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ABSTRACT

This thesis relates to a study of two deep excavations in Gold Coast, one at Surfers
Paradise and the other at Southport, the depth of the excavations are 11.65 and 9.7m
respectively. Both excavations angpported by secant piled wall. At the excavation in

the Surfers paradise, only the upper part of the secant piled wall was reinforced and the
bottom part below (14.5m and extending to 27m) was not reinforced and functioned
mainly as a cut off wall. The nraisubsoil at both sites is sand with different degree of
denseness. Five distinct layers of subsoil are identified and leddeh this study. Peat

layer was encountered in one excavation at the Surfers paradise site. Three rows of
anchors were used atettSurfers Paradise excavation while only one row was used at
Southport.

SPT tests were the only source of data available for the estimation of the geotechnical
parameters needed in this study. As such, various well established correlations of the SPT
with the engineering properties were critically studied and adopted.

The design analysis of the excavations was based on the well known WALLAP Program
which is based on a spring beam concept and relies on limit analysis as well. The current
study used a comuum approach and the usdrendly PLAXIS program. Both the
WALLAP and the PLAXIS analysis are found to give similar results in the case of the
bending moment of the support wall and the shear force. For the excavation at the
Southport site where the qurt wall terminates at the rock layer, bathalysesgave

similar results. However at the Surfers Paradise site where the support wall was only
reinforced for the upper part, the wall deflections were different; the PLAXIS values are
higher byan order of30-35 percent; the shear force and bending moment diagrams are
reasonable the same.

At the Surfers Paradise site, a layer of peat was encountered. The analyses were
somewhat difficult with this peat layer as its engineering properties estimated from STP
will not be very reliable.



CHAPTER 1

INTRODUCTION

This thesis relates to a study of deep excavations in Gold Coast at two sites one in Surfers
Paradise and the other in Southport. The project at Surfers Paradise is called the Circle on
Cavil and the one at Southport is called the Sundale. The Circle on Cavill has two tower
blocks 70 stories and 40 stories respectively. It also included a four level basement for car
parks. The deepest depth of excavation is about 11.7. The Sundale projedes a

tower building 30 stories high and a basement of two and three levels. The depth of
excavation at the Sundale site is about 9.7m.

For both sites, theasement walls were constructedh secant piles. The diameter of the
secant piles at the Clecon Cauvill site is 600 mm, while the centre to centre spacing of
the hard pile is 850mm. At the Sundale site 500mm secant piles were used as the
basement support and the centre to centre distance of the hard pile is 800mm. The typical
soil profile at Gall coast as established in this study is an upper layer of loose to medium
dense sand varying in thickness from 4 to 5m. This layer is designategieasA in this

thesis. Below this layer is a second layer of dense to very dense sand nadrager d

This layer varied in thickness from about 9m to 11m. The third layer is peat and it is
calledLayer Cits, thickness varied from 4 to 5m. The fourth layer is again dense to very
dense sand varying in thickness from 5 to 8m. This fourth layer namgel D is
followed by a fifth Layer called.ayer Eand this is sandy clay varying in thickness from

5m to 9m. Below the sandy clay is the rock formation. At the Circle on Cavill site
altogether 16 borehole data was available while at the Sundale site 8 boreh@eedata
analysed. From these data idealized soil profile models were established.

Secant piled wall overcomes effectively the problem of the lacking of water tightness by
its interlocking with contiguous bored piles. The secant piled walls offer the adeantag
of increased construction alignment flexibility, increased wall stiffness and can be
installed in difficult ground conditions.

In the last two decades the geotechnical engineering practice began to rely on numerical
analysis and a continuum approachninich the deformations of the soil and adjoining
structures can be evaluated using various computer softwares. The design of these
support walls at both sites were made with thADMVAP computer software by the
designers and the contractorsAWLAP is widely used software developed by Borin
(1988). It is very common to use this program in retaining wall analysis and the program
allows to model the process of wall excavation, dewatering, placement of surcharge and
the instalment of anchors. Three levels otl@ors were used at the excavation in Circle

on Cavill and only one level of anchor was used at the Sundale site.



