the maximum column tilt within eathucture with respect to the
structure’s relative bending stiffnegg). The first part of the table is for the struetur
with a concrete stiffness of 13 GPa on a soil witktiffness ranging from 1 x f@o

1 x 10 MPa. The second part of the table is for thecstime with a concrete stiffness
of 13 000 GPa on the same soil stiffness rangeortrete stiffness of 13 000 GPa is
unrealistic, however it simulates the effect oftiffes structure as would be the case
with bracing and internal walls. From the resitsTable 4.5 it is evident that the

maximum tilt does not relate to relative bendinffress; it is a function of both the

122



actual soil stiffness and the structure stiffne8sdecrease in soil stiffness results in an
increase of tilt. A decrease of structural stiffeelso results in an increase of tilt;

therefore a flexible structure is more likely tdfeufrom tilt.

If a maximum acceptable tilt of 1:100 is assumed. 80 mm movement on a 3 m
column), the structure with a 13 GPa concreters&#f on a soil stiffness softer than
10 MPa may experience excessive tilt. The strecwith a 13 000 GPa concrete

stiffness on a soll stiffness softer than 1 MPa mgyerience excessive tilt.

Spatial variation in soil stiffness may cause malethan what will occur on a

homogeneous soil. The above data is based on leraogs soil stiffness.

4.3.2 Deflection

Excessive deflection has an impact on the perfoceai a building. Deflection within
a building is caused by deflection within each staibby the deflection of multiple
spans due to column moment. Deflection of indigicslabs is usually decreased by an

increase in the stiffness (thickness) of the slab.

The British Standards Institution (BSI 8110-2: 1p8&commends a deflection limit of
1:250 for visual appearances. To limit damage to-stouctural elements (unless they
are specifically detailed to allow for deflectioasd then the 1:250 visual limit will be
applicable) the British Standards Institution recaands the following limits:

* 1:500 or 20 mm, whichever is the lesser, for lerittiaterials; and

e 1:350 or 20 mm, whichever is the lesser, for nattidipartitions or finishes.

The literature review suggested the following aagdistortion (not deflection) limits:
» 1:150 to 1:300 for structural damage of frames atitladding,
e 1:300 to 1:1 000 for facade cracking of frames witn load bearing walls;
and,

» 1:300 to 1:2 000 for damage to load bearing walls.

The type of structure analysed was an open placeoffith external facades detailed to
allow for deflections. Therefore the angular distor guideline of 1:150 to 1:300
would be considered acceptable. Assuming angulstordon guidelines do not

include any tilt of the building, the deflectiontimais twice the angular distortion, i.e.
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1:300 to 1:600. These values are stricter than1t@80 suggested by the British
Standards.

Table 4.6 shows the deflection of sections throtighe adjacent foundations parallel
to the facade against soil and structure stiffn@sdle 4.7 shows the deflection of
sections diagonal to the facade. Positive valbes/sa sagging deflection and negative
values a hogging deflection. The first part of thbles is for the structure with a
concrete stiffness of 13 GPa on a soil with a s ranging from 1 x TOto

1 x 10" MPa. The second part of the table is for thecttine with a concrete stiffness
of 13 000 GPa on the same soil stiffness rangeomferete stiffness of 13 000 GPa is
unrealistic, however it simulates the effect oftiffes structure as would be the case

with bracing and internal walls.

From the results in Table 4.6 and Table 4.7 itvislent that the deflection ratio at
ground level does not relate to relative bendiiiinsss; it is a function of both the
actual soil stiffness and the structure stiffnegsdecrease in soil stiffness generally
results in an increase in deflection. A decredsstroictural stiffness also generally
results in an increase in deflection; thereforkexilfle structure is more likely to suffer

from excessive deflection.

For the structure with a concrete stiffness of FaGnacceptable deflection is likely to
occur on soil stiffnesses softer than 10 MPa. tRerstiffer structure with a concrete
stiffness of 13 000 GPa unacceptable deflectiolikédy to occur on soil stiffnesses
softer than 0.01 MPa.

It is interesting to note that in the model witlke@ncrete stiffness of 13 GPa and a soll
stiffness of 1 MPa the maximum deflection on thgee$ 1:230, on the internal section
parallel to the edge it is less (1:183) than far #udge section and on the diagonal
section it is also less (1:134) than for the edsgien. For the model with a concrete
stiffness of 13 000 GPa and a soil stiffness 00D0.MPa the maximum deflection on
the edge is 1:702 and for the internal section llghrto the edge it is less (1:318).
These values show that the measurement of deftectiothe facade of the building
(i.e. assuming that the building deformation isnyanily in 2D) will result in an
underestimate of the maximum deflection. It sholwes necessity to take into account

the 3D behaviour when analysing for differentiatleenent damage.
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Burlandet al. (2001a) suggested the use of a simplified beamehtoddetermine the
deflection limit at which damage will occur. Theged a strain limit which is linked to
a damage category as discussed in the literatviewe This method is aimed at
structures with masonry load bearing walls andoisnecessarily applicable to modern
open plan offices. However it is interesting to Bee it compares to modern open plan

offices.

For an isotropic beam (E/G = 2.6) with the neutrak at the bottom and an L/H ratio
of 2 (based on the structure’s geometry) the fahowdeflection/strain ratio limit
applies (from Figure 2:22):

AL .

L = 082 Equation 4.7

glim
Table 4.8 shows the deflection limits against deeneafegory, based on Equation 4.7.
Refer to Table 2.13 in the literature review foe lamage category description. The
last column in Table 4.6 and 4.7 shows the damatggory according to Burlaret al
(2001a) guidelines. It is evident that the stif¢ructure (E= 13 000 GPa) is more

resistant to excessive deflections.

4.4 Variation in foundation-load displacement response

The previous models which have been discussed feoereled on a halfspace with
homogeneous soil stiffness. Buildings are ofteanfied on soils with a spatial
variation of stiffness which will cause differeuindation load-displacement responses
for similar foundations. This section summarisesnt the literature the spatial
variation of soil stiffness, the load-displacemezgponse of piles and the effect it has

on a structure.

Phoon and Kulhawy (1999) showed that the coefficieh variation (COV) for

undrained shear strength may be up to 80%; howtietypical mean COV for the

groups range from 22% to 33% (Table 2.2). It ierdifiore expected that the soil
stiffness may also vary in a similar order of magmé. Phoon and Kulhawy also
showed that the horizontal fluctuation of soil pedpes may be as short as 3 m,
therefore it is possible to have different soil ditions under adjacent foundations.
Soft soils may cause excessive foundation settlenzam hard spots beneath

foundations may cause a stiffer load-displacemesponse of the foundation.
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Reused foundations often have a stiffer load-desgtaent response due to the
preloading from the previous structure. Whitaked &@ooke (1966) showed that the
reload load-displacement response of a pile mayebetimes stiffer than the virgin

load-displacement response.

Soil stiffness can vary significantly under a stawe and to fully investigate the effect
of soil variation on a structure a significant nienlmf models need to be analysed.

Due to limited resources only two sets of modelsaweodelled.

The first set consisted of a superstructure witorcrete stiffness of 13 GPa on a soil
with a 10 MPa stiffnesgt = 1.32 x 10). The soil stiffness under foundation B2 (see
the figure in Table 4.6 for the location of B2) welsanged to O, 1, 5, 10, 20 and
100 MPa. As discussed in the previous paragrapéstypical COV of the soil's

stiffness will be approximately 22% to 33% with extreme case being 80%. The
extreme case correlates with 2 MPa and 18 MPasfiless for this model. The reuse
of foundations combined with new (virgin) foundatohowever may result in a more
significant variation of load-displacement stiffee®sponse of up to 10 times. This

correlates to a 1 MPa and 100 MPa soil stiffnesshis specific model.

The second set consisted of a superstructure wittnarete stiffness of 13 GPa on a
soil with a 100 MPa stiffnesg’ = 1.32 x 10). The soil stiffness under foundation B2
was changed to 0, 10, 50, 100, 200 and 1 000 MRachange the stiffness below
foundation B2 a soil block which surrounded thenidation was defined to which the
new stiffness was assigned. The block was 7.5 fb5xn wide (equal to the column
spacing) and 10.4 m deep (5.4 m below foundatigalje The value of 10.4 m was

chosen because it coincided with a mesh boundary.

Table 4.9 shows the change in column loads at grdemel compared to those

calculated for the models with homogeneous sdfhstses.

On the 10 MPa modebt = 1.32 x 10f) with 1 MPa _stiffness below foundation B2 the
loads in the adjacent columns increased by eitBe#63(internal columns) or 42 %
(edge columns) and the load in column B2 decreagetil2%, which is more than
100%, a tensile stress due to the foundation aedsdll above the foundation being

supported by the superstructure and not the stolb#. Increasing the soil stiffness
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under foundation B2 to 100 MPa increased the lgatbandation B2 by 14 %. From
the results it is evident that not only softerlddi foundations, but also a harder spot
under a foundation (or stiffer foundation load-disement response due to a reused

foundation), may have an effect on structural loaitlsin a structure.

On the 100 MPa modeb( = 1.32 x 10) with 10 MPa stiffness below foundation B2
the loads in the adjacent columns increased byrefh% (internal columns) or 7 %
(edge columns) and the load in column B2 decredsed4%. Increasing the soll
stiffness under foundation B2 to 1 000 MPa incrdabe load on foundation B2 by
4 %. The results showed that the higher the ovstiffhess of the soil, the less impact

a stiffer load-displacement response of foundatias on the structure.
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Table 4.1: Predicted column failure at ground levetue to axial load and bending
moment
Zone 1 Zone 2 Zone 3
Flexible Structure Intermediate stiffness ‘Rigid’ structure
p* 1.32e-7| 1.32e-6 1.32e-5 1.32e14 1.32¢-3 1.32%e-2 2ei13| 1.32e+0| 1.32e+l

Axial load in 778 778 781 799 1086 2766 3931 4104 4122

Al (kN)

Bending 0 0 4 37 334 1870 4508 5534 5667
moment in Al

(kN.m)
Axial load in 1596 | 1597 | 1605 1661 1921 2587 2954 3006 3011

A2 (kN)

Bending 0 0 3 35 316 1991 5406 6833 7035
moment in A2

(kN.m)
Axial load in 1438 1441 1456 1573 2155 2691 2722 2717 2716

A3 (kN)

Bending 0 0 3 30 274 1777 4935 6225 6404
moment in A3

(kN.m)
Axial load in 3310 | 3303 | 3267 3047 2251 1342 987 943 939

B2 (kN)

Bending 0 0 3 26 264 1730 3763 3918 3895
moment in B2

(kN.m)
Axial load in 3020 3019 3007 2912 2414 1307 901 834 827

column B3
(kN)

Bending 0 0 2 23 210 1262 2522 2453 2406
moment in B3

(kN.m)
Axial load in 2733 | 2735 | 2747 2792 2615 1473 860 773 763

C3 (kN)

Bending 0 0 1 10 93 582 1015 845 805
moment in C3

(kN.m)
Legend Predicted column failure
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Table 4.2:

Soil stiffness degradation (780 000 GRaperstructure, 13 GPa

foundations)
Load on Soil stiffness under foundation (MPa)
model
lteration (%) Al A2 A3 B2 B3 C3
(Corner) (Edge) (Edge) (Internal) | (Internal) | (Internal)

1 10 600.0 600.0 600.0 600.0 600.0 600.¢
2 10 293.7 319.0 318.7 347.7 347.5 347.3
3 10 278.1 305.4 305.4 333.2 333.2 333.3
4 10 277.1 304.2 304.3 331.9 332.0 332.]
5 20 277.0 304.1 304.2 331.9 332.0 332.(0
6 20 204.1 229.3 229.3 255.2 255.3 255.4
7 20 198.3 221.4 221.6 247.0 247.3 247 .5
8 20 197.4 220.1 220.4 245.8 246.1 246.3
9 30 197.4 220.2 220.4 245.8 246.1 246.4
10 30 163.9 183.1 183.3 204.6 204.9 205.1
11 30 159.6 177.7 178.1 200.3 200.6 200.9
12 30 159.0 177.0 177.3 199.7 200.0 200.3
13 40 158.9 176.9 177.2 199.6 199.9 200.2
14 40 138.7 155.4 155.6 174.6 174.9 175.2
15 40 135.8 152.8 153.1 171.8 172.1] 172.5
16 40 135.4 152.5 152.8 1714 171.8 172.1
17 50 135.4 152.4 152.8 1714 171.7] 172.1
18 50 120.9 136.9 137.2 154.5 154.8 155.1
19 50 118.8 134.4 134.8 152.3 152.7] 153.(
20 50 118.5 134.0 134.4 151.9 152.3 152.7
21 60 118.4 133.9 134.3 151.9 152.3 152.7
22 60 107.8 122.1 122.4 139.1 139.5 139.9
23 60 106.1 120.3 120.7 137.0 137.4 137.9
24 60 105.9 120.0 120.4 136.6 137.1] 137.6
25 70 105.8 119.9 120.3 136.6 137.0 137.4
26 70 96.9 110.6 110.9 125.6 126.0 126.4
27 70 95.7 109.1 109.5 124.1 1245 1249
28 70 95.5 108.9 109.2 123.8 124.2 124.7
29 80 95.5 108.8 109.2 123.8 124.2 124.6
30 80 89.8 101.5 102.0 116.0 116.5 117.
31 80 88.7 100.1 100.5 114.5 115.0 115.5
32 80 88.4 99.8 100.2 114.2 114.7 115.2
33 90 88.4 99.7 100.2 114.1 114.6 115.2
34 90 82.5 94.1 94.4 107.6 108.0 108.5
35 90 81.3 93.1 93.5 106.4 106.9 107.3
36 90 81.0 92.9 93.3 106.2 106.7 107.1
37 100 81.0 92.9 93.3 106.1 106.6 107.1
38 100 76.4 88.3 88.7 100.3 100.8 101.3
39 100 75.7 87.3 87.7 99.0 99.6 100.2
40 100 75.6 87.1 87.5 98.7 99.3 99.9
41 100 75.5 87.0 87.5 98.7 99.3 99.8
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Table 4.3:

Soil stiffness degradation (780 000 GRaperstructure and foundations)

Load on Soil stiffness under foundation (MPa)
model
lteration (%) Al A2 A3 B2 B3 C3
(Corner) (Edge) (Edge) (Internal) | (Internal) | (Internal)
1 10 600.0 600.0 600.0 600.0 600.0 600.¢
2 10 335.0 360.8 360.0 388.7 387.9 387.2
3 10 322.6 349.4 349.0 376.6 376.2 375.4
4 10 321.6 348.5 348.2 375.7 375.3 375.(0
5 20 321.5 348.5 348.1 375.6 375.2 375.0
6 20 2453 271.8 2715 298.6 298.3 298.1
7 20 238.4 265.1 264.9 2915 291.4 291.4
8 20 237.7 264.3 264.2 290.7 290.6 290.6
9 30 237.7 264.2 264.1 290.6 290.5 290.5
10 30 198.2 220.7 220.6 245.9 245.9 245.4
11 30 194.0 215.1 215.2 240.3 240.4 240.5
12 30 193.4 2145 2145 239.7 239.8 239.9
13 40 193.3 214.4 2145 239.6 239.7 239.9
14 40 168.9 189.1 189.2 210.8 210.9 211.1
15 40 165.7 185.3 185.5 206.8 207.1 207.3
16 40 165.2 184.7 184.9 206.1 206.4 206.7
17 50 165.1 184.6 184.8 206.0 206.3 206.¢
18 50 149.1 166.4 166.6 187.3 187.5 187.8
19 50 146.6 163.8 164.1 184.0 184.4 184.¢
20 50 146.2 163.4 163.6 183.5 183.9 184.3
21 60 146.1 163.3 163.6 183.4 183.8 184.2
22 60 133.0 150.2 150.4 168.6 168.9 169.3
23 60 130.6 148.1 148.4 166.3 166.7] 167.1
24 60 130.2 147.7 148.0 166.0 166.3 166.7
25 70 130.1 147.6 148.0 165.9 166.3 166.7
26 70 120.8 136.6 137.0 154.2 154.5 154.8
27 70 119.0 134.6 135.0 152.4 152.8 153.2
28 70 118.7 134.2 134.6 152.1 152.5 152.9
29 80 118.6 134.1 1345 152.0 152.4 152.4
30 80 110.5 124.9 125.2 143.1 143.3 143.7
31 80 109.1 123.4 123.8 140.8 141.4 141.9
32 80 108.8 123.1 123.4 140.4 140.9 1411
33 90 108.8 123.1 123.4 140.4 140.9 1411
34 90 102.4 116.2 116.6 132.0 132.5 133.1
35 90 100.9 114.6 115.1 130.2 130.8 1314
36 90 100.6 114.3 114.8 129.8 130.4 131.(
37 100 100.5 114.2 114.7 129.7 130.3 131.0
38 100 95.2 108.4 108.8 123.3 123.7] 124.2
39 100 94.2 107.2 107.6 122.1 122.6 123.1
40 100 94.0 107.0 107.4 121.8 122.3 122.8
41 100 94.0 106.9 107.3 121.8 122.3 122.8
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Table 4.4: Column loads in linear and non-linear mdels
Model 1 Model 2 Model 3 | Model 4
Type Non-linear | Linear | Non-Lineay Linear
Superstructure concrete stiffness (GPa) 780 000 780 000 780 000| 780 000
Foundations concrete stiffness (GPa) 13 13 780 000 | 780 000
Column load (kN)
Al (Corner) 1863 2158 2595 3931
A2 (Edge) 2210 2292 2628 2954
A3 (Edge) 2091 2118 2424 2722
B2 (Internal) 2160 2285 1560 986
B3 (Internal) 2033 1988 1481 900
C3 (Internal) 1837 1692 1339 860

Change with respect
to model 2 (%)

Change with respect
to model 4 (%)

Al (Corner)
A2 (Edge)
A3 (Edge)

B2 (Internal)

B3 (Internal)

C3 (Internal)

-14
-4
-1
-5
2
9

[cNeolNoNeNoNo)

-34
11
11
58
65
56

[oNeoNoNeNoNo)
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Table 4.5:

Column tilt in structure

Es E.* Relative bending stiffnessg*) | Maximum column
(MPa) (GPa) tilt in structure
Zone 1, Flexible structure
1.00 x 18 13 1.32 x 10/ 1:130 064
1.00 x 16 13 1.32 x 10 1:50 884
1.00 x 16 13 1.32 x 10° 1:6 905
Zone 2, Intermediate stiffness
1.00 x 10 13 1.32 x 10 1:707
1.00 x 18 13 1.32 x 10° 1:76
1.00 x 10" 13 1.32 x 10 1:11
Zone 3, Rigid structure
1.00 x 1¢° 13 1.32 x 10" 1:3
1.00 x 1¢° 13 1.32x 16 1:0.5
1.00 x 1¢* 13 1.32x 10 1:0.05
Zone 2, Intermediate stiffness
1.00 x 18 13 000 1.32 x 1¢* 1:714 420
1.00 x 16 13 000 1.32 x 1¢° 1:76 843
1.00 x 16 13 000 1.32 x 10 1:11 775
Zone 3, Rigid structure
1.00 x 10 13 000 1.32 x 10" 1:2 872
1.00 x 18 13 000 1.32 x 16 1:481
1.00 x 10" 13 000 1.32 x 10 1:49
1.00 x 10° 13 000 1.32 x 16 1:5
1.00 x 10° 13 000 1.32 x 16 1:0.5
1.00 x 10 13 000 1.32 x 1d 1:0.03

*Note: Second moment of area (l) is constant
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Table 4.6: Deflection ratio at ground level (parakl to facade)
Es E.* Relative Deflection ratio at ground level A:L) Damage
(MPa) (GPa) bending Bay 1-3 Bay 2-4 category
stiffness Al1-A3 B1-B3 Ci1-C3 A2-A4 B2-B4 C2-C4
(*)
Zone 1
Flexible
structure
1.00 x 10 13 1.32 x10 1:16 748 1:9 042 1:9 596 -1:102 827 -1: 61 378 -1: 60 704 0
1.00 x 16 13 1.32x 10 1:14 478 1: 8 096 1:8 492 -1:131 217 -1: 76 560 -1: 78 510 0
1.00 x 16 13 1.32 x 10 1:7 766 1:4875 1:4 809 1:52 612 1: 33749 1:26 706 0
Zone 2z
Intermediate
stiffness
1.00x 18 13 1.32x 10" 1:1605 1:1234 1:1128 1:2 853 1:1977 1:1708 2
1.00 x 16 13 1.32x 10° 1:230 1:225 1:210 1:235 1:199 1:183 4t05
1.00 x 10 13 1.32x 107 1: 60 1: 70 1:74 1:43 1:46 1: 47 4t05
Zone &
Rigid
structure
1.00 x 10 13 1.32x 10" 1:42 1:51 1:56 1:28 1:31 1:34 4t05
1.00 x 10° 13 1.32x16 1:40 1:57 1:55 1:26 1:29 1:34 4t05
1.00 x 1¢* 13 1.32x18 1:40 1:78 1:54 1:19 1:21 1:89 4t05
Zone 2z
Intermediate
stiffness
1.00 x 10 13 000 1.32x 10 1:1603114| 1:1239342| 1:1138117| 1:2765836| 1:1970044 | 1:1718 548 0
1.00 x 16 13 000 1.32x 10° 1:229782 1:225779 1:211 798 1:231532 1: 198 646 1: 183 260 0
1.00 x 16 13 000 1.32 x 107 1: 60 476 1: 69 670 1: 74789 1: 42 509 1:45791 1:47 315 0
Zone ¢
Rigid
structure
1.00 x 108 13 000 1.32x 10" 1:42 180 1:50 939 1:56 454 1:27 742 1: 31363 1:33739 0
1.00 x 16 13 000 1.32x16 1: 40 429 1:57 484 1:54 619 1: 25 586 1: 28 957 1:34 398 0
1.00 x 10 13 000 1.32x18 1: 40 252 -1: 78 084 1: 54 437 1:19371 1:21 262 1: 88 757 0
1.00 x 1 13 000 1.32x 168 1:40 214 -1:3211 1:54 348 1:5752 1: 5907 -1: 6 058 0
1.00 x 10° 13 000 1.32x 16 1: 40 000 -1: 318 1: 54 545 1: 702 1: 705 -1: 570 4t05
1.00 x 10 13 000 1.32x1d 1: 37 500 -1:29 1: 50 000 1:58 1:58 -1: 60 4t05
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Table 4.7:

