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ABSTRACT

This paper presents the results of numerical aealg$ a stiffened raft footing on non-engineerdld(NEF) located in the
Melbourne suburb of Chelsea. Analyses have bedartaken using a simplified approach with lineasét parameters in a
commercial Finite Element (FE) program (STRANDG6)Idaved by a more comprehensive analysis using a liregar
constitutive model in a commercial Finite Differen@~D) program (FLAC3D). The results of the nuroarianalyses and
findings of a simplified empirical design approadaiown as the “Soft Spot” method are compared with field settlement
behaviour. The results indicate that the “Soft Spotthod is unable to predict the field behaviotithe raft, in particular the
behaviour of the raft slab panels, while the FLACBidgram predicts the raft behaviour more closelurthermore, the
efficiencies of using additional concrete (suchiteshaunching, increasing slab thickness) are ateduand it is found that an
increase in slab panel thickness is a more effi@#taration which reduces differential settlemehthe raft footing. The use
of haunches is observed to reduce the shear dreesgpared to no haunches; however the developeat skresses in both
the cases are well within the requirements of AB28.996). An aspect ratio (length/width) of unity the raft footing is
also found to be more effective in reducing thdasig deflection and total settlement of raft ov&HN

1 INTRODUCTION

The greater Melbourne area consists of a deltataré@d mouth of the Yarra River and low lying &lal soils to the south
east of the city centre which extend far down thdrpeter of Port Phillip Bay and into the newly d®ping areas to the east
and west. Many areas including Port Melbourne thiedow lying swamp areas behind Edithvale to Garhave been filled
with non-engineered local and imported filling torh residential and commercial areas. At the modithe Yarra River and
along its river banks which extend into the Melbmibusiness area and also within the lower aretteed¥laribyrnong River,
there are deep deposits of highly compressiblesc{ayg. Coode Island Silt (CIS)) where both comiaérand residential
development has occurred and continues. The piepe@ft Yarra Delta soils including CIS are repottgcErvin (1992).

For larger developments on the Non-Engineered RHF) and CIS, footing systems are extended thrabgbe soils and into
underlying gravel, rock or stiff clays. Where t8¢S or NEF is very deep, the cost of constructintpléer commercial
structures and residential buildings generally flnitd the use of deeper piled foundations. Batmmercial and residential
buildings not supported by piled foundations onstheoils have been constructed on stiffened raftirfgs based on the
requirements of AS 2870 (1996) with the complexifyanalysis proportional to the cost of the praojeboore and Spencer
(1969) discussed very large settlements charatiteoisbuildings founded on the CIS based on theeobed settlement of the
Boyd College. A simplified approach for design tiffened raft footings founded on NEF was preseriigdHolland (1975,
1981) and Holland & Lawrance (1980) which was tatras the 'Soft Spot' method. Since its propokal,oft Spot' method
was adopted by structural engineers in Victoriadésign footings on NEF and CIS. The 'Soft Spotthaw is currently
considered to be an acceptable design method limegairts throughout Victoria. For larger commekgieojects, which have
large footprints with low loads, stiffened raftsveabeen adopted for sites on CIS and also NEF siiitiple designs based on
the 'Soft Spot' method. The ‘Soft Spot’ design ltssim stiffening beams designed for tension to tihye surface of the raft
footing and slab panels in compression to the tafase of the raft footing. No consideration ivegi to the aspect ratio
(length to width) of the raft footing or for unudysan layouts which are not rectangular.

Day (1994) presented a level survey for a slabroom footing founded on NEF with organic matt&he floor level survey

of a dwelling located in San Diego, U.S.A. had aimmaim differential settlement of 98 mm. The NERptderanged between
4.6 m and 6.9 m with an age of about 11 years. stirdy did not present any analysis of the fooimgtem, however it does
present laboratory test results on fill soils whotintain organic matter. A maximum strain of 17%sweported for a soil with

13.6% organic matter.