In the analysis of retaining structures, two approaches are often used for modelling. One
of them is the spring beam method and thALMMAP program is based on the spring
beam method. The second method of the use of continuum approach softwares such as
PLAXIS, CRISP, FLAC etc are now well known. Among these PLAXIS has recently
been adopted internationally and is also continuously researchedpdated. In this

thesis the 2D plane strain version of PLAXIS is used for a detail analysis of the
excavations at the Circle on Cavill and Sundale. An important feature to note is at both
sites, the water table is high and also the subsoil is predomisantly

Well documented case histories are available in the literature of deep excavations in sand
and also with water table close to the surfacanyifactors influence significantly the
results of numerical prediction , such athe of appropriatesoil parametersthe
dewatering,the surcharge from surrounding buildingghe stiffness ofthe wall, the

anchor prestress andhe anchor spacing, etc. In common design, engineers adopt worst
consideration to obtain the conservative results. Field measureésnant common in

Gold Coast considering the factors of cost and sulsemititions encountered iGold

Coast.

The objectives of this thesis are:

x The establishment of the ssbil profile model for Surfers Paradise and
Southport in Gold Coast.

x The esthlishment of reliable geotechnical soil models for deep excavation
analysis

x Perform PLAXIS analysis for the performance of the excavation and compare the
results with the WALLAP Analysis

The layout of the thesis is an introductory chapter followed byteh& on the literature
pertinent to deep excavation problems in subsoil conditions similar to Gold coast. The
review also incorporated the advantages and disadvantages of different wall support
systems, such as the use of sheet piled walls and diaplvaligras well. The selection

of appropriate wall system, a brief note is also made on the anchor characteristics. There
are many factors which influence the excavation practice of which the lateral wall
movements and the settlement of adjacent soil leyergjuite important. Also presented

in the review are the general pattern of ground movements, the lateral earth pressure
distribution on walls, pore water pressure distribution, the prestress in anchors and the
bending moment of the walls.

In Chapter 3 americal methods and their salient features are presented. Contained in
some detail are the important aspects of the WALLAP Program and the PLAXIS
Software. The WALLAP program incorporates a limit equilibrium approach and as such
safety factors can be demkd and the program can present envelopes of bending moment
and shear forces in addition to the lateral deformation. The PLAXIS program has novel



features such as automatic mesh generation, ability to include interfaces, anchors,
geogrids etc. Alsoa widechoice of soil and rock models available including, elastic,
elasticplastic. Visceelastieplastic behaviour in soils and jointed rock behaviour in
rocks. Soft soil models and hardening models can also be incorporated in PLAXIS. The
analysis can be irthe undrained or drained mode. Coupled analysis can also be
performed to incorporate time dependent consolidation phenomenon.



CHAPTER 2

LITERATURE REVIEW

2.1 General

In this section as review of the literatune excavations in soils is presentedinitludes

details of the secant piled wall support system and a comparison with other support
system such as the sheet piled wall and diaphragm wall. It appears that the secant piled
wall types are more appropriater fdeep excavation practice in Gold Coast where the
water table is high. A notable feature in Gold coast is for deep excavations strutted and
braced excavations are not used and all excavations have the use of anchors. This type of
support system gives adeaie space inside the excavation for construction activities
without any obstruction by internal struts and bracings. Thus a review is also made on the
use of anchors in deep excavations. The other aspects discussed in this chapter are the
various factorsvhich influence the excavation behaviour, the lateral movement of secant
piled wall during excavation, the general pattern of ground movement, the bending
moment of retaining walls, the lateral earth pressure distribution, the pore water pressure
distribuion, the anchor arrangement and-pteess.

2.2 Secant piled wall and other support systems.

In both the deep excavations studied in this thesis at Circle on Caviusadle sites,
secant piled wall support system was used. It is thus appropriatempace such a
support system with other traditional support systems. At the Gold coast sites ground
water table is high and often dewatering is used to lower the water table in the excavation
zone. Further, the subsoil conditions are predominantly sasmduéh watetightness of

the support system is quite importai®ecant piles wall overcomes effectively the
problem of lacking of watertightness happened in contiguous bore piles wall by
interlocking which is just suitable for condition of high groundexatus itis the most
common typeadopted inGold Coast.