Deflection ratio at ground level (diagoal to facade)

Es Ec* Relative Deflection ratio at ground Damage
(MPa) (GPa) bending level category
stiffness Diagonal (taking
(*) A1-C3 B2-D4 Table 4.5
into account)
Zone 1
Flexible
structure
1.00 x 10 13 1.32 x10 1:7 987 -1: 43 161
1.00 x 16 13 1.32 x 10 1: 7153 -1: 54 817
1.00 x 16 13 1.32x 10 1:4 483 1:21 084
Zone z
Intermediate
stiffness
1.00x 18 13 1.32x 10" 1:1180 1:1296 2
1.00 x 16 13 1.32x 10° 1:187 1:135 4t05
1.00 x 10 13 1.32x 107 1:43 1:33 4105
Zone &
Rigid
structure
1.00 x 10 13 1.32x 10" 1:28 1:23 4105
1.00 x 10° 13 1.32x16 1:27 1:22 4t05
1.00 x 10' 13 1.32x16 1:27 1:24 4t05
Zone 2
Intermediate
stiffness
1.00 x10 | 13000 1.32x 10 1:1168 449| 1:1298 051
1.00 x 16 13 000 1.32x 10° 1:185024 | 1:134 805
1.00 x 16 13 000 1.32x 1 1: 42 497 1: 32 909
Zone &
Rigid
structure
1.00x 18 13 000 1.32x 10" 1:28 428 1:22 986 0
1.00 x 16 13 000 1.32x16 1:27 121 1:22 234 0
1.00x 10" | 13000 1.32x16 1: 26 992 1: 24 258 0
1.00x 10 | 13000 1.32x16 1: 26 989 1: 334 066 0
1.00x10° | 13000 1.32x 16 1: 26 852 -1:4238 4105
1.00x 10" | 13000 1.32x1d 1: 26 517 1:2 847 4t05
O ONONONG)
~rr®
| |
e A -
i
e f
o
ek +_©
|
|
_— .I_®
|
_— _(g)_®
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Table 4.8:

Deflection limits based on Burland et al(2001a)

Category of | Normal degree of | Limiting tensile strain | Deflection limit
damage severity (%)
0 Negligible 0-0.05
1:2 439
1 Very slight 0.05-0.075
1:1 626
2 Slight 0.075-0.15
1:813
3 Moderate 0.15-0.3
1:407
4t05 Severe to very severn >0.3
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Table 4.9: Column loads with soil stiffness variabn at foundation B2

Load difference at ground level with respect to 10 \®a

soil stiffness
(%)

Soil stiffness under foundation B2 (MPa) 0 1 5 10 (024 100
Soil stiffness rest of model (MPa) 10 10 10 1d 10 01
Column B2 -122 -112 -62 0 10 14
Column A2 & B1 (adjacent, edge) 45 42 23 0 -4 -5
Column B3 & C2 (adjacent, internal) 39 36 20 0 -3 -4
Column A1, A3, C1, C3 (adjacent, diagona|) -18to6 | -9to5| -5t03| O Otol -1tol
Other columns -7t00 | -1t0 0 0 0 0 0

Load difference at ground level with respect to 10MPa

soil stiffness
(%)

Soil stiffness under foundation B2 (MPa) 0 10 50 00 200 1000
Soil stiffness rest of model (MPa) 100 100 100 100 100 100
Column B2 -119 -14 -2 0 2 4
Column A2 & B1 (adjacent, edge) 55 7 1 0 -1 -2
Column B3 & C2 (adjacent, internal) 46 5 1 0 -1
Column A1, A3, C1, C3 (adjacent, diagonal) -19t07 | -1to 1 0 0

Other columns -7t00 | -1t00 0 0
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5

5.1

5.1.1

CONCLUSIONS AND SUGGESTIONS FOR
FURTHER WORK

Conclusions

Conclusions from the literature

The literature review shows that soil-structurestiattion is important. Soil-
structure interaction causes transfer of loads iwitthe structure and
deformations. Transfer of load within a structwi# cause different loads to
those predicted without soil-structure interactigich may lead to structural
damage or failure. Deformations in the structuss ause visual damage i.e.
cracking of facades or partitions; loss of funcélity, i.e. doors and windows
that get stuck; and unacceptable visual deformatian deflected slabs and
tilting of columns (Section 1 & 2.4).

Movements within the superstructure of a buildimg aot always due to
differential settlement of foundations. Signifitamovements within the
superstructure may occur due to the movement ofmiimbers under imposed
loads and variation in temperature (Section 2.224).

To date definitions to describe differential settént have been defined for 2D
deformation without provision for the 3D deformatiacharacteristics of
structures. This thesis considers the 3D naturenoflern flexible framed
structures undergoing differential settlement (Bac2.1)

The current state of the art assumes that damaga bwilding due to
differential settlement is confined to cladding afmishes, rather than the
structural members. This may be valid for oldenvamtional buildings with
brick infill panels, however modern flexible frambdildings with facades that
allow for differential settlement may suffer frormacceptable aesthetical
deflections, tilting or structural damage beforemdge to the facades or
finishes occur (Section 2.3 & 2.4).

150



The current state of the art assumes that the mhraef a 3D structure

undergoing differential settlement can be represkbly a simplified 2D beam

undergoing bending and shear deformation. For damgagediction, the

deformation and maximum tensile strain within theatm are calculated and

compared to known critical tensile strains for dgenan infill panels. For this

method to be valid the following criteria need todatisfied:

(0]

Insignificant differential settlement must occurrgendicular to the
plane of bending. This may happen where diffeatnsiettiement
occurs due to tunnelling or open excavations parédl the structure,
however differential settlement driven by the seléight of the
building results in 3 dimensional deformation o ttructure (Section
2.4.1).

The complete building (including facades and gartg) is constructed
before any differential settlement occurs. Thisyrba a justifiable
assumption if the differential settlement is caudeyl adjacent
excavation after the completion of the building. wéwer, for
differential settlement driven by the self weighttbe building the
change of stiffness of the structure and the se#fe that occurs as
construction progresses, need to be taken intauat¢8ection 2.4.1).
The facades and patrtitions are fixed to the frantk reo allowance is
made for differential settlement. Gaps or brackall®wing for
movement will reduce the strain in facades anditpars (Section
2.4.1).

The equivalent bending and shear stiffnesses dittieture need to be
predicted. Potts and Addenbrooke (1997) calculdtezl bending
stiffness of the superstructure by using the palraltis theorem, which
in their view is an overestimate of building std#Bs as only a rigidly
framed structure would approach such modes of deftion. They
also suggest an alternative approach by which ¢melihg stiffness of
the superstructure is obtained by summing the imdeentEl values
for each storey, which implies that the walls antlmns transfer the
same deformed shape to each storey. No furtheélagae is given in

the literature on the stiffness of a real struc{@ection 2.2.4).
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5.1.2

Extensive codes in the form of Eurocodes and Briiéandards exist with
guidelines on how to design a building. In corttrésere is little guidance in
the literature on how to perform a numerical analysf a structure and its
foundations, with the aim of providing the loadgfaimations, shear forces

and bending moments that will occur in reality.

Conclusions from the methodology

The methodology involved the design of a structoréetermine the member
sizes for the subsequent finite element analysst{@ 3.1.2).

The design was done using British Standards andethhecodes. Standard
design Excel spreadsheets from RCC-2000 were usedthe design.
RCC-2000 are design spreadsheets based on BSI1811997) and were
published by the British Cement Association on Iifedfathe industry sponsors
of the Reinforced Concrete Council (Section 3.1.2).

A finite element analysis of a complete building pad foundations was
carried out using LUSAS on a 2.4 GHz Intel Core2o0lRC with a 32-bit
platform and 3 GB of RAM (Section 3.1.2).

The size of the linear elastic model in LUSAS wiasted by the discretisation
of the foundations and supporting halfspace andgdhe solver. LUSAS is
only available as a 32-bit program and can theeetonly use a maximum of
3 GB of RAM (Section 3.3).

In the finite element model, column loads at grolewetl supported by a ‘rigid’
halfspace were within 10% of the load takedowngcwated assuming each
column supports half of the span. The total lo@ainfthe model was within
2% of the total load from the load takedown (Set8a3).

To determine the optimal element type, discretisatiand halfspace
boundaries, a single rigid foundation on a halfspaas modelled and the load
displacement response compared to standard elsstitions. The load-
displacement response of a single rigid pad fouolatould be calculated to
within 1% of the approximate elastic solution. Heweethe mesh size needed
for this accuracy proved to be too fine for the ptete model to work, given
the available computer resource. Reducing the racguof the single
foundation load-displacement ratio to within 7%o®léd a usable mesh density

for the complete model (Section 3.3).
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5.1.3

The use of 10 node tetrahedral continuum elemertshe foundations and
supported halfspace gave better results in LUSA® thhe same number of
4 node tetrahedral continuum elements. The tatahber of elements that
could be discretised in the model was limited by BC memory and was the
same for 4 and 10 node elements (Section 3.3).

An irregular mesh with variable density proved t® tmore suitable than a

regular mesh for the supporting halfspace (Se@&i@h

Conclusions from the analyses

Normalisation of data

For an elastic structure supported by a lineartielasil it is possible to
normalise the relative bending stiffness withas:
. El

P EH*

WhereE is the Young’'s modulus of the concrelas the second moment of
inertia of the structuregs is the Young’'s modulus of the soil aktis the half
length of the building (Section 4.1).

Three distinct zones of behaviour within the refatbending stiffness range
can be identified (Section 4.1).

0 Zone 1 ‘Flexible structure’s the zone of relative bending stiffnéss)
where the structure is flexible in comparison te soil. p* is typically
less than 1 x Ihin Zone 1 Behaviour inZone 1can be determined
without taking soil-structure interaction into acoo.

0 Zone 2 ‘Intermediate structures the intermediate zone where the
loads, shear forces and bending moments withirsthesture change
as the relative bending stiffness increases. typically ranges from 1
x 10*to 1 x 10" in Zone 2

0 Zone 3 ‘Rigid structureis the zone of relative bending stiffngg%)
where the structure is rigid in comparison to tb&. sin Zone 3the
loads, shear forces and bending moments withistiiueture are again
constant, independent of the relative bendingrs#$, but they may be
very different from that irZone 1 p* is typically larger than 1 x 10

in Zone 3

153



An equivalent slab, with a thickness resulting seaond moment of area equal
to the sum of the second moment of area of thevighaal slabs (around their
individual neutral axes) within the structure, éited a similar soil-structure
behaviour as the 6 storey structure. The equivadiid was suspended and
supported by the subsoil columns and foundatiops.tlis specific structure
the equivalent slab thickness was 532 mm. Anratere approach using an
equivalent slab with a thickness based on the lpaeadis theorem resulted in a
slab thickness of 14.0 m which was an overestimatihe structural bending
stiffness. The bending stiffness of the alternatmethod is approximately
18 000 times stiffer (Section 4.1)

The designed ‘typical’ 5 bay structure on a soithwan undrained shear
strength of 90 kPa and a subsequent Young's moaidil690 MPa resulted in
an approximate relative bending stiffnegg)(of 2.2 x 1, which falls in

Zone 1. The structure will therefore behave flexi$ection 4.1).

Structural strength

As the relative bending stiffness increased inlithear elastic model the axial
loads in the corner columns increased by approxipd times, the loads in
the edge columns approximately doubled and theslgathe internal columns
reduced to approximately 1/3 in comparison to tb&uron loads within a

flexible structure. Yielding of foundations or tlstructure may reduce the
column loads (Section 4.2.1)

The linear-elastic numerical model showed the coldoads exceeded the
strength of the columns where the relative bendirfiness f*) is larger than

1.32 x 1. Yielding of foundations may reduce the columnd®and protect

against column failure (Section 4.2.1).

Atkinson (2000) related soil strength to stiffnesa. soil with an undrained

shear strength of 90 kPa will have an expected Isstedin stiffness of

600 MPa and an operational stiffness of betweerard 123 MPa (between
0.07% and 0.20% strain) and this is dependenthenfaundation stiffness
(Section 4.2.2).
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Foundation stiffness and non-linear soil stiffnegkienced the column loads.
For a structure with a relative bending stiffnegg) (of 1.32 x 10,
superstructure concrete stiffness of 780 000 GEasait stiffness of 600 MPa
(Section 4.2.2):

0 The load in the corner column (Al) was reduced #%1n the non-
linear model with a 13 GPa foundation concretdrggs and 34% in
the non-linear model with a 780 000 GPa concrtffeess.

0 The loads in the edge columns (A2, A3) were redumebdetween 1%
and 4% in the non-linear model with a 13 GPa fotindaconcrete
stiffness and 11% in the non-linear model with @ @0 GPa
concrete stiffness.

0 The loads in the internal columns (B2, B3, C3) ethffom a reduction
of 5% to an increase of 9% in the non-linear mosigh a 13 GPa
foundation concrete stiffness and increase of batvis% and 65% in
the non-linear model with a 780 000 GPa concriffaesss.

The linear-elastic numerical model showed the bandnoments in the slabs
exceeded the strength of the slabs where thewelbgnding stiffnesst) is
larger than 1.32 x 1D Yielding of foundations may reduce the columnd®a

and protect against column failure (Section 4.2.3).

Structural deformation

Tilt does not relate to relative bending stiffnegsis a function of both the
actual soil stiffness and the structure stiffnegs.decrease in soil stiffness
results in an increase of tilt. A decrease ofcétmal stiffness also results in an
increase of tilt, therefore a flexible structurenisre likely to suffer from tilt
(Section 4.3.1).

For structures without facades or internal pargi@r where the facades and
partitions are specifically designed to allow moesity the literature suggested
deflection limits that ranged from 1:250 to 1:6@&¢tion 4.3.2).

The deflection limits based on the beam model medoby Burlandet al.
(2001a) depend on the assumed class of damage@amduah stricter. These
limits are applicable to masonry infill structurghere damage will most likely
occur to the facades. A deflection limit of 1: 294is proposed for negligible
damage. Based on this limit a relative bendinfinss ofp* > 1 x 10* will

result in damage (Section 4.3.2).
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The researched structure deformed in 3D and thadéadeflection was
significantly less than the maximum (diagonal) eefilon. It is therefore
important to take the 3D deformation of a structuméo account when

analysing a structure for differential settlemeatnadge (section 4.3.2).

Variation in foundation load-displacement response

5.2

A structure’s response to soil variation dependstlmn structure’s overall
relative bending stiffness (Section 4.4).

For a relative bending stiffness pf = 1.32 x 10°, a foundation on a soil
stiffness of one order of magnitude less incredlsedoads in adjacent columns
between 36% and 42%. Increasing the solil stiffnester the foundation one
order of magnitude resulted in an increase of fa¥%. A foundation with a
stiffer response may therefore have an effect amdation load. This is
significant for the reuse of foundations which havstiffer (up to 10 times)
load-displacement response due to preloading (Bedtd).

For an overall relative bending stiffnesspsf= 1.32 x 10°, a foundation on a
soil stiffness of one order of magnitude less iasesl the loads in adjacent
columns between 5% and 7%. Increasing the stdfngmler the foundation
one order of magnitude resulted in a maximum loadation of 4%. The
results showed that the higher the overall stifnafsthe soil, the less impact a
harder spot under a foundation or a stiffer loapldicement response has on

the structure (Section 4.4).

Suggestions for further work

Suggestions for future work include:

Model the behaviour of modern flexible framed stuwes on a non-linear soll
model with yielding. The presented research weasedaon a linear-elastic
model with a manual iteration process to show ttiece of non-linear soil
response. The incorporation of non-linear soil elodith yielding into the
finite element model may produce more accurate arsw

Model the effect of single piles and pile groupss{éad of pad foundations) on
the behaviour of modern flexible framed structures.

Model the variation in soil stiffness more rigortyis.e. investigate the effect

of spatial soil stiffness variation on the correzige and internal foundations.
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« Determine and model the actual bending stiffnessoatrete structures taking
into account:

o Stiffness and fitment details of the facades. ®stgy facades include
glass panels, light weight concrete blocks andkinick.

o Internal walls made out of plasterboard partitidightweight concrete
blocks or brickwork.

o Lift shafts and other methods of providing rackstigfness.

o Creep, shrinkage and cracking of concrete.

0 The variation in stiffness during construction.

« Model the behaviour of steel framed structures egrdpare it to the flat slab
reinforced concrete structure.

« Model the behaviour of reinforced concrete strietuwith beams and compare
it to the flat slab structure.

* Model the effect of construction sequence on diffiéial settlement, taking into
account the increase in structural stiffness aad kuring construction and the
time dependency of settlement. It is suggestednéael the construction
sequence for both steel framed and reinforced etaméramed structures.

* Model the effect of temperature variation withireedt framed and concrete
framed structures on the soil-structure interaction

« Develop rigorous definitions to describe 3D defatiorss.
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APPENDIX A DESIGN LOADS

Imposed Loads (BS 6399-1:1996)

Floors
Uniformly Comments
distributed | Concentrated
load load
(kN/m2) (kN)
Floor 2.5 2.7 Table 1, Category B,
Offices for general use
Partitioning 1 Paragraph 5.1.4 Partitions
Total 3.5 2.7
Columns

Reduction in total imposed distributed load on columns (Table 2)

Floors carried by column Load
reduction
(%0)
1 0
2 10
3 20
4 30
5to 10 40

Roof Loads (BS 6399-3:1998)

Site is 100m a.m.s.l.

Located in Southampton

Basic snow load on ground (Fig. 1): 0.5 kN/m2

Snow load shape coefficeint (Fig. 2) : 0.8

Snow load: 0.4 kN/m

Minimum imposed load on roof with access (Paragraph 4.2): 1.5kN/m2 > Snow load

Wind loads (BS 6399-2:1997)

Code applicable (Figure 3)

Basic wind speed (Southampton) (Paragraph 2.2.1): 22m/s
Altitude factor (100m a.b.s.l.) (Paragraph 2.2.2.2): 1.1
Direction factor (Paragraph 2.2.2.3.) : 1.0

Seasonal factor (Paragraph 2.2.2.4): 1.0

Probability factor (Paragraph 2.2.2.5): 1.0

Site wind speed (Equation 8): 24.2 m/s

Effective building height:

18m

Building in town, 2km from sea

Terrain and building factor (Paragraph 2.2.3.3): 1.88
Effective wind speed (Equation 12): 45.5

m/s

Dynamic pressure (Equation 1): 1269 Pa

D/H 37.5/18=2.1

External pressure coefficient (Table 5): +0.758 and -0.5
Size effect factor (Figure 4): 0.87

Pressure acting on external surface (Equation 2): +0.837 and -0.552 kN/m2
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Horizontal force of 1.5% of 1 floor weigh and colums:

Floor weight (7.775x23.1x23.1): 4148.8 kN

Columns weight (0.6x0.6x2.7x36x24.03): 23.4 kN

External wall (23.1x4x7.241): 669.1 kN

Total: 4841.2 kN

1.5 % of weight: 72.62 kN

Distibuted load (72.62/(3x23.1)): 1.047 kN/m2 < 0.837 + 0.552 OK

Dead Loads

Materials Weights(BS 648:1964)
Reinforced concrete: 24.03 kN/m3
Screed (0.5 inch): 0.293 kN/m2

Clay tiles (0.5 inch): 0.273 kN/m2
Roof asphalt (0.75 inch): 0.419 kN/m
Brickwork: 21.535 kN/m3

Glazing: 0.195 kKN/m2

Floors

Reinforced concrete

(300mm) 7.209 kN/m2

Screed 0.293 kN/m2

Clay tiles 0.273 KkN/m2
Total 7.775 kN/m2

Roof

Reinforced Concrete

(250mm) 6.008 kN/m2

Roof Asphalt 0.419 KkN/m2
Total 6.427 kN/m2

External walls

50% Glazing, 50%

Brickwork

Brickwork

(240mmx2700mm) 13.955 KkN/m

Glazing (2700mm) 0.527 kN/m

Weighted Average 7.241 KkN/m

Design loads (ULS) (BS 8810-1:1997 )

Partial safety factors for loads
Dead and imposed load combination

Dead adverse 14
Dead beneficial 1.0
Imposed adverse 1.6
Imposed beneficial 0.0

DL IL
Roof (KN/m2) 6.43 1.50
Floor (kN/m2) 7.78 3.50
Walls (kN/m) 7.24 -




Factored DL IL
Roof (KN/m2) 9.00 2.40
Floor (kN/m2) 10.89 5.60
Walls (kN/m) 10.14 -




APPENDIX B SLAB DESIGN

Proect G Structure BR[| RNFORCED CONGRETE
Client 4 I ade by Date Page
Location  Internal Roof (xx) from grids 1 to 6 GS 26-Jan-09 1

FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Qriginated from RCC33.xls on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15 steel Top cover 25 1
fyv. 500  N/mm? yC 1.50 concrete Btm cover 25 1
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|INTERNAL kN/m outside supports 1& 6
SPAN 2 7.500 Slab depth, h| 250 mm
SPAN 3 7.500 Panel width, b| 7500 mm LOADING PATTERN
SPAN 4 7.500 min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B (mm) End CondBELOW (m) H (mm) B{(mm) End Cond
Support 1 2.700 450 450 E
Support 2 2.700 450 450 E
Support 3 2.700 450 450 E
Support 4 2.700 450 450 E
Support 5 2.700 450 450 E
Support & 2.700 450 450 E
Support 7
LOADING UDLs (kN/m3 PLs (kN/m) Position (m)
Dead Imposed Paosition Loaded Dead Imposed Pasition Loaded
Span 1 Load Load from left Length | Span4 Load Load from left Length
ubL 6.43 350 e e UDL| 643 3.50 ateminn. rpnsans
PL 1 it PL 1 e
PL 2 B PL2 it
Part UDL Part UDL
Span 2 Span 5
uDL 6.43 350 e Rt UDL| &.43 3.50 Aty R
PL 1 it PL1 el
PL 2 I e PL2 el
Part UDL Part UDL
Span 3 Span 6
ubDL 6.43 3.50 e it ubDL et it
PL 1 B PL1 e
PL 2 B PL2 e
Part UDL Part UDL
LOADING DIAGRAM
( 7
L I
\"k
1 6
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REINFORCED CONCRETE

i REINFORCED
Project RC Structure CONCRETE COUNCIL
Client ﬁ IMade by Date Page
Location Internal Roof (xx), from grids 1to 6 GS 26-Jan-09 2
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 IChecked Revision Job No
Originated from RCC33.ds on CD & 1998 BCA for RCC GS &
BENDING MOMENT DIAGRAMS (kNm)
800 1 e —=——
; 600
400
| 200
0
-200
-400
600 600
(1] 5 10 15 20 25 30 a5 40 o 5 10 15 20 25 30 as 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 Ll 5 6
Elastic M 296.2 601.4 508.4 508.4 601.4 296.2 ~
Redistributed M 193.5 541.3 457.6 457.6 541.3 193.5 ~
Bb 0.653 0.800 0.900 0.800 0.900 0.653 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M| 378.91 317.49 332.26 317.49 378.91 ~
Redistributed M | 413.25 279.20 312.23 278.20 413.25 ~
Bb 1.091 0.879 0.940 0.879 1.091 ~
SHEARS FORCE DIAGRAMS (kN)
600
400
MN ] = \ N R
4 0
-400
-600
ﬁ 5 10 15 20 25 30 a5 40 o 5 10 15 20 a5 30 35 40
Elastic Shears Redistributed Shears
SPAN No i 3
Elastic V| 384.5 455.3 418.1 404.1 410.6 410.6
Redistributed V| 364.2 457.1 421.7 401.7 410.6 410.6
SPAN No 4
Elastic V| 404.1 418.1 455.3 384.5 ~ ~
Redistributed V|  401.7 421.7 457.1 364.2 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 6
ALL SPANS LOADED | 388.8 878.7 810.0 810.0 878.7 388.8
ODD SPANS LOADED | 388.7 642.7 586.5 586.5 642.7 388.7
EVEN SPANS LOADED 148.3 643.6 582.4 582.4 643.6 148.3
Veff for punching| 486.0 923.3 819.0 819.0 923.3 486.0
Characteristic Dead| 171.9 384.5 358.2 358.2 384.5 171.9
Characteristic Imposed 92.6 212.7 192.8 192.8 212.7 92.6
COLUMN MOMENTS (kNm 1 2 3 4 5 6
ALL SPANS| Above
LOADED| Below 263.2 -45.8 9.2 -9.2 45.8 -263.2
ODD SPANS|  Above
LOADED| Below 295.0 -168.2 146.9 -146.9 168.2 -295.0
EVEN SPANS| Above
LOADED| Below 84.1 102.3 -133.6 133.6 -102.3 -84.1
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Project RC Structure REINFO'{«E:ED HEiNFO?;%T]?ch;ﬁ_NCRETE
Client wmttm e [Mace by Date Page
Location Internal Roof (xx), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated Irom RCC33.xs on CD © 1999 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.091 0.900
Be 900 3750
Total M kNm 114.3 413.2 449.2
Mt max  kNm 190.7 794.6
MIDDLE STRIP  Width mm 6600 3750 3750
M kNm 24 186.0 112.3
d mm 219.0 215.0 217.0
As mmz2m 4 558 334
As deflection mm2m 629 334
Provide Y12 @ 325 T1 Provide Y20 @ 450 B1 Provide Y16 @ 600 T1
As prov mm2m 348 698 335
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.532 x 1.050 x 0.9 = 37.658 OK
(As increased by 12.7 % for deflection)
COLUMN STRIP  Width mm 900 3750 3750
M kNm 114.3 227.3 336.9
d mm 217.0 215.0 217.0
As mmam 1517 683 1031
As deflection mm2m 848 1031
Provide Y16 @ 125 T1 Provide Y20 @ 350 B1 Provide Y16 @ 125:250 T1
As prov mmzm 1608 898 1206
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.471 x 1.050 x 0.9 = 36.146 oK
(As increased by 24.1 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.879 0.900
Be 3750 3750
Total M khNm 4492 279.2 370.5
Mt max kNm 794.6 794.6
MIDDLE STRIP  Width mm 3750 3750 3750
M kNm 112.3 125.6 92.6
d mm 217.0 217.0 219.0
As mm2m 334 374 273
As deflection mmzm 334 455
Provide Y16 @ 600 T1 Provide Y16 @ 400 B1 Provide Y12 @ 325 T1
As prov mm#m 335 503 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.559 x 1.050 x 0.9 = 38.315 OK
(As increased by 21.7 % for deflection)
COLUMN STRIP  Width mm 3750 3750 3750
M kNm 336.9 153.6 277.9
d mm 217.0 215.0 217.0
As mmzm 1031 461 837
As deflection mm2m 1031 601
Provide Y16 @ 125:250 T1 Provide Y20 @ 500 B1 Provide Y16 @ 175:350 T1
As prov mmz/m 1206 628 862
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.478 x 1.050 x 0.9 = 36.319 OK
(As increased by 30.4 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok




Project RC Structure BEINFQRSER | REINFORCED CONCRETE COUNCIL
e e
Client m Made by Date Page
Location Internal Roof (xx), from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCE33.xls on €D © 1999 BCA for RCC GS -
SPAN 3 EEEF CENTRE RIGHT
ACTIONS Bb 0.900 0.940 0.900
Be 3750 3750
Total M kNm 370.5 312.2 370.5
Mt max  kNm 794.6 794.6
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 92.6 140.5 92.6
d mm 219.0 217.0 219.0
As  mma&m 273 418 273
As deflection mma/m 273 490
Provide Y12 @ 325 T1 Provide Y16 @ 400 B1 Provide Y12 @ 325 T1
As prov.  mm#m 348 503 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.444 x 1.050 x 0.9 = 35.501 OK
{As increased by 17.2 % for deflection)
COLUMN STRIP Width ~ mm 3750 3750 3750
M kNm 277.9 171.7 277.9
d mm 217.0 215.0 217.0
As  mmam 837 516 837
As deflection mmam 837 654
Provide Y16 @ 175:350 T1 Provide Y20 @ 450 B1 Provide Y16 @ 175:350 T1
As prov  mm#m 862 698 862
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.498 x 1.050 x 0.9 = 36.806 OK
(As increased by 26.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.879 0.900
Be 3750 3750
Total M kNm 370.5 279.2 449.2
Mt max  kNm 794.6 794.6
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 92.6 125.6 112.3
d mm 219.0 217.0 217.0
As  mmam 273 374 334
As deflection mmam 273 455
Provide Y12 @ 325 T1 Provide Y16 @ 400 B1 Provide Y16 @ 600 T1
As prov  mm#m 348 503 335
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.559 x 1.050 x 0.9 = 38.315 CK
(As increased by 21.7 % for deflection)
COLUMN STRIP Width  mm 3750 3750 3750
M kNm 277.9 153.6 336.9
d mm 217.0 215.0 217.0
As  mmzm 837 461 1031
As deflection mmaim 837 601
Provide Y16 @ 175:350 T1 Provide Y20 @ 500 B1 Provide Y16 @ 125:250 T1
As prov  mm2m 862 628 1206
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.478 x 1.050 x 0.9 = 36.319 OK
(As increased by 30.4 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Prfect O Structure | e
”
Client e (Nade by Date Page
Location Internal Roof (xx), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.s on CO ® 1999 BCA for RGC GS -
SPAN 5 LEFT GENTRE RIGHT
ACTIONS Bb 0.900 1.091 1.000
Be 3750 900
Total M kNm 449.2 413.2 114.3
Mt max  kNm 794.6 190.7
MIDDLE STRIP Width mm 3750 3750 6600
M kNm 112.3 186.0 2.4
d mm 217.0 215.0 219.0
As mmim 334 558 4
As deflection mm#m 334 629
Provide Y16 @ 600 T1 Provide Y20 @ 450 B1 Provide Y12 @ 325 T1
As prov mm#m 335 698 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.532 x 1.050 x 0.9 = 37.658 oK
(As increased by 12.7 % for deflection)
COLUMN STRIP Width mm 3750 3750 900
M kNm 336.9 2273 114.3
d mm 217.0 215.0 217.0
As mmim 1031 683 1517
As deflection mm#m 1031 848
Provide Y16 @ 125:250 T1 Provide Y20 @ 350 B1 Provide Y16 @ 125 T1
As prov mm#/m 1206 898 1608
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /215.0 = 34.884 < 26.0 x 1.471 x 1.050 x 0.9 = 36.146 oK
(As increased by 24.1 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure ONCRETE | REINFORCED CONCRETE COUNCIL
Client m Made by Date Page
Location Internal Roof (xx), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 IChecked Revision Job No
Originated from RCC33.s on CD © 1998 BCA for RCC GS -
No
WEIGHT of REINFORCEME Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 21 T 12 2550 0.888 47.5
9 T 16 2550 1.578 36.2
Span1 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 2 7 T 16 3750 1.578 41.4
23 T 16 3750 1.578 136.1
Span 2 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 3 12 T 12 3750 0.888 40.0
17 T 16 3750 1.578 100.6
Span 3 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 4 12 T 12 3750 0.888 40.0
17 T 16 3750 1.578 100.6
Span 4 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support5 7 T 16 3750 1.578 41.4
23 T 16 3750 1.578 136.1
Span5 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support6 24 T 12 2550 0.888 54.3
9 T 16 2550 1.578 36.2
BTM STEEL Span 1 9 T 20 6925 2.466 153.7
11 T 20 7850 2.466 213.0
Span 2 10 T 16 6825 1.578 107.7
8 T 20 7650 2.466 150.9
Span 3 10 T 16 6825 1.578 107.7
9 T 20 7650 2.466 169.8
Span 4 10 T 16 6825 1.578 107.7
8 T 20 7650 2.466 150.9
Span 5 9 T 20 6925 2.466 153.7
11 T 20 7850 2.466 213.0
SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 2882 REINFORCEMENT DENSITY (kg/m®) 405




Prooct G Structure ERMEER | FeNFORCED CONGRETE
Client O Made by Date Page
Location  Internal Roof (yy) from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 45 2
fyv 500  N/mm? yC 1.50  concrete Btm cover 45 2
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|INTERNAL kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 250 mm
SPAN 3 7.500 Panel width, b| 7500 mm LOADING PATTERN
SPAN 4| 7.500 min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1 2.700 450 450 E
Support 2 2.700 450 450 E
Support 3 2.700 450 450 E
Support 4 2.700 450 450 E
Support 5 2.700 450 450 E
Support & 2.700 450 450 E
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL 6.43 1.50 oot e uDL| 6.43 1.50 B e
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
uDL( 643 AL UDL| 643 1.50 R e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 6.43 1.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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ot RO Stuctue e i e

Client ﬁ IMade by Date Page

Location Internal Roof (yy), from grids 110 6 GS 26-Jan-09 2
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 (Checked Revision Job No
Originated from RCC33.ds on CD & 1998 BCA for RCC GS &

BENDING MOMENT DIAGRAMS (kNm)

L — = —
400
300
200
100
o
-100
-200
-300
-400 -
o 5 10 15 20 25 30 as 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 Ll 5 6
Elastic M 226.1 469.6 397.0 397.0 469.6 2261 ~
Redistributed M 159.3 422.6 357.3 357.3 422.6 159.3 ~
Bb 0.705 0.800 0.900 0.800 0.900 0.705 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M | 289.83 234.99 247.21 234.99 289.83 ~
Redistributed M | 317.80 21455 243.79 211.55 317.80 ~
Bb 1.097 0.900 0.986 0.200 1.097 ~

SHEARS FORCE DIAGRAMS (kN)

400 400

S NN NN

o

-100 -100

-200 -200

-300 -300
0 5 10 15 20 25

N R
w 15 2 25 a0 35 4

-400 -400 -
30 a5 40 o 5
e, =7
Elastic Shears Redistributed Shears
SPAN No i 2 3
Elastic V| 297.0 355.5 326.4 315.3 3206 320.6
Redistributed V|  285.5 355.8 329.3 311.8 320.6 320.6
SPAN No 4 5
Elastic V| 315.3 326.4 355.5 297.0 ~ ~
Redistributed V 311.8 329.3 355.8 285.5 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 6
ALL SPANS LOADED 304.7 684.9 632.4 632.4 684.9 304.7
ODD SPANS LOADED 304.6 540.9 497.0 497.0 540.9 304.6
EVEN SPANS LOADED 156.1 545.5 492.6 492.6 545.5 156.1
Veff for punching| 380.9 720.2 639.5 639.5 720.2 380.9
Characteristic Dead| 171.9 384.5 358.2 358.2 384.5 171.9
Characteristic Imposed 40.0 91.6 81.8 81.8 91.6 40.0
COLUMN MOMENTS (kNm 1 2 3 4 5 6
ALL SPANS| Above
LOADED|  Below 205.5 -35.8 7.2 -7.2 35.8 -205.5
ODD SPANS|  Above
LOADED| Below 224.8 -110.3 91.0 -91.0 110.3 -224.8
EVEN SPANS| Above
LOADED| Below 96.5 54.3 -79.7 79.7 -54.3 -96.5
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Project RC Structure REINFO'{«E:ED HEiNFOFé%I.iJ[IJ“gﬁNCHETE
Client e by Date Page
Location Internal Roof (yy), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated Irom RCC33.xs an €O © 1999 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.097 0.900
Be 900 3750
Total M kNm 97.3 317.8 350.7
Mt max kNm 157.2 654.9
MIDDLE STRIP Width  mm 6600 3750 3750
M kNm 1.9 143.0 87.7
d mm 199.0 195.0 199.0
As mm2z/m 4 473 284
As deflection mma/m 583 284
Provide Y12 @ 325 T2 Provide Y20 @ 500 B2 Provide Y12 @ 325 T2
As prov. mm#m 348 628 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.636 x 1.055 x 0.9 = 40.383 OK
(As increased by 23.1 % for deflection)
COLUMN STRIP Width  mm 900 3750 3750
M kNm 97.3 174.8 263.0
d mm 197.0 195.0 197.0
As mmzm 1429 579 883
As deflection mm#m 800 883
Provide Y16 @ 125 T2 Provide Y20 @ 375 B2 Provide Y16 @ 150:300 T2
As prov mm#/m 1608 838 1005
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.597 x 1.055 x 0.9 = 39.420 oK
(As increased by 38.2 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.900 0.900
Be 3750 3750
Total M kNm 350.7 211.6 289.3
Mt max kNm 654.9 654.9
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 87.7 95.2 72.3
d mm 199.0 197.0 199.0
As mm2/m 284 312 235
As deflection mmz/m 284 396
Provide Y12 @ 325 T2 Provide Y16 @ 500 B2 Provide Y12 @ 325 T2
As prov mmz/m 348 402 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.567 x 1.055 x 0.9 = 38.696 OK
(As increased by 26.8 % for deflection)
COLUMN STRIP Width  mm 3750 3750 3750
M kNm 263.0 116.4 216.9
d mm 197.0 197.0 197.0
As mmz/m 883 381 718
As deflection mmzm 883 514
Provide Y16 @ 150:300 T2 Provide Y16 @ 375 B2 Provide Y16 @ 200:400 T2
As prov mmz/m 1005 536 754
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.598 x 1.055 x 0.9 = 39.446 OK
(As increased by 34.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok




Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location Internal Roof (yy), from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 0.986 0.900
Be 3750 3750
Total M kNm 289.3 243.8 289.3
Mt max  kNm 654.9 654.9
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 72.3 109.7 72.3
d mm 199.0 197.0 189.0
As  mmim 235 360 235
As deflection mmam 235 434
Provide Y12 @ 325 T2 Provide Y16 @ 450 B2 Provide Y12 @ 325 T2
As prov mm¥m 348 447 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.583 x 1.055 x 0.9 = 39.084 OK
(As increased by 20.7 % for deflection)
COLUMN STRIP Width ~ mm 3750 3750 3750
M kNm 216.9 134.1 216.9
d mm 197.0 195.0 197.0
As  mmim 718 444 718
As deflection mmam 718 590
Provide Y16 @ 200:400 T2 Provide Y20 @ 500 B2 Provide Y16 @ 200:400 T2
As prov mm¥m 754 628 754
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.629 x 1.055 x 0.9 = 40.207 OK
(As increased by 32.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.900 0.900
Be 3750 3750
Total M kNm 288.3 211.6 350.7
Mt max  kNm 654.9 654.9
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 72.3 95.2 87.7
d mm 199.0 197.0 199.0
As  mmm 235 312 284
As deflection mm#m 235 396
Provide Y12 @ 325 T2 Provide Y16 @ 500 B2 Provide Y12 @ 325 T2
As prov mm3m 348 402 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.567 x 1.055 x 0.9 = 38.696 oK
(As increased by 26.8 % for deflection)
COLUMN STRIP Width  mm 3750 3750 3750
M kNm 216.9 116.4 263.0
d mm 197.0 197.0 197.0
As mm#m 718 381 883
As deflection mmam 718 514
Provide Y16 @ 200:400 T2 Provide Y16 @ 375 B2 Provide Y16 @ 150:300 T2
As prov mm#m 754 536 1005
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.598 x 1.055 x 0.9 = 39.446 OK
(As increased by 34.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure Rcw&é%% REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location Internal Roof (yy), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.097 1.000
Be 3750 900
TotalM  kNm 350.7 317.8 97.3
Mt max kNm 654.9 157.2
MIDDLE STRIP Width mm 3750 3750 6600
M kNm 87.7 143.0 1.8
d mm 199.0 195.0 199.0
As mm#m 284 473 4
As deflection mm#m 284 583
Provide Y12 @ 325 T2 Provide Y20 @ 500 B2 Provide Y12 @ 325 T2
As prov. mm2m 348 628 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.636 x 1.055 x 0.9 = 40.383 OK
(As increased by 23.1 % for deflection)
COLUMN STRIP Width  mm 3750 3750 900
M kNm 263.0 174.8 97.3
d mm 197.0 195.0 197.0
As mm#m 883 579 1429
As deflection mma/m 883 800
Provide Y16 @ 150:300 T2 Provide Y20 @ 375 B2 Provide Y16 @ 125 T2
As prov. mmzm 1005 838 1608
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.597 x 1.055 x 0.9 = 39.420 OK
(As increased by 38.2 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure .",,%';‘.%’.‘;E%E REINFORCED CONCRETE COUNCIL
: R
Client m Made by Date Page
Location Internal Roof (yy), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4is on CD © 1399 BCA for ROC GS -
No
WEIGHT of REINFORCEME! Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 21 T 12 2525 0.888 471
9 T 16 2550 1.578 36.2
Span 1 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 2 12 T 12 3750 0.888 40.0
19 T 16 3750 1.578 112.5
Span 2 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 3 12 T 12 3750 0.888 40.0
15 T 16 3750 1.578 888
Span 3 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 4 12 T 12 3750 0.888 40.0
15 T 16 3750 1.578 88.8
Span 4 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 5 12 T 12 3750 0.888 40.0
19 T 16 3750 1.578 112.5
Span 5 12 T 12 5100 0.888 54.3
12 T 12 5100 0.888 54.3
Support 6 24 T 12 2525 0.888 538
9 T 16 2550 1.578 36.2
BTM STEEL Span 1 8 T 20 6925 2.466 136.6
10 T 20 7850 2.466 193.6
Span 2 8 T 16 6825 1.578 86.2
10 T 16 7650 1.578 120.7
Span 3 9 T 16 6825 1.578 96.9
8 T 20 7650 2.466 150.9
Span 4 8 T 16 6825 1.578 86.2
10 T 16 7650 1.578 120.7
Span 5 8 T 20 6925 2.466 136.6
10 T 20 7850 2.466 193.6

SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 2601

REINFORCEMENT DENSITY (kg/m®) 36.6
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Prope RG Structure SHGEG | PENFORCED CONGRETE
) v
Client Made by Date
Location  External Roof (xx) from grids 1 6 GS 26-Jan-09
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision
Originated from RCC33.xls on CD © 1999 BCA for RCC GS -
MATERIALS fcu 30  N/mm2 h agg mm COVERS mm
fyl 500 N/mm? ¥S steel Top cover 25
fyv 500  N/mm2 yC 0 concrete Btm cover 25
SPANS L {m) GEOMETRY PERIMETER LOADS characteristic

SPAN 1 7.500
SPAN 2 7.500

Bay type|EDGE

Slab depth, h| 250

kN/m outside supports 1 & 6
kN/m along bay edge

SPAN 3 7.500 Panel width, b| 3750 LOADING PATTERN
SPAN 4 7.500 Edge distance| 225 min
SPAN 5 7.500 End distance| 225 DEAD 1.0
SPAN 6 End distance| 225 IMPOSED
SUPPORTYABOVE (m) H(mm) B (mm) End Cond ( H (mm) B (mm) End Cond
Support 1 2.700 450 450 E
Support 2 2.700 450 450 E
Support 3 2.700 450 450 E
Support 4 2.700 450 450 E
Support 5 2.700 450 450 E
Support 6 2.700 450 450 E
Support 7
LOADING UDLs (kN/m3) PLs (kN/m) Position (m)
Dead Position Loaded Dead Imposed Position
Span 1 Load from left Length Load Load from left
UDL| 643 150 ~~~m~ — 6.43 150 e
PL1 e
PL2 s
Part UDL
Span 2
UDL| 643 50 e I 6.43 1.50 i
PL1 et
PL2 s
Part UDL
Span 3
ubL 6.43 1.50  ~rrm s ittt
PL 1 et
PL2 s
Part UDL

LOADING DIAGRAM

p
(
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Project RC Structure
Client
Location External Roof (xx), from grids 1to 6

FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997

Originated from RCC33.xls on CD

© 1992 BCA for RCC

REINFORCED
CONCRETE

=rmmc\|.