A similar effect to the development of a 'soft sjpmthe formation of sinkholes under a footingheTeffect of the development
of a sinkhole under a building was discussed byt®@p1993). However, this phenomenon occurred itunaa formations
which dissolve from the long term effect of grouwdters. Sputo (1993) identified 'soft spots' witlthe foundation and
reported that even though sinkholes formed undenttddle of a school building, most of the diffeiahsettlement occurred
to the perimeter masonry walls.
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Davis and Poulos (1968) described a method of ohiérg the total settlement of a highly compressibbil under 3D
conditions using an effective modulus of soil sk@te(E=Youngs modulusy’=Poissons ratio) with a linear analysis. Payne
(1991) undertook another study of a raft footingamatural swelling soil using a simplified elassigring model. These
methods give confidence in utilizing commercial BRalyses with elastic parameters on natural soith @s CIS. Even
though these methods consider settlement as predathi elastic and excludes creep, they may beogpiatte to analyse raft
footings founded on NEF. Therefore it is considetteate is a great need to assess the availablgndegtions for a stiffened
raft on NEF in conjunction with sophisticated nuioar analysis due to its highly variable settlembehaviour (Charles,
1984).

In this paper the results of numerical analysesfiffootings are presented based on a numberad§sia methods, such as the
simplified 'Soft Spot' method, the Effective Elasthodulus method using STRANDG6 (G & D computing93Pand a more
rigorous analysis using non linear constitutive l&th a commercial FD (Finite Difference) prograinC 3D (Itasca, 2002).
The numerical models were calibrated with the aldd settlement data of a raft footing monitoreéroa 4 %2 year period
(Holland, 1978). Finally, attempts were made toersthnd the behaviour of a stiffened raft footing\EF by varying the raft
geometry and necessary changes to the currentnd@spyoaches are proposed.

2 ‘SOFT SPOT' DESIGN CONCEPT

A ‘soft spot’ concept as used in designing a stiéie raft on highly compressible soils, fills andddills is discussed in detalil
by Holland (1978), Holland and Lawrance (1980), aludland (1981). Together with the first authog¥perience of working
directly with Dr J. E. Holland, it appears that ts®ft Spot’ design method is based on a visua@rpretation of settlement
contours, taken from an extensive level surveyoufstructed raft footings founded on various fillso

Holland (1978) identified the critical positions af Soft Spot’ as shown in Figure 1, which is takena void forming under
the footing system at separate times. The ‘Sofit'Syas a nominated diameter, which is based ounaditgtive assessment of
the depth of filling, type of filling and variabt}i under the proposed footing. This method of ss®ent leads to highly varied
‘Soft Spot’ diameters because of differing quaNtafudgments of the assessing engineer. The pomeesented by Holland
(1978) is only used for stiffened raft footings &d®n residential type specifications typicallyigasd on reactive clays. The
stiffened raft footing is designed to cantileveeow circular void with a nominated diameter caliedoft spot' at the corner of
the raft and then for the same diameter void (‘Sgftt’) under all individual slab panels. The regd beam and slab panel
design is then applied to all beams and slab pdhedsighout the entire raft footing.

soft spot to pane

Figure 1: Critical soft spot locations (Hollan@®7B).

3 FIELD BEHAVIOUR OF RAFT ON NEF

Holland (1978) and Holland & Lawrance (1980) repdrthe monitored settlements of stiffened raftifays installed
at five locations in Melbourne including the Chelsite used in this study. The Chelsea site wasathbecause of the
simple footing design and known characteristicshef site. The fill soils and footing design ardgailed in Holland
(1978). However the provided description of NERigimal, which is common practice due to the Malggoroperties
of NEF. Typically no laboratory an situ testing was undertaken. The type of fill withiretChelsea area is known to
have been dredged from adjacent low lying areaghntonsist of alluvial or paludal clays, peatyysland sandy clays
(Geological Survey Victoria, 1980). The naturayd identified at this site are sandy clays, wisctonsistent with the
site geology. The NEF contains building rubble rdixdth sandy clays to very sandy clays.
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The NEF at this site varies in depth from 1.2 mi.#® m, however the variation of NEF throughoutdfie is unknown.
It is shown that the slab panels were formed om&Dof compacted sand fill over the NEF, which wasu 2% years
old at the time of construction. The raft footirggrectangular with plan dimensions of 21.6 m x B.4vith 300 mm

deep edge and internal stiffening beams at appuieiyn4.2 m centres. A cross section of the modetdt footing is

presented in Figure 2. The slab on ground foosnginforced with F72 mesh (square grid of 7 pleire @ 200 mm
centres) to the top and 4 bars of 8@ plain wirthéobottom of all beams. The supported strucsigesingle level brick
veneer dwelling with a metal flat and skillion roofCalculations indicate dead loads of 7.0 kN/mseRin external
longitudinal walls, 6.0 kN/m on end walls and 218/ on the internal longitudinal stiffening beam\n additional

stiffening beam to one end of the footing was meotuded in the model for simplification, howeveistitbeam is the
furthest from the end where maximum settlement wecu