Secant pile walls are formed by constructing intersecting reinforced concrete piles, which

are called A hard and soft A pilFRgu®a2l AdAmal e
Every secondpile is reinforced and constructed from fsttength concrete, the
intermediate piles are not reinforced, and

The hard or male piles are reinforced with either steel rebar or with steel beams and are
constrcted by either drilling under mud or auguring. Pile oveitagypically in the order
of 80mm [Bowles, 1993).

The secant piled wall offers the advantage of increased construction alignment flexibility,
increased wall stiffness and can be installed ificdit ground conditions. Of course the



cost is high compared to sheet piled wall support system. Also waterproofing can be
difficult at the joints and at deep depths the verticality tolerance can be compromised as
well. The pile type can be adjusted inffsess and strength by choosing suitable pile
diameter. However, the disadvantage of secant piles wall is lack of durability of soft piles
for permanent construction. (Malcolm Puller, 1996).

A brief note on the shegiled wall and diaphragm wall supp@tstems is also presented
here.Sheet pile wall is commonly used as temporary retaining wall system in shallow
excavations due to its lower stiffness compared to other types of retaining wall such as
diaphragm wall, contiguous bored piles or secant files. suitable for the subsoil that

ANO value is | ower than 50 or el se it wo u
penetration. The selection of sheet pile depends on the requirement of the flexural
strength and strength to resist driving. Driving ofethgiles in loose sandy soils can
results in settlements in adjacent ground. Some seepage is expected pass through the
interlocking steel sheet piling if there is a difference in hydraulic Bsghhragm wall

offers the most efficient watertightness comgaato other wall types. It causes minimum

noise and vibration disturbance. However, it is not suitable for highly collapsible soil
during trenching. Meanwhile, it cost much higher to maintain the equipment compared to
secant pile wall, so that it is nodvpular used in Gold Coast.

Construction sequence of secant piled wadind the selection of support systems.

In the construction o$ecant piled wall support system, first@crete guide wall about
1m thick and of a width 400 to 600 m(arger than theile diameterswas constructed.
The female piles are then drilleflfter hardening, the male piles are drilled; during this
process the drilling removes segments of the female piles so an interlock is olthaed.
selection of retaining wall type and sugp systemis usually made on the basi the
foundation of adjacent properties and serviaesigned limits on wall and retained
ground movemenis ubsoil conditions and ground water levelorking space
requirements and site constrajndsst and timeof construction flexibility of the layout

of the permanent workslocal experience and available construction pland the
maintenance of the wall and support system in permanent condition

Cantilevered, strutted and tied back support of excavation wadl

The above retaining wall types can be further divided into three major categories
according to the form of support provided as showrFigure 22; cantilevered or
unbraced wall (usually for shallow excavatipgjutted or braced walind ted -back or
anchored wall Table 2.1from Institution of Structural Engineers (1975sts the
advantages and disadvantages of each support system. The factors involve in the
selection of a support system for a deep excavation as suggested/iDésagnManual

by USNavy (1983 are summarized imable 2 .2 Although ground anchor system can be
used in unobstructed excavation in centre of the site, there are still some factors should be
considered (Gue and Tan, 1998¢rmanents ground anchors always pose great pneble

in maintenance in long terniefer BS 8081: 198%if details if the local authorities
require temporary ground anchors to be removed after use, then remove of temporary



ground anchors may pose some problems if the system has not been proven &esite to
fully removable approval from the adjacent owners should be acquired if there is
encroachment of ground anchors into adjacent propettekages and loss of fine
through drill holes additional precautionary measures in the construction.