REINFORCED CONCRETE
COUNCIL
IMade by Date Page
GS 26-Jan-09 2
(Checked Revision Job No
GS -

BENDING MOMENT DIAGRAMS (kNm)

e ————————— B
200
150
100
50
o
A \VINVA\VAV
-100
=150 - .
0 5 10 15 20 25 30 a5 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 4 5 =]
Elastic M 144.2 226.0 199.7 199.7 226.0 144.2 ~
Redistributed M 143.6 203.4 179.7 179.7 203.4 143.6 ~
Bb 0.996 0.900 0.900 0.900 0.900 0.996 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M | 128.18 112.67 115.43 112.67 128.18 ~
Redistributed M 131.97 109.07 120.80 109.07 131.97 ~
Bb 1.030 0.968 1.046 0.968 1.030 ~
SHEARS FORCE DIAGRAMS (kN)
200 200
150 150
NN NN NN NN |
50 50 [ ) A\
0 | 0 — —]
.50 -50 W X N N
SNYYY Y [EZYYY YN
-150 -150 |
o 5 10 15 20 25 30 35 40 0 . | 10 15 20 25 30 35 40
Elastic Shears Redistributed Shears
SPAN No 3
Elastic V| 152.6 172.3 161.8 158.9 160.3 160.3
Redistributed V| 152.3 169.3 163.4 157.1 160.3 160.3
SPAN No
Elastic V| 1589 161.8 1723 152.6 ~ ~
Redistributed V 157.1 163.4 169.3 152.3 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 8
ALL SPANS LOADED 160.9 332.8 317.4 317.4 332.8 160.9
ODD SPANS LOADED 161.9 259.7 249.6 249.6 259.7 161.9
EVEN SPANS LOADED 82.6 267.0 247.5 247.5 267.0 82.6
Veff for punching| 202.4 439.8 400.3 400.3 439.8 202.4
Characteristic Dead 89.0 188.4 179.9 179.9 188.4 89.0
Characteristic Imposed 23.3 43.1 41.0 41.0 43.1 23.3
COLUMN MOMENTS (kNm 1 2 3 4 8 6
ALL SPANS| Above
LOADED| Below 134.5 -17.4 2.5 -2.5 17.4 -134.5
ODD SPANS|  Above
LOADED| Below 143.6 -68.8 59.3 -59.3 68.8 -143.6
EVEN SPANS|  Above
LOADED| Below 66.8 41.6 -55.4 55.4 -41.6 -66.8
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Project  RC Structure CONGRERE | TNTORCED CONCRETE
Client m Made by Date Page
Location External Roof (xx), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC38.xs on CD 1999 BCA for ACC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.030 0.900
Be 675 2100
Total M kNm 110.5 132.0 167.7
Mt max  kNm 143.0 445.0
MIDDLE STRIP  Width mm 3300 1875 1875
M kNm 1.0 59.4 41.9
d mm 219.0 217.0 219.0
As mmzm 3 353 247
As deflection mmz/m 363 247
Provide Y12 @ 325 T1 Provide Y16 @ 550 B1 Provide Y12 @ 325 T1
As prov mmz2m 348 366 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.419 x 1.050 x 0.9 = 34.881 OK
(As increased by 2.6 % for deflection)
COLUMN STRIP Width  mm 675 2100 2100
M kNm 110.5 726 125.8
d mm 217.0 217.0 217.0
As mm#m 2045 386 668
As deflection mm#m 404 668
Provide Y16 @ 75 T1 Provide Y16 @ 450 B1 Provide Y16 @ 225:450 T1
As prov. mm#m 2681 447 670
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.558 x 1.050 x 0.9 = 38.281 OK
(As increased by 4.7 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.968 0.900
Be 2100 2100
Total M kNm 167.7 1091 145.5
Mt max kNm 445.0 436.8
MIDDLE STRIP  Width mm 1875 1875 1875
M kNm 41.9 491 36.4
d mm 219.0 219.0 219.0
As mm#m 247 289 214
As deflection mmzm 247 301
Provide Y12 @ 325 T1 Provide Y12 @ 325 B1 Provide Y12 @ 325 T1
As prov mmzm 348 348 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /219.0 = 34.247 < 26.0 x 1.649 x 1.050 x 0.9 = 40.525 OK
(As increased by 4.1 % for deflection)
COLUMN STRIP  Width mm 2100 2100 2100
M kNm 125.8 60.0 109.1
d mm 217.0 217.0 215.0
As mmzm 668 319 585
As deflection mmzm 668 341
Provide Y16 @ 225:450 T1 Provide Y16 @ 550 B1 Provide Y20 @ 400:800 T1
As prov mmzm 670 366 589
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.528 x 1.050 x 0.9 = 37.551 OK
(As increased by 6.9 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure REINFQRCER | REINFORCED CONCRETE COUNCIL
Client m Made by Date Page
Location External Roof (xx), from grids 1to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1897 Checked Revision Job No
Originated from RCC33.xs on CD © 1999 BCA for RCC GS -
SPAN 3 EEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.046 0.900
Be 2100 2100
Total M kNm 145.5 120.8 145.5
Mt max  kNm 436.8 436.8
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 36.4 54.4 36.4
d mm 218.0 219.0 219.0
As  mmam 214 320 214
As deflection mm#/m 214 320
Provide Y12 @ 325 T1 Provide Y12 @ 325 B1 Provide Y12 @ 325 T1
As prov mm#m 348 348 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /219.0 = 34.247 < 26.0 x 1.567 x 1.050 x 0.9 = 38.516 OK
(As increased by 0.0 % for deflection)
COLUMN STRIP Width  mm 2100 2100 2100
M kNm 109.1 66.4 109.1
d mm 215.0 217.0 215.0
As  mmam 585 353 585
As deflection mma/m 585 356
Provide Y20 @ 400:800 T1 Provide Y16 @ 550 B1 Provide Y20 @ 400:800 T1
As prov mm#m 589 366 589
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.448 x 1.050 x 0.8 = 35.585 0K
(As increased by 1.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.968 0.900
Be 2100 2100
Total M kNm 145.5 108.1 167.7
Mt max  kNm 436.8 445.0
MIDDLE STRIP Width ~ mm 1875 1875 1875
M kNm 36.4 491 41.9
d mm 219.0 219.0 219.0
As mmam 214 289 247
As deflection mma/m 214 301
Provide Y12 @ 325 T1 Provide Y12 @ 325 B1 Provide Y12 @ 325 T1
As prov mm#m 348 348 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /219.0 = 34.247 < 26.0 x 1.649 x 1.050 x 0.9 = 40.525 OK
(As increased by 4.1 % for deflection)
COLUMN STRIP Width  mm 2100 2100 2100
M KkNm 109.1 60.0 125.8
d mm 215.0 217.0 217.0
As mmam 585 319 668
As deflection mmam 585 341
Provide Y20 @ 400:800 T1 Provide Y16 @ 550 B1 Provide Y16 @ 225:450 T1
As prov  mma/m 589 366 670
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.528 x 1.050 x 0.9 = 37.551 OK
(As increased by 6.9 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure RCWI%E‘E’E REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location External Roof (xx), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.030 1.000
Be 2100 675
TotalM  kNm 167.7 132.0 110.5
Mt max kNm 445.0 143.0
MIDDLE STRIP Width mm 1875 1875 3300
M kNm 419 58.4 1.0
d mm 219.0 217.0 219.0
As mm#m 247 353 3
As deflection mm#m 247 363
Provide Y12 @ 325 T1 Provide Y16 @ 550 B1 Provide Y12 @ 325 T1
As prov. mm2m 348 366 348
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.419 x 1.050 x 0.9 = 34.881 OK
(As increased by 2.6 % for deflection)
COLUMN STRIP Width  mm 2100 2100 675
M kNm 125.8 72.6 110.5
d mm 217.0 217.0 217.0
As mm#m 668 386 2045
As deflection mm2m 668 404
Provide Y16 @ 225:450 T1 Provide Y16 @ 450 B1 Provide Y16 @ 75 T1
As prov. mmzm 670 447 2681
Top steel Provide Y12 @ 325 T1
Deflection L/d = 7,500 /217.0 = 34.562 < 26.0 x 1.558 x 1.050 x 0.9 = 38.281 OK
(As increased by 4.7 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure B NCREEE | REINFORCED CONCRETE COUNCIL
. aEeREEEiES
Client % Made by Date Page
Location External Roof (xx), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCCA3.4s on CD @ 1999 BCA for RCC GS -
No
WEIGHT of REINFORCEME! Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 11 T 12 2550 0.888 24.9
10 T 16 2550 1.578 40.2
Span 1 6 T 12 5100 0.888 272
T T 12 5100 0.888 31.7
Support 2 6 T 12 3750 0.888 20.0
T T 16 3750 1.578 41.4
Span 2 6 T 12 5100 0.888 272
7 T 12 5100 0.888 31.7
Support 3 6 T 12 3750 0.888 20.0
4 T 20 3750 2.466 37.0
Span 3 6 T 12 5100 0.888 272
7 T 12 5100 0.888 31.7
Support4 6 T 12 3750 0.888 20.0
4 T 20 3750 2.466 37.0
Span 4 6 T 12 5100 0.888 272
7 T 12 5100 0.888 31.7
Support 5 6 T 12 3750 0.888 20.0
i T 16 3750 1.578 414
Span 5 6 T 12 5100 0.888 27.2
7 T 12 5100 0.888 31.7
Support 6 12 T 12 2550 0.888 272
10 T 16 2550 1.578 40.2
BTM STEEL Span 1 4 T 16 6925 1.578 43.7
] T 16 7850 1.578 61.9
Span 2 6 T 12 6825 0.888 36.4
4 T 16 7650 1.578 48.3
Span 3 6 T 12 6825 0.888 36.4
4 T 16 7650 1.578 48.3
Span 4 6 T 12 6825 0.888 364
4 T 16 7650 1.578 48.3
Span 5 4 T 16 6925 1.578 43.7
5 T 16 7850 1.578 61.9
SUMMARY Rebar for single direction only. Al figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 1129 REINFORCEMENT DENSITY (kg!ma) 31.7
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Prooct G Structure BRMEGER | PENFOTGED CONGRETE
Client O Made by Date Page
Location  External Roof (yy) from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 45 2
fyv 500  N/mm? yC 1.50  concrete Btm cover 45 2
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|EDGE kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 250 mm kN/m along bay edge
SPAN 3 7.500 Panel width, b| 3750 mm LOADING PATTERN
SPAN 4| 7.500 Edge distance| 225 mmtoCiL min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1 2.700 450 450 E
Support 2 2.700 450 450 E
Support 3 2.700 450 450 E
Support 4 2.700 450 450 E
Support 5 2.700 450 450 E
Support & 2.700 450 450 E
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL 6.43 1.50 oot e uDL| 6.43 1.50 B e
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
uDL( 643 AL UDL| 643 1.50 R e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 6.43 1.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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Project RC Structure
Client
Location External Roof (yy), from grids 1 to 6

FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997

Originated from RCC33.ds on CD

© 1998 BCA for RCC

REINFORCED CONCRETE

REINFORCED
CONCRETE COUNCIL
ﬁ IMade by Date Page
GS 26-Jan-09 2
(Checked Revision Job No
GS -

BENDING MOMENT DIAGRAMS (kNm)

e — ————
200
150
100
50
o
-50
-100
-150
=200 -
o 5 10 15 20 25 30 as 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 El 5 6
Elastic M 144.2 226.0 199.7 199.7 226.0 144.2 ~
Redistributed M 119.0 203.4 179.7 179.7 203.4 119.0 ~
Bb 0.825 0.800 0.900 0.800 0.800 0.825 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M| 128.18 112.67 115.43 112.67 128.18 ~
Redistributed M 141.07 109.07 120.80 109.07 141.07 ~
Bb 1.101 0.968 1.046 0.968 1.101 ~
SHEARS FORCE DIAGRAMS (kN)
200 200
150 150
100 100
50 50
o 4 0 —
-50 .50 \ i
-150 -150
-200 -200
0 5 10 15 20 25 30 a5 40 o 5 10 15 20 a5 30 35 40
Elastic Shears Redistributed Shears
SPAN No 3
Elastic V| 152.6 172.3 161.8 158.9 160.3 160.3
Redistributed V| 1498.0 171.6 163.4 157.1 160.3 160.3
SPAN No
Elastic V| 158.9 161.8 172.3 152.6 ~ ~
Redistributed V 157.1 163.4 171.6 149.0 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 6
ALL SPANS LOADED 158.6 335.0 317.4 317.4 335.0 158.6
ODD SPANS LOADED 158.6 263.1 249.6 249.6 263.1 158.6
EVEN SPANS LOADED 82.6 267.0 2475 2475 267.0 82.6
Veff for punching| 198.3 442.8 400.3 400.3 442.8 198.3
Characteristic Dead 89.0 188.4 179.9 179.9 188.4 89.0
Characteristic Imposed 21.3 44.5 41.0 41.0 44.5 21.3
COLUMN MOMENTS (kNm 1 2 3 4 5 6
ALL SPANS| Above
LOADED| Below 134.5 -17.4 25 -2.5 17.4 -134.5
ODD SPANS|  Above
LOADED| Below 143.6 -68.8 59.3 -58.3 68.8 -143.6
EVEN SPANS| Above
LOADED| Below 66.8 41.6 -55.4 55.4 -41.6 -66.8
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Project RC Structure REINFO'{«E:ED HEiNFOFé%I.iJ[IJ“gﬁNCHETE
Client amFe ! [Mace by Date Page
Location External Roof (yy), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.s on €D 1999 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.101 0.900
Be 675 2100
Total M kNm 86.5 141.1 167.7
Mt max kNm 117.9 366.7
MIDDLE STRIP  Width mm 3300 1875 1875
M kNm 1.0 63.5 41.9
d mm 199.0 197.0 199.0
As mm2/m 4 416 272
As deflection mmzm 474 272
Provide Y12 @ 325 T2 Provide Y16 @ 400 B2 Provide Y12 @ 325 T2
As prov. mm#m 348 503 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /1197.0 = 38.071 < 26.0 x 1.614 x 1.055 x 0.9 = 39.848 oK
(As increased by 13.9 % for deflection)
COLUMN STRIP Width  mm 675 2100 2100
M kNm 86.5 77.6 125.8
d mm 197.0 195.0 197.0
As mmz/m 1745 459 745
As deflection mm#m 554 745
Provide Y16 @ 100 T2 Provide Y20 @ 550 B2 Provide Y16 @ 200:400 T2
As prov mm#/m 2011 571 754
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.591 x 1.055 x 0.9 = 39.275 oK
(As increased by 20.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.968 0.900
Be 2100 2100
Total M kNm 167.7 109.1 145.5
Mt max kNm 366.7 366.7
MIDDLE STRIP ~ Width mm 1875 1875 1875
M kNm 41.9 491 36.4
d mm 199.0 197.0 199.0
As mm2/m 272 322 236
As deflection mmz/m 272 383
Provide Y12 @ 325 T2 Provide Y16 @ 500 B2 Provide Y12 @ 325 T2
As prov mmz/m 348 402 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 <26.0 x 1.617 x 1.055 x 0.9 = 39.912 OK
(As increased by 18.9 % for deflection)
COLUMN STRIP ~ Width mm 2100 2100 2100
M kNm 125.8 60.0 1091
d mm 197.0 197.0 197.0
As mmz/m 745 351 640
As deflection mmzm 745 428
Provide Y16 @ 200:400 T2 | Provide Y16 @ 450 B2 Provide Y16 @ 225:450 T2
As prov mmz/m 754 447 670
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.602 x 1.055 x 0.9 = 39.540 OK
(As increased by 22.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location External Roof (yy), from grids 1to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 1.046 0.900
Be 2100 2100
Total M kNm 145.5 120.8 145.5
Mt max  kNm 366.7 366.7
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 36.4 54.4 36.4
d mm 199.0 197.0 189.0
As  mmim 236 356 236
As deflection mmam 236 404
Provide Y12 @ 325 T2 Provide Y16 @ 450 B2 Provide Y12 @ 325 T2
As prov mm¥m 348 447 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.678 x 1.055 x 0.9 = 41.435 OK
(As increased by 13.4 % for deflection)
COLUMN STRIP Width ~ mm 2100 2100 2100
M kNm 109.1 66.4 109.1
d mm 197.0 197.0 197.0
As  mmim 640 389 640
As deflection mmam 640 454
Provide Y16 @ 225:450 T2 Provide Y16 @ 400 B2 Provide Y16 @ 225:450 T2
As prov mm¥m 670 503 670
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.670 x 1.055 x 0.9 = 41.241 OK
(As increased by 16.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.968 0.900
Be 2100 2100
Total M kNm 145.5 108.1 167.7
Mt max  kNm 366.7 366.7
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 36.4 491 41.9
d mm 199.0 197.0 199.0
As  mmm 236 322 272
As deflection mm#m 236 383
Provide Y12 @ 325 T2 Provide Y16 @ 500 B2 Provide Y12 @ 325 T2
As prov mm3m 348 402 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.617 x 1.055 x 0.9 = 39.912 oK
(As increased by 18.9 % for deflection)
COLUMN STRIP Width  mm 2100 2100 2100
M kNm 109.1 60.0 125.8
d mm 197.0 197.0 197.0
As mm#m 640 351 745
As deflection mmam 640 428
Provide Y16 @ 225:450 T2 Provide Y16 @ 450 B2 Provide Y16 @ 200:400 T2
As prov mm#m 670 447 754
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.602 x 1.055 x 0.9 = 39.540 OK
(As increased by 22.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure RCWI%E‘E’E REINFORCED CONCRETE
AR COUNCIL
Client m Made by Date Page
Location External Roof (yy), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4s on CD @ 1299 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.101 1.000
Be 2100 675
Total M kNm 167.7 141.1 86.5
Mt max kNm 366.7 117.9
MIDDLE STRIP Width mm 1875 1875 3300
M kNm 41.9 63.5 1.0
d mm 199.0 197.0 199.0
As mmz/m 272 416 4
As deflection mm#m 272 474
Provide Y12 @ 325 T2 Provide Y16 @ 400 B2 Provide Y12 @ 325 T2
As prov mm#/m 348 503 348
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /197.0 = 38.071 < 26.0 x 1.614 x 1.055 x 0.9 = 39.846 OK
(As increased by 13.9 % for deflection)
COLUMN STRIP Width mm 2100 2100 675
M kNm 125.8 77.6 86.5
d mm 197.0 195.0 197.0
AS mm?m 745 459 1745
As deflection mm2m 745 554
Provide Y16 @ 200:400 T2 Provide Y20 @ 550 B2 Provide Y16 @ 100 T2
As prov. mm#m 754 571 2011
Top steel Provide Y12 @ 325 T2
Deflection L/d = 7,500 /195.0 = 38.462 < 26.0 x 1.591 x 1.055 x 0.9 = 39.275 OK
(As increased by 20.8 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure PONGAETE | REINFORCED CONCRETE COUNCIL
: R
Client m Made by Date Page
Location External Roof (yy), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4s on CD © 1999 BCA for RCC GS -
No
WEIGHT of REINFORCEME ' Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 11 T 12 2525 0.888 24.7
8 T 16 2550 1.578 32.2
Span 1 6 T 12 5100 0.888 27.2
7 T 12 5100 0.888 31.7
Support 2 6 T 12 3750 0.888 20.0
8 T 16 3750 1.578 47 .4
Span 2 6 T 12 5100 0.888 272
7 T 12 5100 0.888 31.7
Support 3 6 T 12 3750 0.888 20.0
7 T 16 3750 1.578 41.4
Span 3 6 T 12 5100 0.888 27.2
7 T 12 5100 0.888 31.7
Support 4 6 T 12 3750 0.888 20.0
7 T 16 3750 1.578 41.4
Span 4 6 T 12 5100 0.888 27.2
7 T 12 5100 0.888 31.7
Support 5 6 T 12 3750 0.888 20.0
8 T 16 3750 1.578 47.4
Span5 6 T 12 5100 0.888 27.2
7 T 12 5100 0.888 31.7
Support 6 12 T 12 2525 0.888 26.9
8 T 16 2550 1.578 32.2
BTM STEEL Span 1 5 T 16 6925 1.578 54.6
4 T 20 7850 2.466 774
Span 2 4 T 16 6825 1.578 43.1
5 T 16 7650 1.578 60.4
Span 3 5 T 16 6825 1.578 53.9
6 T 16 7650 1.578 72.4
Span 4 4 T 16 6825 1.578 43.1
5 T 16 7650 1.578 60.4
Span5 5 T 16 6925 1.578 54.6
4 T 20 7850 2.466 77.4
SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 1265 REINFORCEMENT DENSITY (kg/m®) 15.6
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Prooct ARG Stucture BRMEGER | PENFOTGED CONGRETE
Client O Made by Date Page
Location  Internal Floor (xx) from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 25 1
fyv 500  N/mm? yC 1.50  concrete Btm cover 25 1
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|INTERNAL 7.24 kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 300 mm
SPAN 3 7.500 Panel width, b| 7500 mm LOADING PATTERN
SPAN 4| 7.500 min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1| 2.700 450 450 E 2.700 450 450 E
Support2| 2.700 450 450 E 2.700 450 450 E
Support 3|  2.700 450 450 E 2.700 450 450 E
Support4| 2700 450 450 E 2700 450 450 F
Support5| 2700 450 450 E 2.700 450 450 E
Support6| 2700 450 450 E 2700 450 450 F
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL| z.78 3.50 i et upLf 778 3.50 s et
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
ubL| 7.78 200! el mEREE ubL| 7.78 3.50 BRI e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 7.78 3.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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" REINFORCED CONCRETE
Project RC Structure AroRcED
COUNCIL
Client ﬁ IMade by Date Page
Location Internal Floor (xx), from grids 1 t0 6 GS 26-Jan-09 2
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 IChecked Revision Job No
Originated from RCC33.ds on CD & 1998 BCA for RCC GS *:
BENDING MOMENT DIAGRAMS (kNm)
| e — ————
; 600
400
| 200
0
-200
<400 |
600 600
(1] 5 10 15 20 25 30 a5 40 o 5 10 15 20 25 30 as 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 Ll 5 6
Elastic M 358.5 671.3 575.2 575.2 671.4 358.6 ~
Redistributed M 309.0 604.1 517.7 517.7 604.3 309.0 ~
Bb 0.862 0.900 0.900 0.900 0.900 0.862 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M| 41212 350.29 364.41 350.27 412.24 ~
Redistributed M | 422.59 312.22 351.62 312.20 422.76 ~
Bb 1.025 0.891 0.965 0.891 1.026 ~
SHEARS FORCE DIAGRAMS (kN)
600
400
R “
I 0
o w
-400
-600
20 25 30 a5 40 o 5 10 15 20 a5 30 35 40
Elastic Shears Redistributed Shears
SPAN No i 3
Elastic V| 436.5 509.4 471.0 457.3 463.6 463.6
Redistributed V| 424.3 503.9 475.2 453.0 463.6 463.6
SPAN No 4
Elastic V| 457.3 471.0 509.5 436.6 ~ ~
Redistributed V| 453.0 475.2 504.0 424.4 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 6
ALL SPANS LOADED 528.1 978.2 915.8 915.7 978.3 528.2
ODD SPANS LOADED 527.3 727.3 677.5 677.5 727.5 527.4
EVEN SPANS LOADED 240.6 738.4 671.7 671.7 738.5 240.7
Veff for punching| 660.2 1022.1 924.1 924.1 1022.3 660.3
Characteristic Dead| 264.9 462.0 433.9 433.9 462.1 265.0
Characteristic Imposed 98.3 207.1 192.6 192.6 2071 98.3
COLUMN MOMENTS (kNm 1 2 3 4 5 6
ALL SPANS| Above 154.0 -25.4 438 -4.8 25.4 -154.1
LOADED| _ Below 154.0 -25.4 4.8 -4.8 25.4 -154.1
ODD SPANS|  Above 172.4 -96.1 83.9 -83.9 96.1 -172.4
LOADED| Below 172.4 -96.1 83.9 -83.9 96.1 -172.4
EVEN SPANS| Above 53.1 58.9 -76.8 76.8 -58.9 -53.2
LOADED| Below 53.1 58.9 -76.8 76.8 -58.9 -53.2
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Singly reinforced