7.0 KN/ 2.6kN/m 7.0 KN/
Ground leve —
150mm| 300mnm | N
<«—>
T 400mn T 50 mm sand fi

Figure 2: Raft footing cross section.

At the Chelsea site, the relative floor levels werenitored over periods of up to 4% years (Figure Betails on
structure type and loadings were not reported, hewthe data gives a good record of actual perfaomaof NEF
under three dimensional loading conditions. Mamiig by Holland (1978) shows the greatest deflectmthe surface
of the stiffened raft half way through the 2% ysgveriod with the greatest settlement occurrinthatend of the 2%
year's period. This behaviour is consistent witle footing loads producing greater short term ¢ffeand NEF
properties contributing to the longer term behawxiod herefore, the structural design of the stié@mraft is more
sensitive to the short term behaviour, with serviged perimeter attachments most sensitive tootig term behaviour
of the raft footing. The difference between maximsurface deflections and settlements is shownguarg 4.

//

JUNE 1979 MARCH 1980 JUNE 1980 MARCH 1981

Figure 3: Surface settlement of a raft footingr{im) on NEF at Chelsea Site (Holland, 1978).
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maxithum deflettion 0.078

_9.____________

170 E

Plan diagram Plan diagram
June 1980 March 1981

A-Location of deepest fill

B-Location of least fil

B 57
I
Cross section diagram Cross section diagram
June 1980 March 1981
Figure 4: Chelsea raft footing deflections (nostale).
4 NUMERICAL MODELLING
4.1 FINITE ELEMENT — LINEAR ELASTIC ANALYSIS (STRANDSG6)

A 3D analysis of the Chelsea site monitored by &fadl (1981) was undertaken using STRANDG, a commilekd:
analysis program from G+D Computing (1993). Thalgsis adopted brick elements to simulate bothctirerete raft
footing and the soil mass with a total of 1203 edata. Aspect ratios of the brick elements werd k&gse to unity to
minimize errors in the analysis. Boundaries ofgb# mass were fixed in all directions at the bafsthe model with the
vertical extents of the soil mass fixed in all diiens except for the vertical direction. The pndiges for the natural
clays and sand fill were based on generalized gadueh as those given in CCAA (1997), which, asvshiater, are
not critical given the low elastic modulus. Thissmdetermined by changing the modulus of elasti@tythe fill in
conjunction with variations in Poisson’s Ratio.

In the numerical analyses a 400mm wide stiffenind adge beams were used compared to the consti@bedsea site
which were 375mm wide at their base and taper &nBR2 at the underside of the slab panels (Figure A)more
regular section was adopted to simplify the modiak modelled footing system with straight beam edzyegd 400mm
wide has a stiffness of 9% less than the actuairfgesystem if there is no rebate. However, thestmieted Chelsea
footing has a masonry external wall, which woulduiee at least a single brick depth rebate to phssbuilding
regulations. The size of the rebate was not regptherefore it is likely that the stiffness of thetual footing is similar
to the modelled footing.
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Rebate size unknov
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400mm
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Modelled Edge Beam

Figure 5: Edge and stiffening beams used in tield numerical analyses.

The effects of a tapered or haunched edge beamlsyeconsidered in the numerical analyses. Touwtdor the stiffening
effects of the steel mesh reinforcement in the &laba composite modulus of elasticity of 22.6 ¥#i®a was adopted for the
concrete raft footing. This value was determineddcordance with AS3600 (1988) using a concretepcessive strength of
20 MPa and allowing for the steel reinforcementgsercentage of the footing. Holland (1981) suggkstat a modulus of
elasticity of half this value (11.5x3MPa)should be adopted to include the effects of crarkind creep. It is acknowledged
that the analysis of creep and the effects of bégiaracking in the concrete footing is a complealyiem worthy of much

further research, but this paper will not disciissThe NEF soil mass and raft model is presemdelgure 6.

depth of natural clays -

>3.5m

B 8.4

A

y

fixed bas
Figure 6: Simplified soil-raft model.