2.3 Anchors

Tieback anchors comprise a barrel anchorage located either in a bearing layer which is
tensioned at the front face of the wall. The part of the anchors surrounding solil is
frequently called the dAfixed | engt the, whi |l e
fixed length through the anchor load to the wallorder to minimize wall movement and
ground settlement tieback anchors are designed to achieve the highest stiffness possible
with economical considerations, which is especially common in deep excaviieback
capacity depends on the vertical and horned on surcharge conditions. Typical tieback
spacing ranges from 2m to 4m in the vertical, and from 1.5m to 4.6m in the horizontal
direction. All tiebacks are required tbe proof-tested to an excess pentage of their

final lock-off load, which usually rangefrom 120 to 150%Regroutable tiebacks are

most commonly used because their capacity can be increased by regrouting (to meet test
requirements) without having to drill a new anchole (Bowles, 193).

A tieback is made by first drilling a hole with an auger and then pladiag éendon) in

the hole, then concrete is poured in the hole and then connect with wall igFade)
Different types of augers are used to drill the tieback holes.cibiee of the drilling
method depends on the soil/rock conditions on the site. Drilling should be done carefully
since inadequate procedures can cause significant soil losses-prbeuwst of drilling is
removed by flushing the hole witir, water, or kirry. Significant soil losses through the
tiebacks cause significant settlements even if the retaining walls do not move towards the
excavation. For stability reasons, the fixed anchor should be located beyond the active
zone of movement&Kempfert 1994). As a result, tieback anchors is not suitable for the
sites congested where there are adjacent underground utilities or when adjacent owners
do not grant permission to drill them under their properties.

2 4. Factors Influencing the Excavation Behaviar

Mana and Clough (1981) studied the movement bebewd supporting system and
adjacent ground during excavation by using finite element method, and the result was
compared with monitoring measurements on the field. This study shows influencing
factors ofthe excavation behauviics and concluded as followgactor of safety against
basal heave (depends on the embedment depth of the retaining walls and soil strength)
stiffness of the supporting system (include the stiffness of strut and retaining wall)
preloading of strut excavation geometryconstruction period (time effectlhe study
defined that the time during excavation may influence the displacement bh#hafvibe

wall, especially in the soft to medium stiff clay layers.



O6Rour ke (1 o%tigatlduring site greparatiah, ground movements might be
caused byrelocating and underpinning of utilitieslewatering construction of the
excavation wall pre-loading of strut.Yin ,Barry and Chan(1998) mentionedthat the
influential factors for deepexcavation can be summarized as follovedfects of stess
changes within the subsoil;dimensions of the excavatiprsoil properties initial
horizontal stresses within the sajroundwater conditions and changes to thestiffness

of the sheetingandthe bracingsystem effects of prdoading in bracing and anchoring
construction methodsndconstructionrworkmanship.

The studyby Chan (1998focused on the factors like soil properties, initial horizontal

stress within the soil, groundwater condisoand changes to them and stiffness of

sheeting and bracing system for typical excavations in frictional soils using FLAC
program. The results were mentioned as foltothie horizontal displacement of sheet

piled (vertical soil settlement, total strut loathear force and bending moment) is factors

suchas fricionangl es, ) SPT ANO value, dilation ang
strut stiffness,and verticalstrut spacing decreasing the distance between the vertical

strut is the most effective ntetd to reduce horizontal displaceméntreasing the depth

of excavation results in large displacement.

Briaud and Kim (1998) use bearolumn methods tanalysetie-back wall, they found

the factors that influence the bending moments and deflectioicpoed the most are

the coefficient of active earth pressure Ka and the bending stiffness of the wall EI. The
other parameters suchy Knd K, have little influence.

2.5Lateral Movement of Secant Piled Wall During Excavation

Cl ough and Oo0mlicated khat th¢ dafetnOoj thei wall movement could
simply be divided into three types: (1) cantilever movement (2) deep inward movement
(3) cumulative of cantilever movement and deep inward movement. Most of the
excavation movements are of type (3). Aswn inFigure2.4. During the initial stage of
excavation and before the installation of strut support or anchorage application, the wall
deforms as a cantilever deflection. When the excavation is going deeper, the upper wall
movement is restrained by taflation of excavation support or stiffening of existing
support members, deep inward movement of the wall occurs, and latter movement of the
wall is the combination of cantilever and deep inward components (cumulative
movement).