max S

ok
ok

ok
ok

Project RC Structure REINFO'{«E:ED HEiNFO?;%T]?ch;ﬁ_NCRETE
Client wmttm e [Mace by Date Page
Location Internal Floor (xx), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated Irom RCC33.xs on CD © 1999 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.025 0.900
Be 900 3750
Total M kNm 216.6 422.6 500.4
Mt max  kNm 288.7 1185.0
MIDDLE STRIP  Width mm 6600 3750 3750
M kNm 48 190.2 125.1
d mm 267.0 267.0 267.0
As mmz2m 7 480 302
As deflection mm2m 460 302
Provide Y16 @ 500 T1 Provide Y16 @ 400 B1 Provide Y16 @ 500 T1
As prov mm2m 402 503 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.479 x 1.048 x 0.9 = 36.261 oK
COLUMN STRIP  Width mm 900 3750 3750
M kNm 216.6 2324 375.3
d mm 267.0 265.0 265.0
As mmam 2429 566 920
As deflection mm2m 566 920
Provide Y16 @ 75 T1 Provide Y20 @ 550 B1 Provide Y20 @ 250:500 T1
AS prov mm#m 2681 571 942
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /265.0 = 28.302 < 26.0 x 1.273 x 1.048 x 0.9 = 31.221 oK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.891 0.900
Be 3750 3750
Total M khNm 500.4 312.2 4191
Mt max kNm 1185.0 1185.0
MIDDLE STRIP  Width mm 3750 3750 3750
M kNm 125.1 140.5 104.8
d mm 267.0 267.0 267.0
As mm2m 302 340 253
As deflection mmzm 302 340
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mm#m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.491 x 1.048 x 0.9 = 36.568 OK
(As increased by 0.0 % for deflection)
COLUMN STRIP  Width mm 3750 3750 3750
M kNm 375.3 171.7 3143
d mm 265.0 267.0 265.0
As mm2m 920 415 766
As deflection mm2m 920 423
Provide Y20 @ 250:500 T1 Provide Y16 @ 450 B1 Provide Y20 @ 300:600 T1
As prov mmz/m 942 447 785
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.249 x 1.048 x 0.9 = 30.635 OK
(As increased by 2.0 % for deflection)
CHECKS % As ok ok ok

ok
ok
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Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location Internal Floor (xx), from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 0.965 0.900
Be 3750 3750
Total M kNm 4191 351.6 4191
Mt max  kNm 1185.0 1185.0
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 104.8 158.2 104.8
d mm 267.0 267.0 267.0
As  mmim 253 383 253
As deflection mmam 253 383
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mm¥m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.378 x 1.048 x 0.9 = 33.797 OK
COLUMN STRIP Width ~ mm 3750 3750 3750
M kNm 314.3 193.4 314.3
d mm 265.0 267.0 265.0
As  mmim 766 468 766
As deflection mmam 766 468
Provide Y20 @ 300:600 T1 Provide Y16 @ 400 B1 Provide Y20 @ 300:600 T1
As prov mm¥m 785 503 785
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.349 x 1.048 x 0.9 = 33.071 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.891 0.900
Be 3750 3750
Total M kNm 4191 312.2 500.5
Mt max  kNm 1185.0 1185.0
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 104.8 140.5 1251
d mm 267.0 267.0 267.0
As  mmm 253 340 303
As deflection mm#m 253 340
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mm3m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.492 x 1.048 x 0.9 = 36.570 oK
(As increased by 0.0 % for deflection)
COLUMN STRIP Width  mm 3750 3750 3750
M kNm 3143 171.7 375.4
d mm 265.0 267.0 265.0
As mm#m 766 415 920
As deflection mmam 766 423
Provide Y20 @ 300:600 T1 Provide Y16 @ 450 B1 Provide Y20 @ 250:500 T1
As prov mm#m 785 447 942
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.250 x 1.048 x 0.9 = 30.637 OK
(As increased by 2.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok

B-28




Project RC Structure Rc%hI‘!Fé:’IiRE'IIE'EE, REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location Internal Floor (xx), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.026 1.000
Be 3750 900
TotalM  kNm 500.5 422.8 216.6
Mt max kNm 1185.0 288.7
MIDDLE STRIP Width mm 3750 3750 6600
M kNm 125.1 190.2 4.8
d mm 267.0 267.0 267.0
As mm#m 303 460 7
As deflection mm#m 303 460
Provide Y16 @ 500 T1 Provide Y16 @ 400 B1 Provide Y16 @ 500 T1
As prov. mm2m 402 503 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.478 x 1.048 x 0.9 = 36.247 OK
COLUMN STRIP Width mm 3750 3750 900
M kNm 375.4 2325 216.6
d mm 265.0 265.0 267.0
As mmzm 920 566 2429
As deflection mm2m 920 566
Provide Y20 @ 250:500 T1 Provide Y20 @ 550 B1 Provide Y16 @ 75 T1
As prov. mmzm 942 571 2681
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /265.0 = 28.302 < 26.0 x 1.273 x 1.048 x 0.9 = 31.208 oK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure ONCRETE | REINFORCED CONCRETE COUNCIL
: R
Client m Made by Date Page
Location Internal Floor (xx), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4s on CD © 1999 BCA for RCC GS -
No
WEIGHT of REINFORCEME Mid Strip  Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 14 T 16 2600 1.578 57.5
13 T 16 2600 1.578 53.3
Span1 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 2 8 T 16 3750 1.578 47.4
12 T 20 3750 2.466 111.0
Span 2 8 T 16 5550 1.578 70.1
8 T 16 5550 1.578 701
Support 3 8 T 16 3750 1.578 47.4
10 T 20 3750 2.466 925
Span 3 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 4 8 T 16 3750 1.578 47.4
10 T 20 3750 2.466 92,5
Span 4 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 5 8 T 16 3750 1.578 47.4
12 T 20 3750 2.466 111.0
Span5 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support6 15 T 16 2600 1.578 61.6
13 T 16 2600 1.578 53.3
BTM STEEL Span 1 10 T 16 6925 1.578 109.3
7 T 20 7850 2.466 135.5
Span 2 8 T 16 6825 1.578 86.2
9 T 16 7650 1.578 108.7
Span 3 8 T 16 6825 1.578 86.2
10 T 16 7650 1.578 120.7
Span 4 8 T 16 6825 1.578 86.2
9 T 16 7650 1.578 108.7
Span 5 10 T 16 6925 1.578 109.3
7 T 20 7850 2.466 135.5

SUMMARY Rebar for single direction onfy. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 2609 REINFORCEMENT DENSITY (kg.‘ma) 30.6
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Prooct ARG Stucture BRMEGER | PENFOTGED CONGRETE
Client O Made by Date Page
Location  Internal Floor (yy) from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 45 2
fyv 500  N/mm? yC 1.50  concrete Btm cover 45 2
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|INTERNAL 7.24 kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 300 mm
SPAN 3 7.500 Panel width, b| 7500 mm LOADING PATTERN
SPAN 4| 7.500 min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1| 2.700 450 450 E 2.700 450 450 E
Support2| 2.700 450 450 E 2.700 450 450 E
Support 3|  2.700 450 450 E 2.700 450 450 E
Support4| 2700 450 450 E 2700 450 450 F
Support5| 2700 450 450 E 2.700 450 450 E
Support6| 2700 450 450 E 2700 450 450 F
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL| z.78 3.50 i et upLf 778 3.50 s et
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
ubL| 7.78 200! el mEREE ubL| 7.78 3.50 BRI e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 7.78 3.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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" REINFORCED CONCRETE
Project RC Structure RENFORCED
COUNCIL
Client m Made by Date Page
Location Internal Floor (yy), from grids 1to 6 GS 26-Jan-09 2
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 IChecked Revision Job No
Originated from RCC33.xls on CD © 1988 BCA for RCC GS &
BENDING MOMENT DIAGRAMS (kNm)
L — ————————— ————
| 600
400
| 200
0
-200
-400
600 -600 - :
(1] 3 10 15 20 25 a0 as 40 0 5 10 15 20 25 30 a5 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 4 5 =]
Elastic M 358.5 671.3 575.2 575.2 671.4 358.6 ~
Redistributed M 267.3 604.1 517.7 517.7 604.3 267.3 ~
Bb 0.746 0.900 0.900 0.900 0.900 0.7486 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 5
Elastic M | 412.12 350.29 364.41 350.27 412.24 ~
Redistributed M | 445.34 312.22 351.82 312.20 445.51 ~
Bb 1.081 0.891 0.965 0.891 1.081 ~
SHEARS FORCE DIAGRAMS (kN)
600 600
400 400
o I 0
-400 400
-eon -600
20 25 30 35 40 0 . | 10 15 20 25 30 35 40
Elastic Shears Redistributed Shears
SPAN No 1 3
Elastic V| 436.5 500.4 471.0 457.3 463.6 463.6
Redistributed V| 418.7 509.4 475.2 453.0 463.6 463.6
SPAN No 4
Elastic V| 457.3 471.0 509.5 436.6 ~ ~
Redistributed V|  453.0 475.2 509.6 418.8 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 8
ALL SPANS LOADED 522.6 983.7 915.8 915.7 983.9 522.7
ODD SPANS LOADED 521.7 732.9 677.5 677.5 733.0 521.8
EVEN SPANS LOADED 240.6 738.4 671.7 671.7 738.5 240.7
Veff for punching| 653.2 1027.6 924.1 924.1 1027.8 653.4
Characteristic Dead| 264.9 462.0 433.9 433.9 462.1 265.0
Characteristic Imposed 94.9 210.6 192.6 192.6 210.6 94.8
COLUMN MOMENTS (kNm 1 2 3 4 8 6
ALL SPANS| Above 154.0 -25.4 4.8 -4.8 25.4 -154.1
LOADED| Below 154.0 -25.4 4.8 -4.8 25.4 -154.1
ODD SPANS|  Above 172.4 -96.1 83.9 -83.9 96.1 -172.4
LOADED| Below 172.4 -96.1 83.9 -83.9 96.1 -172.4
EVEN SPANS| Above 53.1 58.9 -76.8 76.8 -58.9 -63.2
LOADED| Below 53.1 58.9 -76.8 76.8 -58.9 -53.2
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Project RC Structure REINFO'{«E:ED HEiNFOFé%I.iJ[IJ“gﬁNCHETE
Client e by Date Page
Location Internal Floor (yy), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated Irom RCC33.xs an €O © 1999 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.081 0.900
Be 900 3750
Total M kNm 176.2 445.3 500.4
Mt max kNm 247 1 1029.5
MIDDLE STRIP  Width mm 6600 3750 3750
M kNm 4.8 200.4 125.1
d mm 247.0 245.0 247.0
As mm2/m 7 528 327
As deflection mmzm 528 327
Provide Y16 @ 500 T2 Provide Y20 @ 550 B2 Provide Y16 @ 500 T2
As prov. mm#m 402 571 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /245.0 = 30.612 < 26.0 x 1.443 x 1.051 x 0.9 = 35.499 oK
COLUMN STRIP Width  mm 900 3750 3750
M kNm 176.2 244.9 375.3
d mm 247.0 245.0 247.0
As mmz/m 2115 645 997
As deflection mm#m 645 997
Provide Y16 @ 75 T2 Provide Y20 @ 450 B2 Provide Y16 @ 150:300 T2
As prov mm#/m 2681 698 1005
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /245.0 = 30.612 < 26.0 x 1.354 x 1.051 x 0.9 = 33.313 oK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.891 0.900
Be 3750 3750
Total M kNm 500.4 312.2 4191
Mt max kNm 1029.5 1029.5
MIDDLE STRIP  Width mm 3750 3750 3750
M kNm 1251 140.5 104.8
d mm 247.0 247.0 247.0
As mm2/m 327 367 274
As deflection mmz/m 327 389
Provide Y16 @ 500 T2 Provide Y16 @ 500 B2 Provide Y16 @ 500 T2
As prov mmz/m 402 402 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 <26.0 x 1.296 x 1.051 x 0.9 = 31.877 OK
(As increased by 6.0 % for deflection)
COLUMN STRIP  Width mm 3750 3750 3750
M kNm 375.3 171.7 3143
d mm 247.0 247.0 247.0
As mmzm 997 449 825
As deflection mm2zm 997 492
Provide Y16 @ 150:300 T2 | Provide Y16 @ 400 B2 Provide Y16 @ 175:350 T2
As prov mm#/m 1005 503 862
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.272 x 1.051 x 0.9 = 31.303 OK
(As increased by 9.5 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location Internal Floor (yy), from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 0.965 0.900
Be 3750 3750
Total M kNm 4191 351.6 4191
Mt max  kNm 1029.5 1029.5
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 104.8 158.2 104.8
d mm 247.0 247.0 247.0
As  mmim 274 414 274
As deflection mmam 274 414
Provide Y16 @ 500 T2 Provide Y16 @ 450 B2 Provide Y16 @ 500 T2
As prov mm¥m 402 447 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.373 x 1.051 x 0.9 = 33.787 OK
(As increased by 0.0 % for deflection)
COLUMN STRIP Width ~ mm 3750 3750 3750
M kNm 314.3 193.4 314.3
d mm 247.0 245.0 247.0
As  mmim 825 510 825
As deflection mmam 825 533
Provide Y16 @ 175:350 T2 Provide Y20 @ 550 B2 Provide Y16 @ 175:350 T2
As prov mm3m 862 571 862
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /245.0 = 30.612 < 26.0 x 1.350 x 1.051 x 0.9 = 33.205 OK
(As increased by 4.5 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.891 0.900
Be 3750 3750
Total M kNm 4191 312.2 500.5
Mt max  kNm 1029.5 1029.5
MIDDLE STRIP Width  mm 3750 3750 3750
M kNm 104.8 140.5 1251
d mm 247.0 247.0 247.0
As  mmm 274 367 327
As deflection mm#m 274 389
Provide Y16 @ 500 T2 Provide Y16 @ 500 B2 Provide Y16 @ 500 T2
As prov mm3m 402 402 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.296 x 1.051 x 0.9 = 31.879 oK
(As increased by 6.0 % for deflection)
COLUMN STRIP Width  mm 3750 3750 3750
M kNm 3143 171.7 375.4
d mm 247.0 247.0 247.0
As mm#m 825 449 997
As deflection mmam 825 492
Provide Y16 @ 175:350 T2 Provide Y16 @ 400 B2 Provide Y16 @ 150:300 T2
As prov mm#m 862 503 1005
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.272 x 1.051 x 0.9 = 31.305 OK
(As increased by 9.5 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure Rc%ﬁ(%‘é%% REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location Internal Floor (yy), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.081 1.000
Be 3750 900
TotalM  kNm 500.5 445.5 176.2
Mt max kNm 1029.5 2471
MIDDLE STRIP Width mm 3750 3750 6600
M kNm 125.1 200.5 4.8
d mm 247.0 245.0 247.0
As mm#m 327 528 7
As deflection mm#m 327 528
Provide Y16 @ 500 T2 Provide Y20 @ 550 B2 Provide Y16 @ 500 T2
As prov. mm2m 402 571 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /245.0 = 30.612 < 26.0 x 1.442 x 1.051 x 0.9 = 35.486 OK
COLUMN STRIP Width mm 3750 3750 900
M kNm 375.4 245.0 176.2
d mm 247.0 245.0 247.0
As mm?m 997 646 2115
As deflection mm2m 997 646
Provide Y16 @ 150:300 T2 Provide Y20 @ 450 B2 Provide Y16 @ 75 T2
As prov. mmzm 1005 698 2681
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /245.0 = 30.612 <26.0 x 1.353 x 1.051 x 0.9 = 33.301 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure PONGAETE | REINFORCED CONCRETE COUNCIL
: R
Client m Made by Date Page
Location Internal Floor (yy), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4s on CD © 1999 BCA for RCC GS -
No
WEIGHT of REINFORCEME ' Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 14 T 16 2575 1.578 56.9
13 T 16 2575 1.578 52.8
Span 1 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 2 8 T 16 3750 1.578 47 .4
19 T 16 3750 1.578 112.5
Span 2 8 T 16 5550 1.578 70.1
8 T 16 5550 1.578 701
Support 3 8 T 16 3750 1.578 47.4
17 T 16 3750 1.578 100.6
Span 3 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 4 8 T 16 3750 1.578 47 .4
17 T 16 3750 1.578 100.6
Span 4 8 T 16 5550 1.578 701
8 T 16 5550 1.578 701
Support 5 8 T 16 3750 1.578 47.4
19 T 16 3750 1.578 1125
Span 5 8 T 16 5550 1.578 70.1
8 T 16 5550 1.578 701
Support 6 15 T 16 2575 1.578 61.0
13 T 16 2575 1.578 52.8
BTM STEEL Span 1 7 T 20 6925 2.466 119.5
9 T 20 7850 2.466 174.2
Span 2 8 T 16 6825 1.578 86.2
10 T 16 7650 1.578 120.7
Span 3 9 T 16 6825 1.578 96.9
7 T 20 7650 2.466 1321
Span 4 8 T 16 6825 1.578 86.2
10 T 16 7650 1.578 120.7
Span5 i T 20 6925 2.466 119.5
9 T 20 7850 2.466 174.2
SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 2770 REINFORCEMENT DENSITY (kg/m®) 32.4
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Prooct ARG Stucture BRMEGER | PENFOTGED CONGRETE
Client O Made by Date Page
Location  External Floor (xx)  from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 25 1
fyv 500  N/mm? yC 1.50  concrete Btm cover 25 1
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|EDGE 7.24 kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 300 mm 7.24 kN/m along bay edge
SPAN 3 7.500 Panel width, b| 3750 mm LOADING PATTERN
SPAN 4| 7.500 Edge distance| 225 mmtoCiL min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1| 2.700 450 450 E 2.700 450 450 E
Support2| 2.700 450 450 E 2.700 450 450 E
Support 3|  2.700 450 450 E 2.700 450 450 E
Support4| 2700 450 450 E 2700 450 450 F
Support5| 2700 450 450 E 2.700 450 450 E
Support6| 2700 450 450 E 2700 450 450 F
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL| z.78 3.50 i et upLf 778 3.50 s et
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
ubLf 778 RV s ubL| Z7.78 3.50 R e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 7.78 3.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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3 REINFORCED CONCRETE
Project RC Structure REnroRCED
COUNCIL
Client ﬁ Made by Date Page
Location External Floor (xx), from grids 1 to 6 GS 26-Jan-09 2
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.ds on CD ©198% BCA for RCC GS &
BENDING MOMENT DIAGRAMS (kNm)
| e ———
; a0
200
| 100
0
-100
-200
=300 -300 -
0 5 10 15 20 25 a0 as 40 0 5 10 15 20 25 30 35 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 Ll L 6
Elastic M 221.0 323.1 289.1 289.1 323.2 2211 ~
Redistributed M 221.0 290.8 260.2 260.2 290.9 221.1 ~
Bb 1.000 0.900 0.900 0.800 0.900 1.000 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 2 3 4 g
Elastic M| 182.48 165.75 168.83 165.74 182.53 ~
Redistributed M 186.58 159.31 174.50 159.28 186.63 ~
Bb 1.022 0.961 1.034 0.961 1.022 ~
SHEARS FORCE DIAGRAMS (kN)
300 300
200 200
100 100
0 I 0
-100 -100 A\ w
=200 =200
20 25 30 a5 40 o ] 10 15 20 25 30 35 40
Elastic Shears Redistributed Shears
SPAN No 1 3
Elastic V| 223.4 247.3 233.6 230.2 2318 231.8
Redistributed V|  222.5 242.9 235.9 227.7 231.8 231.8
SPAN No 4
Elastic V| 230.2 233.6 247.3 223.4 ~ ~
Redistributed V|  227.7 235.9 243.0 222.6 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 &
ALL SPANS LOADED 272.6 478.9 459.6 459.5 478.9 272.7
ODD SPANS LOADED 274.4 351.6 340.1 340.1 3516 274.5
EVEN SPANS LOADED 126.4 361.9 337.1 337.1 362.0 126.4
Veff for punching| 343.0 628.3 578.4 578.4 628.4 343.1
Characteristic Dead| 135.9 226.7 217.8 217.8 226.7 135.9
Characteristic Imposed 52.6 100.9 96.6 96.6 100.9 52.6
COLUMN MOMENTS (kNm 1 2 3 4 8 6
ALL SPANS| Abave 98.6 -11.8 1.6 -1.6 11.8 -98.6
LOADED| Below 98.6 -11.8 1.6 -1.6 11.8 -98.6
oDD SPANS|  Above 1071 -59.5 53.9 -53.9 59.5 -107.1
LOADED| Below 107.1 -59.5 53.9 -53.9 59.5 -107.1
EVEM SPANS| Above 37.3 422 -51.6 51.6 -42.2 -37.3
LOADED| Below 37.3 42.2 -51.6 51.6 -42.2 -37.3
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Project RC Structure REINFO'{«E:ED HEENFOF;%%[L%&NCHETE
Client amFe ! [Mace by Date Page
Location External Floor (xx), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision  [Job No
Originated from RCC33.s on €D 1999 BCA for RCC GS -
SPAN 1 LEET CENTRE RIGHT
ACTIONS Bb 1.000 1.022 0.900
Be 675 2100
Total M kNm 172.5 186.6 239.3
Mt max  kNm 216.5 663.6
MIDDLE STRIP ~ Width mm 3300 1875 1875
M kNm 3.4 84.0 59.8
d mm 267.0 267.0 267.0
As mm2z/m 9 406 289
As deflection mm#m 406 289
Provide Y16 @ 500 T1 Provide Y16 @ 450 B1 Provide Y16 @ 500 T1
As prov mm2m 402 447 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.536 x 1.048 x 0.9 = 37.651 OK
COLUMN STRIP  Width mm 675 2100 2100
M kNm 172.5 102.6 179.5
d mm 267.0 267.0 265.0
As mmam 2614 443 781
As deflection mm#m 443 781
Provide Y16 @ 75 T1 Provide Y16 @ 450 B1 Provide Y20 @ 300:600 T1
As prov mm#/m 2681 447 785
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.358 x 1.048 x 0.9 = 33.292 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.961 0.900
Be 2100 2100
Total M kNm 239.3 159.3 210.5
Mt max  kNm 663.6 663.6
MIDDLE STRIP ~ Width  mm 1875 1875 1875
M kNm 59.8 71.7 52.6
d mm 267.0 267.0 267.0
As mm#m 289 347 254
As deflection mmz/m 289 347
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mmz/m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.583 x 1.048 x 0.9 = 38.807 OK
COLUMN STRIP  Width mm 2100 2100 2100
M kNm 179.5 87.6 157.9
d mm 265.0 267.0 265.0
As mmam 781 378 687
As deflection mm2m 781 378
Provide Y20 @ 300:600 T1 Provide Y16 @ 500 B1 Provide Y20 @ 325:650 T1
As prov mmz/m 785 402 725
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.396 x 1.048 x 0.9 = 34.218 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location External Floor (xx), from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 1.034 0.900
Be 2100 2100
Total M kNm 210.5 174.5 210.5
Mt max  kNm 663.6 663.6
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 52.6 785 52.6
d mm 267.0 267.0 267.0
As  mmim 254 380 254
As deflection mmam 254 380
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mm¥m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.516 x 1.048 x 0.9 = 37.173 OK
COLUMN STRIP Width ~ mm 2100 2100 2100
M kNm 157.9 96.0 157.9
d mm 265.0 267.0 265.0
As  mmim 687 414 687
As deflection mmam 687 414
Provide Y20 @ 325:650 T1 Provide Y16 @ 450 B1 Provide Y20 @ 325:650 T1
As prov mm¥m 725 447 725
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.512 x 1.048 x 0.9 = 37.070 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.961 0.900
Be 2100 2100
Total M kNm 210.5 158.3 238.4
Mt max  kNm 663.6 663.6
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 52.6 71.7 59.8
d mm 267.0 267.0 267.0
As  mmm 254 347 289
As deflection mm#m 254 347
Provide Y16 @ 500 T1 Provide Y16 @ 500 B1 Provide Y16 @ 500 T1
As prov mm3m 402 402 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.583 x 1.048 x 0.9 = 38.809 oK
COLUMN STRIP Width  mm 2100 2100 2100
M kNm 157.9 87.6 179.5
d mm 265.0 267.0 265.0
As mm#m 687 378 781
As deflection mmam 687 378
Provide Y20 @ 325:650 T1 Provide Y16 @ 500 B1 Provide Y20 @ 300:600 T1
As prov mm#m 725 402 785
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.396 x 1.048 x 0.9 = 34.221 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok

B-40




Project RC Structure Rc%ﬁ(%‘é%% REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location External Floor (xx), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.022 1.000
Be 2100 675
TotalM  kNm 239.4 186.6 172.6
Mt max kNm 663.6 216.5
MIDDLE STRIP Width  mm 1875 1875 3300
M kNm 59.8 84.0 3.4
d mm 267.0 267.0 267.0
As mm#m 289 406 9
As deflection mm#m 289 406
Provide Y16 @ 500 T1 Provide Y16 @ 450 B1 Provide Y16 @ 500 T1
As prov. mm2m 402 447 402
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 < 26.0 x 1.535 x 1.048 x 0.9 = 37.637 OK
COLUMN STRIP Width mm 2100 2100 675
M kNm 179.5 102.6 172.6
d mm 265.0 267.0 267.0
As mm?m 781 443 2614
As deflection mm2m 781 443
Provide Y20 @ 300:600 T1 Provide Y16 @ 450 B1 Provide Y16 @ 75 T1
As prov. mmzm 785 447 2681
Top steel Provide Y16 @ 500 T1
Deflection L/d = 7,500 /267.0 = 28.090 <26.0 x 1.357 x 1.048 x 0.9 = 33.279 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok

B-41




Project RC Structure PONGAETE | REINFORCED CONCRETE COUNCIL
: R
Client m Made by Date Page
Location External Floor (xx), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.4s on CD © 1999 BCA for RCC GS -
No
WEIGHT of REINFORCEME ' Mid Strip Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 7 T 16 2600 1.578 28.7
10 T 16 2600 1.578 41.0
Span 1 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 2 4 T 16 3750 1.578 237
6 T 20 3750 2.466 555
Span 2 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 3 4 T 16 3750 1.578 23.7
5 T 20 3750 2.466 46.2
Span 3 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 4 4 T 16 3750 1.578 237
5 T 20 3750 2.466 46.2
Span 4 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 5 4 T 16 3750 1.578 23.7
6 T 20 3750 2.466 55.5
Span 5 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 6 8 T 16 2600 1.578 32.8
10 T 16 2600 1.578 41.0
BTM STEEL Span 1 5 T 16 6925 1.578 54.6
5 T 16 7850 1.578 61.9
Span 2 4 T 16 6825 1.578 431
5 T 16 7650 1.578 60.4
Span 3 4 T 16 6825 1.578 431
5 T 16 7650 1.578 60.4
Span 4 4 T 16 6825 1.578 43.1
5 T 16 7650 1.578 60.4
Span5 5 T 16 6925 1.578 54.6
5 T 16 7850 1.578 61.9
SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 1380 REINFORCEMENT DENSITY (kg/m®) 32.3
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Prooct ARG Stucture BRMEGER | PENFOTGED CONGRETE
Client O Made by Date Page
Location  External Floor (yy)  from grids 1 to 6 GS 26-Jan-09 1
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xIs on CD © 1999 BCA for RCC GS -
MATERIALS feu 30  N/mm? h agg 20 mm COVERS mm TO LAYER
fyl 500  N/mm? ¥S 1.15  steel Top cover 45 2
fyv 500  N/mm? yC 1.50  concrete Btm cover 45 2
SPANS L (m) GEOMETRY PERIMETER LOADS characteristic
SPAN 1 7.500 Bay type|EDGE 7.24 kN/m outside supports 1 & 6
SPAN 2 7.500 Slab depth, h| 300 mm 7.24 kN/m along bay edge
SPAN 3 7.500 Panel width, b| 3750 mm LOADING PATTERN
SPAN 4| 7.500 Edge distance| 225 mmtoCiL min max
SPAN 5 7.500 End distance| 225 from supt 1 DEAD 1.0 1.4
SPAN 6 End distance| 225 from supt6 IMPOSED 1.6
SUPPORTYABOVE (m) H(mm) B {(mm) End CondBELOW (m) H (mm) B (mm) End Cond
Support 1| 2.700 450 450 E 2.700 450 450 E
Support2| 2.700 450 450 E 2.700 450 450 E
Support 3|  2.700 450 450 E 2.700 450 450 E
Support4| 2700 450 450 E 2700 450 450 F
Support5| 2700 450 450 E 2.700 450 450 E
Support6| 2700 450 450 E 2700 450 450 F
Support 7
LOADING UDLs (kN/m?3 PLs (kN/m) Position (m)
Dead Imposed Position Loaded Dead Imposed Position Loaded
Span 1 Load Load fromleft Length | Span4 Load Load from left Length
ubL| z.78 3.50 i et upLf 778 3.50 s et
PLty e T
PL2y e pPL2y e
Part UDL Part UDL
Span 2 Span 5
ubLf 778 RV s ubL| Z7.78 3.50 R e
e T PL1} e
PL2y e PL2y e
Part UDL Part UDL
Span 3 Span 6
ubDL 7.78 3.50 i i ubL e T
PL1y e = T
pPLz2y e pLz2y e
Part UDL Part UDL

LOADING DIAGRAM

A
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Project RC Structure
Client
Location External Floor (yy). from grids 1 to 6

FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997

Originated frem RCC33.xls an CD & 1998 BCA for RCC

REINFORCED REINFORCED CONCRETE
CONCRETE COUNCIL
ﬁ Made by Date Page
GS 26-Jan-09 2
Checked Revision Job No
GS ol

BENDING MOMENT DIAGRAMS (kNm})

N ———— I ——————
300
200 |
100 |
g [
-100 |
200 |
=300 ~300 ;
a 8 10 15 20 25 30 as 40 o 8 10 18 20 25 a0 a5 40
Elastic Moments Redistributed Envelope
SUPPORT No 1 2 3 4 g 6
Elastic M 221.0 323.1 289.1 289.1 323.2 2211 ~
Redistributed M 195.4 290.8 260.2 260.2 290.9 195.4 ~
Bb| 0.884 0.900 0.900 0.900 0.900 0.884 ~
Redistribution 10.0% 10.0% 10.0% 10.0%
End support reinf. @ mm 16 16
SPAN No 1 g 3 4 5
Elastic M | 182.48 165.75 168.83 165.74 182.53 ~
Redistributed M | 194.57 159.31 174.50 159.28 194.66 ~
Bb 1.066 0.961 1.034 0.961 1.066 ~
SHEARS FORCE DIAGRAMS (kN)
300
200
100 100
I 0 I
o [ w
=200
-300
20 25 30 a5 40 0 5 10 15 20 25 30 35 40
Elastic Shears Redistributed Shears
SPAN No 1 3
Elastic V| 223.4 247.3 233.6 230.2 231.8 231.8
Redistributed V| 218.1 245.0 235.9 227.7 231.8 231.8
SPAN No 4
Elastic V| 230.2 233.6 247.3 223.4 ~ ~
Redistributed V|  227.7 235.9 245.0 219.2 ~ ~
REACTIONS (kN)
SUPPORT 1 2 3 4 5 6
ALL SPANS LOADED | 271.0 480.4 459.6 459.5 480.5 281
ODD SPANS LOADED 270.6 365.4 340.1 340.1 355.5 270.6
EVEN SPANS LOADED 126.4 361.9 337.1 337.1 362.0 126.4
Veff for punching| 338.8 630.3 578.4 578.4 630.4 338.9
Characteristic Dead| 135.9 226.7 217.8 217.8 226.7 135.9
Characteristic Imposed 50.5 101.9 96.6 96.6 101.9 50.5
COLUMN MOMENTS (kNm 1 2 a 4 5 6
ALL SPANS| Above 98.6 -11.8 1.6 -1.6 11.8 -98.6
LOADED| _ Below 98.6 -11.8 1.6 -1.6 11.8 -98.6
0oDD SPANS|  Above 1071 -59.5 53.9 -53.9 59.5 -1071
LOADED| Below 107.1 -59.5 53.9 -63.9 59.5 -107.1
EVEN SPANS| Above 37.3 42.2 -51.6 51.6 -42.2 -37.3
LOADED| Below 37.3 42.2 -51.6 51.6 -42.2 -37.3
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REINFORCED CONCRETE

Project RC Structure CONCRETE COUNCIL
Client wmttm e [Mace by Date Page
Location External Floor (yy), from grids 1 to 6 GS Jan-2009 3
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision  |Job No
Originated Irom RCG33 0s on GO © 1983 BCA for RCC GS -
SPAN 1 LEFT CENTRE RIGHT
ACTIONS Bb 1.000 1.066 0.900
Be 675 2100
Total M kNm 147.7 194.6 239.3
Mt max  kNm 185.3 576.5
MIDDLE STRIP ~ Width mm 3300 1875 1875
M kNm 34 87.6 59.8
d mm 247.0 247.0 247.0
As mm2m 10 458 313
As deflection mmam 458 313
Provide Y16 @ 500 T2 Provide Y16 @ 400 B2 Provide Y16 @ 500 T2
As prov mm2m 402 503 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.512 x 1.051 x 0.9 = 37.211 OK
COLUMN STRIP  Width mm 675 2100 2100
M kNm 147.7 107.0 179.5
d mm 247.0 247.0 247.0
As mmam 2419 499 842
As deflection mm2m 499 842
Provide Y16 @ 75 T2 Provide Y16 @ 400 B2 Provide Y16 @ 175:350 T2
AS prov mm#m 2681 503 862
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.349 x 1.051 x 0.9 = 33.188 oK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 2 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.961 0.900
Be 2100 2100
Total M kNm 239.3 159.3 210.5
Mt max kNm 576.5 576.5
MIDDLE STRIP  Width mm 1875 1875 1875
M kNm 59.8 71.7 52.6
d mm 247.0 247.0 247.0
As  mm2m 313 375 275
As deflection mmzm 313 375
Provide Y16 @ 500 T2 Provide Y16 @ 500 B2 Provide Y16 @ 500 T2
As prov mmz/m 402 402 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.389 x 1.051 x 0.9 = 34.187 OK
COLUMN STRIP ~ Width mm 2100 2100 2100
M kNm 179.5 B87.6 157.9
d mm 247.0 247.0 247.0
As mm2m 842 409 737
As deflection mm2m 842 409
Provide Y16 @ 175:350 T2 | Provide Y16 @ 450 B2 Provide Y16 @ 200:400 T2
As prov mmzm 862 447 754
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.390 x 1.051 x 0.9 = 34.188 OK
(As increased by 0.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S 0ok ok ok
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Project RC Structure BEINFQREER | REINFORCED CONCRETE COUNCIL
RERCEEER
Client m Made by Date Page
Location External Floor (yy). from grids 1 to 6 GS Jan-2009 4
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on €D @ 1298 BCA for RCC GS -
SPAN 3 LEFT CENTRE RIGHT
ACTIONS Bb 0.200 1.034 0.900
Be 2100 2100
Total M kNm 210.5 174.5 210.5
Mt max  kNm 576.5 576.5
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 52.6 78.5 52.6
d mm 247.0 247.0 247.0
As  mmim 275 410 275
As deflection mmam 275 410
Provide Y16 @ 500 T2 Provide Y16 @ 450 B2 Provide Y16 @ 500 T2
As prov mm¥m 402 447 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.499 x 1.051 x 0.9 = 36.887 OK
COLUMN STRIP Width ~ mm 2100 2100 2100
M kNm 157.9 96.0 157.9
d mm 247.0 247.0 247.0
As  mmim 737 448 737
As deflection mmam 737 448
Provide Y16 @ 200:400 T2 Provide Y16 @ 400 B2 Provide Y16 @ 200:400 T2
As prov mm¥m 754 503 754
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.508 x 1.051 x 0.9 = 37.105 OK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
SPAN 4 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 0.961 0.900
Be 2100 2100
Total M kNm 210.5 158.3 238.4
Mt max  kNm 576.5 576.5
MIDDLE STRIP Width  mm 1875 1875 1875
M kNm 52.6 71.7 59.8
d mm 247.0 247.0 247.0
As  mmm 275 375 313
As deflection mm#m 275 375
Provide Y16 @ 500 T2 Provide Y16 @ 500 B2 Provide Y16 @ 500 T2
As prov mm3m 402 402 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.390 x 1.051 x 0.9 = 34.189 oK
COLUMN STRIP Width  mm 2100 2100 2100
M kNm 157.9 87.6 179.5
d mm 247.0 247.0 247.0
As mm#m 737 409 842
As deflection mmam 737 409
Provide Y16 @ 200:400 T2 Provide Y16 @ 450 B2 Provide Y16 @ 175:350 T2
As prov mm#m 754 447 862
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.390 x 1.051 x 0.9 = 34.191 OK
(As increased by 0.0 % for deflection)
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure Rc%ﬁé’l%é‘ﬁ% REINFORCED CONCRETE
e —— COUNCIL
Client m Made by Date Page
Location External Floor (yy), from grids 1 to 6 GS Jan-2009 5
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.x1s on CD @ 1899 BCA for RCC GS -
SPAN 5 LEFT CENTRE RIGHT
ACTIONS Bb 0.900 1.066 1.000
Be 2100 675
TotalM  kNm 239.4 194.7 147.7
Mt max kNm 576.5 185.3
MIDDLE STRIP Width mm 1875 1875 3300
M kNm 59.8 87.6 3.4
d mm 247.0 247.0 247.0
As mm#m 313 458 10
As deflection mm#m 313 458
Provide Y16 @ 500 T2 Provide Y16 @ 400 B2 Provide Y16 @ 500 T2
As prov. mm2m 402 503 402
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.512 x 1.051 x 0.9 = 37.197 OK
COLUMN STRIP Width mm 2100 2100 675
M kNm 179.5 107.1 147.7
d mm 247.0 247.0 247.0
As mm?m 842 500 2419
As deflection mm2m 842 500
Provide Y16 @ 175:350 T2 Provide Y16 @ 400 B2 Provide Y16 @ 75 T2
As prov. mmzm 862 503 2681
Top steel Provide Y16 @ 500 T2
Deflection L/d = 7,500 /247.0 = 30.364 < 26.0 x 1.348 x 1.051 x 0.9 = 33.174 oK
CHECKS % As ok ok ok
Singly reinforced ok ok ok
max S ok ok ok
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Project RC Structure PENGREE2 | REINFORCED CONCRETE COUNCIL
Client ﬂm‘: Made by Date Page
Location External Floor (yy), from grids 1 to 6 GS 26-Jan-09 6
FLAT SLAB ANALYSIS & DESIGN to BS 8110:1997 Checked Revision Job No
Originated from RCC33.xls on CD © 1999 BOA for RCC GS -
No
WEIGHT of REINFORCEME! Mid Strip  Col Strip Type Dia Length Unit wt Weight
TOP STEEL Support 1 7 T 16 2575 1.578 28.4
10 T 16 2575 1.578 40.6
Span 1 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 2 4 T 16 3750 1.578 23.7
9 T 16 3750 1.578 533
Span 2 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 3 4 T 16 3750 1.578 237
8 T 16 3750 1.578 47.4
Span3 4 T 16 5550 1.578 35.0
& T 16 5550 1.578 43.8
Support 4 4 T 16 3750 1.578 23.7
8 T 16 3750 1.578 47.4
Span 4 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 43.8
Support 5 4 T 16 3750 1.578 23.7
9 T 16 3750 1.578 53.3
Span5 4 T 16 5550 1.578 35.0
5 T 16 5550 1.578 438
Supporté 8 T 16 2575 1.578 325
10 T 16 2575 1.578 40.6
BTM STEEL Span 1 5 T 16 6925 1.578 54.6
6 T 16 7850 1.578 74.3
Span 2 4 T 16 6825 1.578 431
5 T 16 7650 1.578 60.4
Span 3 5 T 16 6825 1.578 53.9
6 T 16 7650 1.578 72.4
Span 4 4 T 16 6825 1.578 431
5 T 16 7650 1.578 60.4
Span 5 5 T 16 6925 1.578 54.6
6 T 16 7850 1.578 74.3
SUMMARY Rebar for single direction only. All figures approximate - see User Guide.
TOTAL REINFORCEMENT IN BAY (kg) 1424 REINFORCEMENT DENSITY (kg/m®) 33.3
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APPENDIX C