The numerical modelling attempted to match both dheatest deflection in the raft footing and alke greatest

settlement of the deepest NEF.

In both the manigoby Holland (1978, 1981) and the numerical mialg| the

largest deflection of the surface of the raft fogtand the greatest settlement do not occur utgesame conditions.
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The parameters which simulated the closest matdheofjreatest deflection of 0%{L6 mm/5400 mm) over the raft

SCHULT et al.

footing surface (between points A and C) as moeddyy Holland (1981) are given in Table 1.

Table 1: Linear analysis parameters for maximuftedgon (between A and C).

Material Density (kg/mM) Young's modulus (MP3) Poisson's ratiow)
Concrete 2.464x10 11.5x16 0.20
Sand fill 1.600x16 35 0.30
Natural clay 1.800x1D 20 0.25

Fill soil 1.800x10 0.06* 0.20**

*Long Term Young's modulus ** by trial and error

The maximum monitored differential settlement ofS3inm between the extreme corners of the raft figotbetween
points A and B) was matched with the propertiegiasn in Table 2.

Table 2: Linear analysis parameters for maximuffiedintial settlement (between A and B).

Material Density (kg/M) Young's modulus (MPa) Poisson's ratiov)
Concrete 2.464xT0 11.5x16 0.20

Sand fill 1.600x16 35 0.30
Natural clay 1.800x10 20 0.25

Fill soil 1.800x10 0.0215* 0.20**

*Long Term Young's modulus ** by trial and error

With the above parameters, calculated differestttlements matched those of the Chelsea raftigpati the end of the
4% years monitoring period. However the totallseténts at the deepest fill location (A) exceededreported value
by approximately 26 mm (86%). The reported dateHojland (1978) does not identify the total setttants or the
settlement of the surrounding surfaces, so a casgparcan only be made between differential settlgmen the

surface of the raft footing. The modulus of elasticequired to match the deflections and settleimienthe raft footing

appear to be extremely low compared to naturabsdilowever a detailed analysis of the NEF wasundertaken by
Holland (1978) and these results are not too extramen compared to some fill sites and soils cairtgi organic

matter (e.g., Charles, 1984; Day, 1994).

For the analysis that matched the deflection inattea near the deepest filling, the highest stsestere located in the
areas are shown in Figure 7.

B-least
filling

Maximum stress to stiffenjn
beam:

Maximum tensile stressjtp top ef—| .'
slab panels
Maximum shear stress] \\H

A-

deepest

Figure 7: Finite element model — maximum stresations (not to scale).
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4.2 FINITE ELEMENT ANALYSIS - DIFFERING ASPECT RATIO MO DELS

The effect of the layout of the concrete raft ottlsment variations of the footing system was exwadi using the
STRANDG program. Varying aspect ratios (lengthtW)cof the raft were analysed using the model dgped for the
entire slab layout with consistent NEF propertiese differing aspect ratios are defined as showhkigure 8. The
analysis was limited to rectangular plan dimensiofise results of the analysis are summarised iera

w
«—>
4 Aspect ratio=L/W
w
L
L
v
Figure 8: Definition of aspect ratio.
Table 3: Linear elastic analysis for various aspaios.
Aspect ratio (L/W) 3.581 2.571* 1.562 1.057
Settlement @ deepest fill corner A (mm) 71.39 56.72 | 53.96 51.14
Surface deflection between A-BY 0.139 0.100 0.100 0.002
Maximum panel stress (MPa) - due to bending 1.30 900 0.80 0.60

8 = maximum differential settlement/length of settent (degrees)  * Simulation of Chelsea site

Table 3 shows an increase in slab panel stressksawiincrease in aspect ratio. This analysis steavs that changes
in the layout of a raft footing affects stressestlements and deflections without changes to tiffeess of the footing
or changes in the foundation soils. This indicatest soil behaviour is not the single dominant paeter in the
performance analyses of a stiffened raft footingpsuted on NEF.