Ting and Chan (1991) maaned that measurements of vertical movements can reflect

the horizontal movements which may lead to the practical correlation of wall deflection

and its settlement at tofClough et al (1989) introduced the charts of computing

maximum horizontal wall dermation shown irFigure 25. This method relates system

stif fm e(s /&) where El is he bending stiffness of the wall, h is the average
vertical spaci ng b egtsithe eniht weght pf pvater. tAndlfaetorefl s and
safety against dsal heave to the maximum horizontal wall movement. Kemfert. et al
(1994)analysed the damage occurredue tothe deformation of the ancheoil block

systemin a deep excavatioin South Germanyin this paper, the soil block between the



wall and themiddle of the bonded length of the anchor is assumed to act as a soll
confined in a cofferdam. The governing horizontal deflection of the cofferdam is the sum
of the following deflection componentbiorizontal deflection of the cofferdam due to
excavation(relief of stresseshorizontal deformation due to shear under and within the
cofferdam horizontal deformation due to bending of the coffergdharizontal deflection

due to other influence such as anchor prestressing, yielding and bending of the anchor,
bending of the wall, reduction of the earth pressure at rest, and the interaction between
the soil block and the anchor.

Hight and Higgins (1994) pointed out the influence of the wall stiffness on its horizontal
displacements and on the ground deforaratat proximity(Figure 26). The problem
corresponds to thimeoretical study of the behawuoat short term of a deep excavation

(in London). The wall (1m breadth) is characterized by a reference stiffness of E = 28
GPa.

Kempner, et al (1994presentedanalytical approaches to determine the horizontal
movement of the soe#nchorwall-system.The soil block between the wall and the
middle of the bonded length of the anchor is assumed to act as a soil confined in a
cofferdam. The governing horizontal deftion of a cofferdam is the sum of the
following deflection componentsharizontal deflection of the cofferdam due to
excavation (relief of stressharizontal deformation due to sheamear the cofferdam
horizontal deformation due to shear within théfemlamn horizontal deformation due to
bending of the cofferdajrharizontal deflection due to other influences such as anchor
prestressing, yielding and bending of the anchor, bending of the wall, reduction of the
earth pressure at rest, and the interadbetween the soil block and the anchor.

2.6 General Pattern of Ground Movement

Peck(1969) summarized the relationship between total ground settlements behind sheet
piled wall and presents a graphical prediction of soil settlement adjacent to the
excavaibn, taking into account of soil type, depth of excavation and distance from
excavation( see Figure 27). From the figure, the maximum settlement of the first zone
(Sand or Hard clay) is around (1%)H, while the excavation in soft clay will have the
maximum settlement of ¢b 3%)H or even larger. However at that tintiee sheet pile

wall was used in the studyhe figure plottedor the sheet piled waltannot reflect the
influence ofthe various other typesof walls (such asthe ®cant piled wa)l and their

rigidity onthesettlement behavior during excavation.

O6bRourke (1981) illustrated that the ground
related tahedeflection patterns at the excavation waeFigure2.8). The parameter £
was termed athe coefficient of deformation, defined as:

Co=Su/(Sw+ S0 ) Eq. 2.1
Sy = Wall deflection in cantilever mode
S0 = Wal l defl ection caused by bulging i nwa



As antilevertype movements are allowed to dominate duringetkeavationphase The
abovecase historiesndicate that he lateral movemend of the wallincrease with the
coefficient G. It also show if the wall is firmly braced at an early stage of excerat

the inward deflection ofthe wall would lead to horizontal movements that are
significantly less tharthe settlementsCl| ough and OO6Roourke (1990
proposed settlement curves from several studies as statédr and concludedhe
resultsin a dimensionless plot as shownHigure 29. For the sand and stiff clay layers,

the settlement curve may be bounded by a trapezoidal shape anthewttaximum
ground settlement within the range of (0 ~0.75)H from the wall. Through the trapezoidal
curve is capable to distinguish between the settlement curve in soft clay and sandy soil
layers, it is unable to specify the settlement near to the wall that is the most critical
problem.