COLUMN DESIGN

. REINFORCED | REINFORCED CONCRETE
Project RC Structure CONCRETE COUNCIL
Client m Made by  [Date Page
Location Column Corner GS | 26-Jan-09 1

COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED RECT. COLUMNS BENT ABOUT TWO AXES
TO BS B110:1997 IChecked |Revision Job No
Criginated from RCCS1.xis on CD © 1998 BCA for RCC GS = E
INPUT 1-2
Location Column Comer Y concrete density, kN/m®
A Vigk
Orientation n/a X X B-C H Yiak
v
Level| 6 5 4 3 2 1
Dimensions
Spans CltoCl n/a m 0.00
B-C m 7.50 7.50 7.50 7.50 7.50 7.50
1-2 m 7.50 7.50 1.5 7.50 .50 7.50
n/a m 0.00
Slab thickness (solid) mm 250 300 300 300 300 300
span direction, (Il to) x, y or b b b b b b b
Beams width  n/fa mm 0
deptho/a n/a mm 0
width B-C mm a
depthofa B-C mm 0
width  1-2 mm 1]
deptho/a 1-2 mm 0
width n/a mm a
Column below (col above)
H(ltoyy) mm 1] 450 450 450 450 450 450
B(lltoxx) mm o 450 450 450 450 450 450
Height (fl. to floor) m 0.00; 3.00 3.00 3.00 .00 .00 3.0
Level 6 5 4 3 2 1
Loads  (characteristic uno)
Slab (inc swt.) gk kN/m2 6.43 7.78 7.78 7.78 7.78 7.78
gk kN/m2 1.5 3.50 3.50 .50 3.50 a5
Beams  (swt.) gk kN/m included included included  included  included  included
line loads (-extra over slab loads and beam self weight)
n/a gk KN/m 0.0
gk kN/m 0.0
B-C gk kN/m 72 2 1.2 72 72 72
qk kN/m 0.0
1-2 gk kN/m e 72 e Te 7.2 72
qk kN/m 0.0
n/a gk kN/m 0.0
gk kN/m 0.0
At column position, other applied loads (eg loads from cantilevers)
Gk kN (char) 0.0
Qk kN (char) 0.0
Mxx  kNm (ult) 0.0
Myy  kNm (ult) 0.0
Loads per floor
Floor Gk kN 144.7 163.6 163.6 163.6 163.6 163.6
Floor Qk kN 211 49.2 49.2 49.2 49.2 49.2
Column below Gk kN 14.6 14.6 14.6 14.6 14.6 14.6
QUTPUT Columnlevel 6to5 5to4 4to3 3te2 2to1 Below1
Cumulative loads in column.
Gk kN 159.3 3375 5157 6940 8722 1050.4
Qk kN 2141 70.3 119.5 168.8 218.0 267.2
Qk redn factor 1.0 0.9 0.8 0.7 0.6 0.6
Qk red* kN 211 63.3 95.6 118.1 130.8 160.3
N kN 257 574 875 1161 1430 1727
Moments in column
about x-x  Mxx top kNm 172.3 115.7 115.7 115.7  115.7 115.7
about y-y Myy top kNm 1723 1157 115.7 115.7 115.7 115.7
Mhox bottom  kNm 1157 1157 115.7 1157 1157
Myy bottom  kNm 115.7 115.7 1157 115.7 115.7




Project RC Structure

REINFORCED
NS REINFORCED CONCRETE

RS COUNCIL
Client 0 % Made by |Date Page
Location Column Corner GS 26-Jan-09 2
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED RECT. COLUMNS BENT ABOUT TWO)|
AXES [Checked Revision Job No
Originated from RCCS1.xls on GD © 1299 BCA for RCC GS - -
INPUT Location Column Corner
Level considered: Bottom (Max N) Orientation 1-2
Dimensions about x-x about y-y Y A
hilltoyy) mm 450 - n/a (g i X B-C :
b(litoxx) mm - 450 W
lo, clear height mm 2750 2750 y
B value 0.85 0.85 na
Column properties
Braced or Unbraced? BorU B B feu 30
500
Loads coverto link  mm 30
Axial N kN 1727 - Max sized main bar mm 40
Moments top  kNm 1167 1s&7 Probable percentage As % 2.50%
bottom  kNm 0.0 0.0 link diameter mm 10
OUTPUT
Design criteria
N kNm 1727
M kN 192.0
about Y-Y
PROOF
Slenderness Design moments (cont) about x-x about y-y
le  mm 2338 23375 Design moments for unbraced columns
Slenderness 5.19 5.19 M2+100% Madd  kNm n/a n/a
Limit for short column 15.0 15.0 eminN kNm n/a n/a
Design column as Short Maximum  kNm n/a n/a
Column is Short Short
about x-x about y-y Design moments
kNm 115.7 115.7
Design moments about x-x about y-y
Min eccentricity, 0.05h  kNm 345 Short
Braced Braced
Madd nfa - short column
d mm 390 390
Nuz kN 51384 51384
Nbal kN 1316.3 1316.3 Biaxial bending
K 0.893 0.893 Mx/h' 0.297
b'or, if slender, h? -b'  mm 390 390 My/b 0.297
Ba 0.018 0.018 Critical direction Y-Y
au mm 7.2 7.2
Madd kNm 0.0 0.0 N/bhfcu 0.28
Eqgns 32-35 ok to use? ok B 0.66
Braced columns M1 kNm 0.0 0.0
Mi kNm 69.4 69.4 Maximum design moment
Mi, (Mi=0 if Le/h>20) kNm 69.4 69.4
Mi, (Mi=0 if b/h>3) 69.4 69.4 = 115.7+0.66*390/390"115.7
= kNm - 192.0
Design moments for braced columns
M2 kNm 115.7 115.7
Mi+Madd  kNm 69.4 69.4
M1+Madd/2 kNm 0.0 0.0
eminN kNm n/a 345
Maximum  kNm 115.7 115.7
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Project RC Structure CONCREFE | REINFORCED CONCRETE COUNCIL
RTRTEARAET
Client 0 m Made by Date Page
Location Column Corner GS 26-Jan-09 3
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED
RECT. COLUMNS BENT ABOUT TWO AXES Checked Revision Job No
Originated from RCC51.xs on GO @ 1393 BCA for RCC GS - =
INPUT Level designed: Bottom (Max N)
Axial load, N 1727 kN fcu 30 N/mm?
Moment, M 192.0  kNm fy 500 N/mm?
about Y-Y axis fyv 500 N/mm?
Height, h (Il to yy, L'r to xx) 450 mm ym 1.05 steel
Breadth, b (Il to xx) 450 mm ym 1.5 concrete
Max bar diameter 40 mm Link @ 10 mm
cover (to link) 30 mm
CALCULATIONS
fromM As ={M - 0.67fcu.b.dc(h/2 - dc/2)}/[(h/2-d").(fsc+fst).gm]
from N As=(N-0.67fcu.b.dc/gmy)/ (fsc - fst) As = Ast = Asc: dc=min(h,0.9x)
d= 60 mm .67fcu/gm = 13.4 N/mm?
d= 390 mm fyfgm = 476.2 Nimm?
critical about Y-Y axis:...... h= 450 mm
b= 340 mm
from iteration, neutral axis depth, x, = 299.0 mm
dc 269.1 mm

0.67.fcu.b.dc/gm 1622.7 kN
Steel comp strain 0.00280
Steel tens strain 0.00107

Steel stress in comp. face, fsc 476 N/mm2 (Comp. stress in reinf.)
Steel stress in tensile face, fst 213 Nfimm2 (Tensile stress in reinf.)
from M, As = 398 mmz2
from N, As = 396 mm2 OK but use min. 0.4%,

As req'd = 405mm?2 T&B:- PROVIDE 4TX40
(ie 2TX40 T&B - 2514mm?2T&B) - 2.48% o/a - @330 cc.)

Links : - PROVIDE TX10 @ 300

oK
Strain diagram Stress diagram
13.4 N/mm?
A 00350 476
| 0.00280
about Y-Y axis
p107- — N
-213 y 3
Stresses in Nfmm

0.00177-
Compression +ve
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; REINFORCED | REINFORCED CONCRETE
Project RC Structure CONCRETE COUNCIL
i RIS
Client y % Made by  [Date Page
Location Column Side GS | 26-Jan-08 1
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORGED RECT. COLUMNS BENT ABOUT TWO AXES
TO BS B110:1987 (Checked |Revision Job Mo
Originated from RCC51.xls on CD © 1993 BCA for RCC GS = -
INPUT 1-2
Location Column Side y concrete density, kN/m® 24.0
S Yigk 1.40
Qrientation n/a X b 4 B-C H Yigk 1.60
v
23
Level| 6 5 4 3 2 1
Dimensions
Spans CltoCl n/a m 0.00
B-C m 7.50 7.50 7.50 7.50 7.50 7.50
1-2 m 7.50 7.50 7.50 7.50 7.50 7.50
2-3 m 7.50 0 5i 7.50 I Z
Slab thickness (solid) mm 250 300 300 300 300 300
span direction, (Il to) x, y or b b b b b b b
Beams width nfa mm Q
deptho/a n/a mm Q
width B-C mm 1]
deptho/a B-C mm 0
width  1-2 mm 0
depthola 1-2 mm 0
width  2-3 mm Q
Column below (col abova)
H(lltoyy) mm 0 450 450 450 450 450
B(lltox) mm 0 450 450 450 450 450
Height (fl. to floor.) m 000! 3.00 3.00 3.00 3.00 3.0
Level 6 5 4 3 2 1

Loads  (characteristic uno)

Slab  (incswt) gk  kN/m2 6.43 .78 778  1.78 778 7.78
gk kN/m2 1.50 3.50 3.50 3.50 3.50 3.50
Beams  (swt.) gk kN/m included  included included included included  included
line loads (-extra over slab loads and beam self weight)
nfa gk kN/m 0.0
gk kN/m 0.0
B-C gk kN/m 0.0
gk kN/m 0.0
1-2 gk kN/m 7.2 75 i) 7.2 7.2 7.2
qk kN/m 0.0
2-3 gk kN/m 72 7.2 7.2 72 72 72
gk KN/m 0.0
At column position, other applied loads (eg loads from cantilevers)
Gk kN (char) 0.0
Qk kN (char) 0.0
Mxx  kNm (ult) 0.0
Myy kNm (ult) 0.0
Loads per floor
Floor Gk kN 235.1 273.0 273.0 273.0 2730 2730
Floor Qk kN 422 98.4 98.4 98.4 98.4 98.4
Column below Gk kN 14.6 14.6 14.6 14.6 14.6 14.6
QUTPUT Column level 6to5 5to4 4to3 3to2 2to1 Below1
Cumulative loads in column.
Gk kN 2497 537.3 8248 11124 13899 16875
Qk kN 422 1406  239.1 337.5 4359 5344
Qkredn factor 1.0 0.9 0.8 0.7 0.6 0.6
Qk red” kN 42.2 126.6 191.3 236.3 261.6 320.6
N kN 417 955 1461 1935 2378 2875
Moments in column
about x-x  Mxx top kNm 54.7 45.3 453 45.3 45.3 45.3
about y-y Myy top kNm 191.3 145.5 1455 1455 1455 145.5
Maxx bottom  kNm 45.3 45.3 45.3 45.3 45.3
Myy bottom __ kNm 145.5 145.5 145.5 145.5 145.5




Project RC Structure

REINFORCED
AR REINFORCED CONCRETE

Py ] COUNCIL
Client 0 % Made by  |Date Page
Location Column Side GS 26-Jan-09 2
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED RECT. COLUMNS BENT ABOUT TWO|
AXES Checked Revision Job No
Originated from RCCS1.xls on GD © 1999 BCA for ACC GS - -
INPUT Location Column Side
Level considered: Bottom (Max N) Orientation 1-2
Dimensions about x-x about y-y Y A
hilltoyy) mm 450 - n/a ¥ s i X B-C :
b(litoxx) mm - 450 W
lo, clear height mm 2750 2750 y
B value 0.85 0.85 2-3
Column properties
Braced or Unbraced? BorU B B fcu 30
500
Loads cover tolink  mm 30
Axial N kN 2875 - Max sized main bar ~ mm 40
Moments top kNm 453 145.5 Probable percentage As % 2.50%
bottom  kNm 0.0 0.0 link diameter mm 10
OQUTPUT
Design criteria
N kNm 2875
M kN 165.0
about Y-Y
PROOF
Slenderness Design moments (cont) about x-x about y-y
le  mm 2338 23375 Design momenits for unbraced columns
Slenderness 5.19 5.19 M2+100% Madd  kNm n/a n/a
Limit for short column 15.0 15.0 eminN kNm n/a n/a
Design column as Short Maximum  kNm n/a n/a
Column is Short Short
about x-x about y-y Design moments
kNm 45.3 145.5
Design moments about x-x about y-y
Min eccentricity, 0.05h  kNm 57.5 Short
Braced Braced
Madd n/a - short column
d mm 390 390
Nuz kN 51384 51384
Nbal kN 1316.3 1316.3 Biaxial bending
K 0.592 0.592 Mx/h' 0.116
b' or, if slender, h? -b'  mm 390 390 My/b 0.373
Ba 0.018 0.018 Critical direction Y-¥Y
au mm 4.8 4.8
Madd kNm 0.0 0.0 N/bhtcu 0.47
Eqgns 32-35 ok to use? ok B 0.43
Braced columns M1 kNm 0.0 0.0
Mi kNm 27.2 87.3 Maximum design moment
Mi, (Mi=0 if Le/h>20) kNm 27.2 87.3
Mi, (Mi=0 if b/h>3) 27.2 87.3 = 145.5+0.43*390/390745.3
= kNm - 165.0
Design moments for braced columns
M2 kNm 45.3 145.5
Mi+Madd  kNm 27.2 87.3
M1+Madd/2 kNm 0.0 0.0
eminN kNm n/a 57.5
Maximum  kNm 45 145.5
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CoNCRETE | REINFORCED CONCRETE COUNCIL

TR
v [vade by Date Page

GS 26-Jan-09 3

Project RC Structure
Client 0

Location Column Side
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED

RECT. COLUMNS BENT ABOUT TWC AXES Checked Revision Job No
Originated from RCC51.xls on CD © 1999 BCA for RCC GS - -
INPUT Level designed: Bottom (Max N)
Axial load, N 2875 kN fcu 30 N/mm?
Moment, M 165.0  kNm fy 500 N/mmz
about Y-Y axis fyv 500 N/mm?
Height, h (Il to yy, L'r to xx) 450 mm ym 1.05 steel
Breadth, b (Il to xx) 450 mm ym 1.5 concrete
Max bar diameter 40 mm Link @ 10 mm
cover (to link) 30 mm
CALCULATIONS
from M As ={M - 0.67fcu.b.dc(h/2 - dc/2)}/[(h/2-d").(fsc+{st).gm]
from N  As = (N - 0.67fcu.b.dc/gm) / (fsc - fst) As = Ast = Asc:  dc=min(h,0.9x)
d= 60 mm .67fcu/gm = 13.4 Nimm2
d= 390 mm fy/lgm = 476.2 Nimm?
critical about Y-Y axis:...... h= 450 mm
b= 340 mm
from iteration, neutral axis depth, x, = 418.4 mm
dc 376.5 mm
0.67.fcu.b.dc/gm 2270.6 kN
Steel comp strain 0.00300
Steel tens strain  -0.00024
Steel stress in comp. face, fsc 476 N/mm2 (Comp. stress in reinf.)
Steel stress in tensile face, fst -47 N/mm2 (Tensile stress in reinf.)
from M, As = 1154 mm2
from N, As = 1154 mm2 OK

Asreg'd = 1154mm?2 T&B:- PROVIDE 4TX40
(ie 2TX40 T&B - 2514mm?T&B) - 2.48% o/a - @330 cc.)

Links : - PROVIDE TX10 @ 300

OK
Stress diagram

13.4 N/mm?
00350 476

0.00300

Strain diagram

about Y-Y axis

0.00024 = Notes

Stresses in Nimm®

0.000286-
Compression +ve
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; REINFORCED | REINFORCED CONCRETE
Project RC Structure CONCRETE COUNCIL
Client % Made by |Date Page
Location Column Internal GS | 26-Jan-08 1

COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORGED RECT. COLUMNS BENT ABOUT TWO AXES
TO BS B110:1987 (Checked |Revision Job Mo
Originated from RCCS1.xls on CD © 1998 BCA for RCC GS = %
INPUT 12
Location Column Internal concrete density, kN/m® 24.0
£ Yigk 1.40
Qrientation A-B X b 4 B-C H Yigk 1.60
v
¥
23
Level| 6 5 4 3 2 1
Dimensions
Spans CltoCl A-B m .50 7.50 750  7.50 .50 7.50
B-C m 7.50 7.50 750 750 7.50 7.50
1-2 m 7.50 7.50 7.50 7.50 7.50 7.50
2-3 m 7.50 .50 5i 7.50 I Z
Slab thickness (solid) mm 250 300 300 300 300 300
span direction, (Il to) x, y or b b b b b b b
Beams width  A-B mm Q
deptho/a A-B mm 0
width B-C mm 1]
deptho/a B-C mm 0
width  1-2 mm 0
depthola 1-2 mm 0
width  2-3 mm Q

Column below (col abova)

H(lltoyy) mm 0 450 450 450 450 450
B(ltoxx) mm 0 450 450 450 450 450
Height (fl. to floor) m 0.00] 3.00 3.00 3.00 3.00 3.00
Level 6 5 4 3 2 1

Loads  (characteristic uno)
Slab  (incswt) gk  kN/m2 6.43 .78 778  1.78 778 7.78
gk kN/m2 1.50 3.50 3.50 3.50 3.50 3.50

Beams  (swt.) gk kN/m included  included included included included  included

line loads (-extra over slab loads and beam self weight)
A-B gk kN/m 0.0
gk kN/m 0.0
B-C gk kN/m 0.0
gk kN/m 0.0
1-2 gk KN/m 0.0
qk kN/m 0.0
2-3 gk kN/m 0.0
gk KN/m 0.0
At column position, other applied loads (eg loads from cantilevers)
Gk kN (char) 0.0
Qk kN (char)| 0.0
Mxx  kNm (ult) 0.0
Myy kNm (ult) 0.0
Loads per floor
Floor Gk kN 361.7 437.3 4373 4373 4373 4373
Floor Qk kN 84.4 196.9 196.9 196.9 196.9 196.9
Column below Gk kN 14.6 14.6 14.6 14.6 14.6 14.6
QUTPUT Column level 6to5 5to4 4to3 3to2 2to1 Below1
Cumulative loads in column.
Gk kN 376.3 828.2 12801 17320 2184.0 26359
Qk kN 844 2813 4781 675.0 871.9 1068.8
Qkredn factor 1.0 0.9 0.8 0.7 0.6 0.6
Qk red” kN 84.4 253.1 3825 472.5 523.1 641.3
N kN 662 1564 2404 3181 3895 4716
Moments in column
about x-x  Mxx top kNm 61.2 57.8 57.8 57.8 57.8 57.8
about y-y Myy top kNm 61.2 57.8 57.8 57.8 57.8 57.8
Maxx bottom  kNm 57.8 57.8 57.8 57.8 57.8
Myy bottom __ kNm 57.8 57.8 57.8 57.8 57.8




Project RC Structure

REINFORCED
NS REINFORCED CONCRETE

RS COUNCIL
Client 0 % Made by |Date Page
Location Column Internal GS 26-Jan-09 2
COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED RECT. COLUMNS BENT ABOUT TWO
AXES [Checked Revision Job No
Originated from RCCS1.xls on GD © 1299 BCA for RCC GS - -
INPUT Location Column Internal
Level considered: Bottom (Max N) Orientation 1-2
Dimensions about x-x about y-y Y A
h(ltoyy) mm 450 - A-B X X B-C :
b(litoxx) mm - 450 W
lo, clear height mm 2750 2750 y
B value 0.85 0.85 2-3
Column properties
Braced or Unbraced? BorU B B feu 30
500
Loads coverto link  mm 30
Axial N kN 47186 - Max sized main bar mm 40
Moments top  kNm 57.8 57.8 Probable percentage As % 2.50%
bottom  kNm 0.0 0.0 link diameter mm 10
OUTPUT
Design criteria
N kNm 4716
M kN 11.7
about Y-Y
PROOF
Slenderness Design moments (cont) about x-x about y-y
le  mm 2338 23375 Design moments for unbraced columns
Slenderness 5.19 5.19 M2+100% Madd  kNm n/a nfa
Limit for short column 15.0 15.0 eminN kNm n/a n/a
Design column as Short Maximum  kNm n/a n/a
Column is Short Short
about x-x about y-y Design moments
kNm 57.8 94.3
Design moments about x-x about y-y
Min eccentricity, 0.05h  kNm 94.3 Short
Braced Braced
Madd nfa - short column
d mm 390 390
Nuz kN 51384 51384
Nbal kN 1316.3 1316.3 Biaxial bending
K 0.111 0.111 Mx/h' 0.148
b'or, if slender, h? -b'  mm 390 390 My/b 0.242
Ba 0.018 0.018 Critical direction Y-Y
au mm 0.9 0.9
Madd kNm 0.0 0.0 N/bhfcu 0.78
Eqgns 32-35 ok to use? ok B 0.30
Braced columns M1 kNm 0.0 0.0
Mi kNm 34.7 34.7 Maximum design moment
Mi, (Mi=0 if Le/h>20) kNm 34.7 34.7
Mi, (Mi=0 if b/h>3) 34.7 34.7 = 94.3+0.30390/390°57.8
= kNm - 111.7
Design moments for braced columns
M2 kNm 57.8 57.8
Mi+Madd  kNm 34.7 34.7
M1+Madd/2 kNm 0.0 0.0
eminN kNm n/a 94.3
Maximum  kNm 57.8 94.3
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CONGREFR | REINFORCED CONCRETE COUNCIL

RN
COUNCIL inade by Date Page

GS 26-Jan-09 3

Project RC Structure

Client 0
Location Column Internal

COLUMN LOAD TAKE DOWN & DESIGN FOR SYMMETRICALLY REINFORCED

RECT. COLUMNS BENT ABOUT TWQ AXES Checked Revision Job No
Criginated from RCC51.xls on GO © 1999 BCA tor RCC GS - -
INPUT Level designed: Bottom (Max N)
Axial load, N 4716 kN fcu 30 N/mm?
Moment, M 111.7  kNm fy 500 Nimm?
about Y-Y axis fyv 500 N/mm?
Height, h (Il to yy, L'r to xx) 450 mm ym 1.05 steel
Breadth, b (Il to xx) 450 mm ym 15 concrete
Max bar diameter 40 mm Link @ 10 mm
cover (to link) 30 mm
CALCULATIONS
fromM As ={M - 0.67fcu.b.de(h/2 - dc/2)}/[(h/2-d").(fsc+fst).gm]
from N As = (N - 0.67fcu.b.dc/gm) / (fsc - fst) As = Ast = Asc:  dc=min(h,0.9x)
d= 60 mm 67fcu/gm = 13.4 Nimm?
d= 390 mm fy/gm = 476.2 Nimm2
critical about Y-Y axis:...... h= 450 mm
b= 340 mm
from iteration, neutral axis depth, x, = 587.9 mm
dc 450.0 mm
0.67.fcu.b.dc/gm 2713.5 kN
Steel comp strain ~ 0.00314
Steel tens strain  -0.00118
Steel stress in comp. face, fsc 476 N/mm2 (Comp. stress in reinf.)
Steel stress in tensile face, fst -236 N/mm2 (Tensile stress in reinf.)
from M, As = 2813 mm2
from N, As = 2813 mm2 OK

Asreqg'd =2813mm2 T&B:- PROVIDE 8TX40
(ie 3TX40 T&B - 3770mm2T&B) - 4.97% o/a - @165 cc.)