4.3 FINITE DIFFERENCE - NON LINEAR ANALYSIS (FLAC3D)

An assumption of no 'flow' or re-distribution ofetlstress-strain relationship is not correct in switerials. Therefore,
in order to capture the true non linear behavidlBf, a FLAC3D model (Itasca, 2002) was establifbethe Chelsea
site using the Mohr-Coulomb model (NEF: c=5kPa gr0° Natural clay: c=75kPa ang=1(°). Furthermore, the
model will help to understand the effect of lingend non linear analyses on the overall behaviouafffooting on

NEF.

The 3D model had a total of 14,257 elements to kitauhe raft footing and the differing fill depthader the footing.
The elements were arranged to model the concréiteseand fill under panels and the sloping NEF urttie raft. A
large perimeter soil volume extending 10m horiziipw@way from the raft perimeter was adopted tatlithe influence
of boundary restraints. The 3D slope of the NEF matscontinued to the perimeter 10m soil masstialty, the FLAC
analysis was undertaken for the soil model withtbatapplied footing, sand filling and building I@adnd stepped for
60,000 cycles to obtain a converged model of thidesgents over the raft-soil model under gravitade. After
convergence of the soil model without the raft fiogt the model was then stepped for an additio@2d@ cycles with
the footing and building loads applied (Figure 2).

As with the elastic FE analysis, a series of @iad error runs were undertaken using varying NEpgnties (e.g. &)
to match both the maximum deflections (over thdfagar of the raft) and the maximum corners settlénoérthe
Chelsea raft footing, adopting the same initialpamdies for the concrete, sand and natural clajee maximum
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deflection of the surface of the stiffened raftting was obtained by the difference in level betwkrations A and C
as shown in Figure 4. The final non linear paransetéhich most closely match the maximum deflectibithe surface
of the stiffened raft footinge{ = 0.17) are summarised in Table 4. The contours of thigesgents of the raft footing
for a Young's modulus of 0.4MPa for the NEF arewaihdn Figure 9. The final non linear parameters faaximum
settlement are presented in Table 5. It should diednthat the E values of NEF obtained in this ysialare much
higher (in the order of 6 to 10 times) than thesdin elastic analysis. The principal stresses througgthe soil-raft
system that match the maximum deflecti@) éare presented in Figure 10. The distributiorstodar stresses on both

the X plane and the Y plane are shown in FigurearidL12.
Table 4: Non linear analysis parameters (FLAC3®)miaximum deflection (A-G9 = 0.17).

SCHULT et al.

Material Density (kg/m) Young's modulus (MPa)| Poisson's ratiow)
Concrete 2.464xT0 22.6x10 0.20
Sand fill 1.600x10 35 0.30
Natural clay 1.800x10 20 0.25
Fill soil 1.800x10 0.40* 0.20*

* by trial and error
Table 5: Non linear analysis parameters to matakimum differential settlement (A-B, 31.5 mm).

Material Density (kg/M) | Young's modulus (MPa)| Poisson's ratiov)
Concrete 2.464xT0 22.6x10 0.20
Sand fill 1.600x16 35 0.30
Natural clay 1.800x10 20 0.25
Fill soil 1.800x10 0.20* 0.20*

* by trial and error
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5 DISCUSSION ON NUMERICAL ANALYSES

The non linear FLAC3D analysis was found to matehdctual monitored Chelsea site more closely thamrlastic FE
analysis. Both numerical analyses show leastesettht occurring on the outer edge approximately-lemdth of the
raft whereas the final settlement contours by Hwll#1978) shows the least settlement to the cavhéegast filling
thickness. The numerical models closely simulbte gettlement contours reported by Holland (1978hgsugh the
monitoring period but the final settlement contodliffer from the actual site readings showing arneanstant
settlement from the deepest to least fill thickneBke accuracy of this study might have been imgaddaf more data on
the NEF of the Chelsea site was available. Theraldgo some reason to believe that the originadliseéstigation
method using backhoe test pits may have causedtlolistce of the NEF and therefore resulted in avsite filling of
different ages and degree of compaction and henoe gjuestions about the quality of the monitoriagademain.

A significant difference between the two numericeddels is the settlement of the surface surrounttiagaft footing.

The elastic FE analysis shows the perimeter surfacsettle significantly only near the edge of ttencrete raft
whereas the non linear FLAC3D analysis shows areased overall settlement of the raft. The noadiranalysis also
shows greater settlement under the edge and alstiffeming beam near the deepest fill area (Fig)teThis reflects

the effect of raft footing stiffening beams andiations in fill depth, whereas the elastic analgsisld not incorporate
this behaviour.

The modulus calculated to match the maximum Chelatasettlement is 0.2 MPa for the non linear gsial and for
the elastic analysis it is 0.0215 MPa. Both patanseare significantly less than typical valuesorégd for filling
materials (Charles, 1984). The significantly lowesdulus compared to the reported data by Char@4(imay be due
to several factors: the age of filling, the levélcompaction, the variability of the filling andt the Chelsea site, the
limited depth of filling and its proximity to theudace. The proximity of the NEF to the surfaceules in the surface
loadings applying higher stresses to the fill honizvith long term settlement occurring more quickigin for a deeper
soil profile. The greater difference compared he Charles (1984) data occurred with the elastayais which
showed little settlement of the surrounding surfategesting an estimated long term elastic modslisss accurate
than the non linear analysis using the Mohr-Coul@amhstitutive model.

Both analyses predict the most severe deflectidhefaft footing and also the constant tensilesstiacross the surface
of the footing. However, the long term behaviottw filling was not accurately modeled in eithemerical analysis.
Both analyses presented show an upward pressisialmpanels consistent with the contours of thesehesite, which
is opposite to the ‘soft spot’ design approach, cempressive stresses in the top of the slablgpahiee higher stresses
in the raft footing from the elastic FE analysicacin the slab panels in the mid length of the, nahereas with the
non linear FD analysis the maximum stresses odcmid length in the edge stiffening beams. Howettee highest
stresses in the slab panels occurred near theaérils model corresponding with deeper filling. éngparison of the
stresses in the concrete raft footing between ldstie FE analysis, the non linear FD analysis thedsoft spot’ design
are presented in Table 6. As indicated above, theenical analyses have some accuracy in matchiagnibnitored
levels of the Chelsea site where the most seveflectien occurred, however the total deflection®wha wide
discrepancy, which is consistent with the highlyiafale properties of NEF.

Table 6: Comparison of concrete stresses in unerhskction.

Analysis type Soft spot* Elastic** Non linear**
Maximum tensile stress to top of slab 130 0.30 0.10
panels (MPa)
Maximum tensile stress to top of edge 110 0.20 0.10
beams (MPa)
MaX|mum shear stress to beam-slab 010 0.30 0.10
connection (MPa)

*1.6 Mm@ *+ 0.17deflection

6 MODIFICATIONS TO STIFFENED RAFT

Given the discrepancy between the ‘Soft Spot’ maahel both numerical models, it is reasoned thareegl guideline
for raft footing design on NEF would be either neriease slab panel thickness or the amount of ist¢leé top of slab
panels above that for any code based stiffenedaafing. An increase in stiffness of the raft tiog appears not to
reduce differential settlements of the footing &nerefore any increase in concrete volume shoulgrbeided to the
slab panel thickness rather than to the stiffefiegm depths. An increase in shear stresses attdréace between
slab panels and stiffening beams is shown in baothearical models and the ‘soft spot’ method, allreia different

direction with the ‘Soft Spot’ method. The act@ielsea raft footing has tapered edge beams which simplified
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straight edge beams in both the numerical analy$ée tapering would appear to increase the capatithe footing
system to resist the increased shear stresses wticin with the raft footing supported on NEF.