Links : - PROVIDE TX10 @ 300

oK
Stress diagram

Strain diagram
13.4 N/mm?

00350 476

0.00314

about Y-Y axis

0.00118

236
0.00082 Notes

Stresses in Nfmm®

Compression +ve

C-9



APPENDIX D

STRUCTURAL FOUNDATION DESIGN

; p REINFORCED CONCRETE
Project Pad Foundation COMCRETE COUNGIL
RS
Client -.ﬁ; Made by Date Page
Location Corner Single column| GS 26-Jan-09 1
PAD FOUNDATION DESIGN to BS 8110:1997 basel|l checked |Revision Job No
Originated from RCC81.xls on CD © 1993 BCA for RCC GS -
MATERIALS fcu 30  N/mm2 hagg 20 mm ye 1.5 concrete
fy 500 N/mm2 cover 50 mm ys 1.05 steel
Densities - Concrete 24 kN/m? Soil 20  kN/m?3
Bearing pressure 400  kN/m2 (net allowable increase) X
: D . @
DIMENSIONS mm : ('\’:‘x
BASE COLUMN : —
L = 3300 R ot A DRSRRRN  -. [ET v | et L* My ¥
ro-bled B
B = 3300 b = 450 ; 5
depth H = 500 L
ex=0 ey=0 3 | (&
X
COLUMN REACTIONS kN, kNm  characteristic Plot (to scale) Key
DEAD |IMPOSED| WIND
Axial (kN)| 1050.0 | 160.0
Mx (kNm) 5
My (kNm) Grnd Brg Pressure 28%
Hx (kN) Bending fsx L 99%
Hy (kN) -

(As/Asprov) fsy [ 94%

STATUS VALID DESIGN

Shear v XX 50%
vyy 56%
BEARING PRESSURES kN/m2 characteristic punching 181%
CORNER 1 2 3 4
nowind| 113.1 | 113.1 | 1131 | 113.1 O BT
with wind| 113.1 113.1 1131 113.1 Efficiency
REINFORCEMENT  Detail to 3.11.3.2 Detail to 3.11.3.2
Mxx = 531.0 kNm Myy = 531.0 kNm
b= 3300 mm b= 3300 mm
d= 440 mm d= 420 mm
As= 2668 mm? As= 2795 mmz
PROVIDE 9 T20 @ 275 & 500 B1 PROVIDE 9 T20 @ 275 & 525 B2
As prov = 2827 mm? Asprov= 2827 mm?
BEAM SHEAR : :
Vxx = 515.2 kN atd from col face Vyy = 525.6 kN atd from col face
v= 0355 N/mms2 v= 0379 Nmm2
or Vxx = 285.1 kN at2d from col face or Vyy = 306.0 kN at2d from col face
v= 0196 N/mm? v= 0221 Nmm?
vc= 0.389 N/mm? vc= 0.395 N/mm2
PUNCHING SHEAR
dave= 430 mm ucrit= 6600 mm
Asprov= 0199 % vmax= 2420 N/mm2atcolface
v= 0318 N/mm? vc= 0.392 N/mm2
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Project Pad Foundation RCEJP:IF&FCEFE HEINFDF&%EUDNgﬁ_NCRETE
P
Client ﬁ””“z Made by Date Page
Location Edge Single column]  GS 26-Jan-09 1
PAD FOUNDATION DESIGN to BS 8110:1997 base| Checked |Revision Job No
Originated from RCC81.xls on CD © 1999 BCA for RCC GS -
MATERIALS fcu 30 N/mm2 hagg 20 mm ye 15 concrete
fy 500 N/mm2 cover 50 mm ys 1.05 steel
Densities - Concrete 24  kN/m? Soil 20 kN/m?
Bearing pressure 400  kN/m2 (net gllewable-inerease) X
3 a . '@
DIMENSIONS mm (‘Q.h i
BASE COLUMN ] P
L = 4200 B E] ............ y | evi "l_% Sy v
B = 4200 b = 450 5 A
depth H = 650 : L
ex=0 ey=0 i (3 | (@
COLUMN REACTIONS kN, KNm  characteristic Plot (to scale) Keyx
DEAD |IMPOSED| WIND
Axial (kN)| 1688.0 | 321.0
Mx (kNm) : |
My (kNm) Grnd Brg Pressure [ ]29% |
Hx (kN) Bending fsx 96% ‘
Hy (kN) ] ‘
(As/Asprov) fsy 92%
STATUS VALID DESIGN Shear VXX ‘
vyy
BEARING PRESSURES KN/m?2 characteristic punching 2% ‘
CORNER 1 2 3 4
nowind| 116.5 | 1165 | 116.5 | 116.5 0% 287%
with wind| 116.5 | 1165 | 116.5 | 116.5 Efficiency
REINFORCEMENT  Detailt0 3.11.3.2 Detail to 3.11.3.2
Mxx = 1204.0 kNm Myy = 1204.0 kNm
b= 4200 mm b= 4200 mm
d= 5875 mm d= 5625 mm
As= 4530 mm? As = 4732 mm?
PROVIDE 10 T25 @ 325 & 575 B1 PROVIDE 10 T25 @ 300 & 600 B2
Asprov= 4909 mm? Asprov= 4909 mm?
BEAM SHEAR ; s
Vxx = 880.2 kN atd from col face Vyy = 893.9 kN atd from col face
v= 0357 N/mmz v= 0378 Nmm?
or Vxx = 476.0 kN at2d from col face or Vyy = 503.4 kN at 2d from col face
v= 0.193 N/mm? v= 0.213 N/mm?
vc= 0.392 N/mm? vc= 0.398 N/mms?
PUNCHING SHEAR :
dave= 575 mm ucrit= 8400 mm
As prov= 0.203 % vmax= 3.116 N/mm2at col face
v= 0326 N/mm? vc= 0.395 N/mm?




Project Pad Foundation RCEJP#IF&FCEFE HEINFDF&%EUDNgﬁ_NCRETE
L
Client ﬁ””“z Made by Date Page
Location Internal Single column]  GS 26-Jan-09 1
PAD FOUNDATION DESIGN to BS 8110:1997 base| Checked |Revision Job No
Originated from RCC81.xls on CD © 1999 BCA for RCC GS -
MATERIALS fcu 30 N/mm2 hagg 20 mm ye 15 concrete
fy 500 N/mm2 cover 50 mm ys 1.05 steel
Densities - Concrete 24  kN/m? Soil 20 kN/m?
Bearing pressure 400  kN/m2 (net allowable increase) X
DIMENSIONS mm f ) Mx ]
BASE COLUMN E . ﬁ'-“ Ky
L = 5400 = 850 | 5 y-{-oe S ¥
B = 5400 b= 450 : T
depth H = 850 i
ex=0 ey=0 (3 (&)
COLUMN REACTIONS kN, KNm  characteristic Plot (to scale) Keyx
DEAD |IMPOSED| WIND
Axial (kN)| 2636.0 | 641.0
Mx (kNm) |
My (kNm) Grnd Brg Pressure [ ]29% |
Hx (kN) Bending fsx 98% ‘
Hy (kN) ] ‘
(As/Asprov) fsy 94%
STATUS VALID DESIGN Shear Vv XX ‘
vyy
BEARING PRESSURES KN/m?2 characteristic punching 91% ‘
CORNER 1 2 3 4
nowind| 1158 | 1158 | 1158 | 115.8 0% 287%
with wind| 1158 | 1158 | 1158 | 115.8 Efficiency
REINFORCEMENT  Detail t0 3.11.3.2 Detail to 3.11.3.2
Mxx = 2674.9 kNm Myy = 2674.9 kNm
b= 5400 mm b= 5400 mm
d= 784 mm d= 752 mm
As= 7542 mm? As = 7863 mm?
PROVIDE 10 T32 @ 400 & 775 B1 PROVIDE 10 T32 @ 400 & 800 B2
As prov = 8042 mm? Asprov= 8042 mm?
BEAM SHEAR :
Vxx = 1471.6 kN atd from col face Vyy = 1489.0 kN at d from col face
v= 0.348 N/mmz v= 0.367 Nmm?
or Vxx= 781.6 kN at2d from col face orVyy = 816.6 kN at 2d from col face
v= 0.185 N/mm? v= 0.201 Nmm?
vc= 0.386 N/mm? vc= 0.391 N/mm?
PUNCHING SHEAR
dave= 768 mm ucrit= 10800 mm
As prov= 0.194 % vmax= 3.986 N/mmzatcolface
v= 0328 N/mm? vc= 0.389 N/mm?




APPENDIX E GEOTECHNICAL FOUNDATION DESIGN

1 Corner pad foundation design

Load (dead & imposed)

TRV Ry 777

5000 mm

B foundation width 3.3m

t foundation thickness 0.5m

Fo characteristic dead load 1050.0 kN
F_ characteristic imposed load 160.0 kN
V. characteristic weight density of soil 20 kN/m3
Y. characteristic weight density of concrete 24 kKN/m3
cy characteristic value of undrained shear strength 90 kPa

Bearing resistance

Required
V4 < Ry 6.5.2.1(1)
Equation 6.1
V4 — Design value of vertical load
Ry — Design value of resistance to vertical load
Permanent vertical characteristic load 2.4.2(4) &
6.5.2.1(3)
Imposed vertical load on column 1050.0 kN
Weight of foundation:
Weight of rising column 21.9 kN
Weight of foundation pad 130.7 kN
Weight of backfill 961.9 kN
Total foundation weight 1114.4 kN
Total characteristic permanent load (V) 2164.4 kN



Variable vertical characteristic load

Total characteristic variable load (V) 160 kN

Design approach 1 2.4.7.3.4.2

Analytical method 6.5.2.2
Annex D3
Undrained conditions

R/A=(T+2)cysc+q Equation D1
Shape factor

Square footing, s = 1.2

Area of footing

Pad 3.3 mx3.3m, A=10.89 m?

Bearing resistance

R =10.89 [(1T + 2)1.2¢, + (]
Combination 1: A1, M1 and R1 2.4.7.3.4.2

Design load (A1)

Va1 = Ve XV + yQXVL Table A3

Vg1 = 1.35x2164.4 + 1.50 x 160
Vg1 = 3162.0 kN

Design strength (M1) Table A4

Cudl = Cuk/ycu
Cw1=90/1.0
Cua1 =90 kPa

Soil surcharge, design value adjacent to footing (A1) Table A3

Jaa =0k XYV a
qur = (5x20)x1.0
(q1 = 100 kPa

Design bearing resistance (R1) Table A5

Rdl = Rk /yR;v

Rdl = Rk /1.0

Ra1 = R

Rq = 10.89 [(17 + 2)1.2 X 90 + 100]
Rg1 = 7136.1 kN

Check

Vg1 should be < Rq1
3162.0 kN < 7136.1 kN



Footing acceptable for design approach 1, combination 1
Combination 2: A2, M2 and R1

Design load (A2)

Vaa= Ve XV + YoXV,L
Vg =1.0%x2164.4 + 1.3 x 160
Vg2 = 2372.4 kKN

Design strength (M2)

Cud2 = Cuk/ycu
Cuw2=90/14
Cuez = 64.3 kPa

Soil surcharge, design value adjacent to footing (A2)

Ji2 =k XV G
ez = (5 X 20) X 1.0
Qa2 = 100 kPa

Design bearing resistance (R1)

Rd2 = Rk /yR;v

Rd2 = Rk /1.0

Ra2 = R

Rgz = 10.89 [(T7 + 2)1.2 X 64.3 + 100]
Rg2 = 5408.4 kN

Check

Va2 should be < Rq>

2372.4 kN < 5408.4 kN

Footing acceptable for design approach 1, combination 2
Settlement

Settlement using Vx SR /3

Vi + V| =2324.4 kN

Bearing capacity Ry; unfactored
Y ryv = 1.0 (bearing resistance)

¥e =1.0 (surcharge)
Ve = 1.0 shear strength)
R« =Ra

R, =7136.1kN

Check

Re/ (Vi + V)= 7136.1/2324.4 = 3.07 (>3)
Footing acceptable for settlement

24.7.3.4.2

Table A3

Table A4

Table A3

Table A5



2 Edge pad foundation design

Load (dead & imposed)

YN NS 7SS

5000 mm

B foundation width 4.2m

t foundation thickness 0.65m

Fo characteristic dead load 1688.0 kN
F_ characteristic imposed load 321.0 kN
V. characteristic weight density of soil 20 kN/m3
Y. characteristic weight density of concrete 24 KN/m3
cy characteristic value of undrained shear strength 90 kPa

Bearing resistance

Required
V4 < Ry 6.5.2.1(1)
Equation 6.1
V4 — Design value of vertical load
Ry — Design value of resistance to vertical load
Permanent vertical characteristic load 2.4.2(4) &
6.5.2.1(3)
Imposed vertical load on column 1688.0 kN
Weight of foundation:
Weight of rising column 21.1 kN
Weight of foundation pad 275.2 kN
Weight of backfill 1517.1 kN
Total foundation weight 1813.4 kN
Total characteristic permanent load (V) 3501.4 kN

Variable vertical characteristic load

Total characteristic variable load (V) 321.0 kN



Design approach 1

Analytical method

Undrained conditions

R/A=(T+2)cysc+q

Shape factor

Square footing, s, = 1.2

Area of footing
Pad4.2mx4.2m, A=17.64 m?

Bearing resistance

R=17.64[(Tr + 2)1.2¢c, + q]
Combination 1: A1, M1 and R1

Design load (A1)

Va1 = Ve XV + JoX VL
Vg1 =1.35x 3501.4 + 1.50 x 321
V41 =5208.4 kN

Design strength (M1)

Cudl = Cuk/ycu
Cuw1=90/1.0
Cuq1 = 90 kPa

Soil surcharge, design value adjacent to footing (Al)

a1 = Ok XV G
Jar = (5x20)x 1.0
qaz = 100 kPa

Design bearing resistance (R1)

Rdl = Rk /yR;v

Rdl = Rk /1.0

Ra1 = Rk

Rq1 = 17.64 [(T7 + 2)1.2 X 90 + 100]
Rg1 = 11559.4 kN

Check

V41 should be < Ry,
5208.4 kN < 11559.4 kN

Footing acceptable for design approach 1, combination 1

Combination 2: A2, M2 and R1

24.7.3.4.2

6.5.2.2
Annex D3

Equation D1

24.7.34.2

Table A3

Table A4

Table A3

Table A5

24.7.3.4.2



Design load (A2)

Va2 = Yo X Vi + YoXx Vi
Vg =1.0x3501.4 +1.3x 321
V42 = 3918.7 kN

Design strength (M2)

Cud2 = Cuk/ycu
Cuw2=90/14
Cuez = 64.3 kPa

Soil surcharge, design value adjacent to footing (A2)

Ji2 =k XV G
ez = (5 X 20) X 1.0
Qa2 = 100 kPa

Design bearing resistance (R1)

Rd2 = Rk /yR;v

Rdg = Rk /1.0

Ra2 = R

Rgz = 17.64 [(T7 + 2)1.2 X 64.3 + 100]
Rg2 = 8760.7 kN

Check

Va2 should be < Rq2
3918.7 kN < 8760.7 kN

Footing acceptable for design approach 1, combination 2

Settlement
Settlement using V¢ SR /3
Vi + VL = 38224 kN

Bearing capacity Ry; unfactored
VY ryv = 1.0 (bearing resistance)

¥ =1.0 (surcharge)
Ve = 1.0 shear strength)
R« =Ra

R =11559.4 kN

Check

Rk/ (Vi + V)= 3822.4/11559.4 = 3.02 (>3)
Footing acceptable for settlement

Table A3

Table A4

Table A3

Table A5



3 Internal pad foundation design

Load (dead & imposed)

AN

5000 mm

B foundation width 54m
t  foundation thickness 0.85m
Fo characteristic dead load 2636.0 kN
F_ characteristic imposed load 641.0 kN
V. characteristic weight density of soil 20 kN/m3
Y. characteristic weight density of concrete 24 kKN/m3
cy characteristic value of undrained shear strength 90 kPa
Bearing resistance
Required
Vg< Ry 6.5.2.1(1)
Equation 6.1
V4 — Design value of vertical load
Ry — Design value of resistance to vertical load
Permanent vertical characteristic load 24.2(4) &
6.5.2.1(3)

Imposed vertical load on column 2636.0 kKN
Weight of foundation:

Weight of rising column 20.2 kN

Weight of foundation pad 594.9 kN

Weight of backfill 2403.5 kN

Total foundation weight 3018.5 kN
Total characteristic permanent load (V) 5654.5 kN



Variable vertical characteristic load

Total characteristic variable load (V) 641.0 kN

Design approach 1 2.4.7.3.4.2

Analytical method 6.5.2.2
Annex D3
Undrained conditions

R/A=(T+2)cysc+q Equation D1
Shape factor

Square footing, s = 1.2

Area of footing

Pad 54mx5.4m, A=29.16 m?

Bearing resistance

R =29.16 [(1T + 2)1.2¢c, + (]
Combination 1: A1, M1 and R1 2.4.7.3.4.2

Design load (A1)

Va1 = Ve XV + yQXVL Table A3

Vg1 = 1.35 x 5654.5 + 1.50 x 641.0
Vg4, = 8595.1 kN

Design strength (M1) Table A4

Cudl = Cuk/ycu
Cw1=90/1.0
Cua1 =90 kPa

Soil surcharge, design value adjacent to footing (A1) Table A3

Jaa =0k XYV a
qur = (5x20)x1.0
(q1 = 100 kPa

Design bearing resistance (R1) Table A5

Rdl = Rk /yR;v

Rdl = Rk /1.0

Ra1 = R

Rq1 = 29.16 (17 + 2)1.2 X 90 + 100]
Rg1 =19108.3 kN

Check

Vg1 should be < Rq1
8595.1 kN < 19108.3 kN



Footing acceptable for design approach 1, combination 1
Combination 2: A2, M2 and R1

Design load (A2)

Vaa= Ve XV + YoXV,L
Vg =1.0Xx5654.5 + 1.3 x 641
V4o = 6487.8 kN

Design strength (M2)

Cud2 = Cuk/ycu
Cuw2=90/14
Cuez = 64.3 kPa

Soil surcharge, design value adjacent to footing (A2)

Ji2 =k XV G
ez = (5 X 20) X 1.0
Qa2 = 100 kPa

Design bearing resistance (R1)

Rd2 = Rk /yR;v

Rd2 = Rk /1.0

Ra2 = R

Rgz = 29.16 (7 + 2)1.2 X 64.3 + 100]
Rg2 = 14481.9 kN

Check

Va2 should be < Rq>

6487.8 kN < 14481.9 kN

Footing acceptable for design approach 1, combination 2
Settlement

Settlement using Vx SR /3

Vi + V| =6295.5 kN

Bearing capacity Ry; unfactored
Y ryv = 1.0 (bearing resistance)

¥e =1.0 (surcharge)
Ve = 1.0 shear strength)
R« =Ra

R =19108.3 kN

Check

Rk/ (Vi + V)= 6295.5/19108.3 = 3.04 (>3)
Footing acceptable for settlement

24.7.3.4.2

Table A3

Table A4

Table A3

Table A5