A comparison of a tapered edge or haunch to tlferstig beams with the increasing slab panel théslsnof 125mm
was modelled in FLAC3D using the previously estimthtoil parameters at the Chelsea site. The restilthe
predicted shear stresses and settlements for botlelmare presented in Figures 13 and 14. With dfes) the 3D
complete raft shows a 30% decrease in shear strésthe middle of the slab panels and no changhéar stresses
with increased slab panel thickness when comparihl tlve previous results. Furthermore, the 3D rhagigh
haunches gives a reduction in settlements of 6%peoead to a reduction of 14% by adopting an increéasab panel
thickness. Therefore, based on this analysis, it loia seen that the most efficient use of matei@al® provide a
concrete haunch at all edges and stiffening be&msever where settlements are critical, an incréassdab panel
thickness is more effective. It is to be noted tiit maximum shear stresses determined in thefaatiing without
haunches are in the order of 20% of those allowsdku AS3600 (1988) and therefore even with an altme for
major variations of NEF parameters, shear streaseswithin an acceptable range. It is therefoigued that an
improvement in the design of a stiffened raft carabhieved by an increase in the slab panel theskne
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Figure 13: Settlement in footing with haunches

throughout.

Figure 14: Settlement in footing with 125 mm sfamels

throughout.

The numerical modelling and all monitored data enésd by Holland (1978, 1981) and Holland & Laweait980)
show an increase in deflection to the top of albspanels and stiffening beams. The procedure sifjdiag all
stiffening beams for cantilevering over a ‘soft 8p® in agreement with the findings of this studowever, currently
there is no capacity to design for differing aspeatips or size of the stiffened raft footing. Té#ere, caution should
be taken in the design of large, non rectangulaven non square stiffened raft footings unlesailget analysis and
modelling is undertaken. Furthermore, an incréasbe steel reinforcement at the top of all stiffey beams could be
adopted in order to carry the tensile stresseslojgeé at that location. However, this appearsetdelss efficient and a
more costly use of materials in comparison to iasieg the concrete slab panel thickness. Minimaimfercement
requirements given in AS2870 (1996) are sufficient.

Even though the ‘soft spot’ method appears to irexily design for compressive stresses rather tibagile stresses in
slab panels, it does provide a simplified appraacthe design of smaller raft footings founded dBAN This study has
shown that linear analysis using a commercial Fig@m is simple to use and predicts correct meshain the raft-
soil mass, however it does appear to predict ekaestresses in the footing and hence could leddd®ased costs.
Furthermore, the linear FE analysis requires amasgtd long term Young's modulus which is foundhéosome orders
of magnitude smaller than reported data for NEFend¢, this method is only of value when analysirapastructed
footing where level monitoring data is availablel dherefore appears to have a limited applicat@mthe other hand,
the non linear FD analysis (FLAC3D) is a more sefit@ted method of predicting soil behaviour angeiy more
knowledge of the fill soils together with sorresitu testing, there is a greater likelihood the inpatiadrequired in the
program can be estimated with correlation to reggbdata. Hence, the FD or similar method can leel ts assess
worst scenario stresses and deflections in a oaftifg. This method has limitations in that thee@ll predicted
settlements appear higher than those recordedhatdhie method requires detailed modelling witheapensive and
complex computer code.
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7 CONCLUSIONS

This study has focused on the behavior of raftssa@ks behavior without a detailed study of Non-Eegred Fill
(NEF). The study of NEF is always problematic duég variability and the uncertainty of all paraers and any study
at best can only provide broad guidelines. Sinyilahe findings of this study are presented ordybeaoad guidelines
but given the deficiencies of the current designhmes, these findings may assist experienced dgewoitad engineers
in the art of footing design. The following condluss can be drawn from this study:

« Both elastic and non linear analysis using a fieiement and finite difference codes provide diffgrresults
from the ‘Soft Spot’ method.

» Increases in tensile stresses occur to the topeodmtire raft footing system as the NEF settldh thie highest
stresses occurring in shear where slab panelsfjeistiffening beams.

* The 'Soft Spot’ method does not predict the upwardssure in slab panels produced as the stiffeatd r
settles.

* An elastic modulus of 0.4 MPa and Poisson’s rafif.8 best approximates the raft deflection at@helsea
site for a given strength parameters of the Nonitgeged Filling (NEF) at the study site.

e The non linear analysis using the FLAC3D prograrst Ineatched the monitored deflections of the radtifa
on NEF.

¢ Both the provision of haunches between stiffeniegrbs and slab panels and also an increase in atad) p
thickness reduce deflections and settlements iaftafooting founded on NEF. The most efficient wfe
materials appears to be an increase in slab paickhess to the entire raft footing.
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