Generally, the types of ground movement can be summarized into tpessttiaangular
and groove)For the triangular shape, the predicteuggested by Peck (1969) and €u
al (1993) in ground movement correspond to this tgpenovement The prediction
suggested b¥lough (1990) and Moh et al. (1990) in ground movemenespond to
thetroughshape.

2.7 Bending Moment of Retaining Wall

There are three types of wall bending moment calculation (Karlsrud, 1986) which can be
obtained from (1) earth pressure measurement; (2) rebar strain gauges; (3) inclinometer
(curvature ofateral movement curve). Karlsrud (1986) used the Studenterlunden subway
system case in Oslo as an example to calculate the wall bending moment, and comparison
was made between the above three different methods of bending moment calculation, as
shown inFigure.2.D . It is clear that the results obtained by using second and third
methods are closer to each other, while the results from the first method is obviously
smaller; especially with the increasing of excavation depth, the differences is obviously
smaller, especially with the increasing of excavation depth, the differences become much
significant.

Multiple anchoring may be carried out in order to restrict the maximum bending moment
in high walls, or to limit lateral wall deformations. Methods of dgesig multiple
anchored wall can be found in James and Jack (1974), Hanna (1980), Hong Kong
Geoguide 1 (1982), and Fleming et al. (1985).

Potts and Day (1990) stated that both experimental work (e.g.,,Fab@} and more
recent numerical workg., Pottsand Fourigl95) indicate that under the same operating

conditions stiffer walls attract larger bending moment than more flexible walls
(Addenbrooke, et al. 2000)

2.8. Lateral Earth Pressure Distribution

10



Peck (1969) backalculated the collected loadingeasurement of isitu props and
condensed into sereimpirical apparent earth pressure envelopes as showigime

2.11. In fact, the apparent earth pressure diagram could not fully represent the real
distribution of lateral earth pressure at any vertseaition in a cut; by the way, the exact
lateral earth pressure can be measured by earth pressure cell installed. Dibiagio (1972)
analyzed the field monitoring data of Telefonhuset case in Oslo. After the final stage of
excavation, the lateral earth pressat active side of the all was larger than the Rankine
earth pressure for depth less than 9m, whereas for the following depth, the measured
earth pressure became less than the Rankine earth pressuFegure 22).

Karlsrud (1981) based on the Stutiglunden subway system case in Norway to describe

the distribution of the active and passive earth pressure at various depths of excavation.
Conclusion was made that the active earth pressure tends to decrease with the increasing
of the excavation deptiout at shallow depth, the active earth pressure is larger than the
Rankine active earth pressure. On the other hand, passive earth pressure decrease
obviously with the depth and measurement of lateral earth pressure is getting larger than
the verticalovds ur den pressure, (22Z2).

Liao and Neff (1990) proposed the lateral earth pressure distribution on the wall, and the
influences of OCR and pattern of wall movement during excavation, as shdwgune

2.13, From the figure, lateral earth pressure of norynatinsolidated clay on the active

side of the wall is smaller than lateral earth pressure at rgsti(it larger than that in
active condition (Ka). For Oveazonsolidated clay, the lateral earth pressure distribution

is more or less same as that of ndiyneonsolidated clay, but the distribution curve is
more alike a trapezoidal.

2.9Pore Water Pressure Distribution

Finno and Nerby (190) have carried out a detailed study in pore water pressure on
braced excavation in Chicago HBRtest section. The fat depth of the excavation was
8.23m with installation of 19m steel sheet pile. Due to the installation of sheet pile,
excess pore pressure increases significantly, incorporating the disturbance to the initial
stress condition of soil surroundingigure 214 and Figure 2.8 show the behavior of
excess pore water pressure around the excavation during and after sheet pile driving.
Followed by Finno and Harahap (1991), an excavation analysis has been carried out by
using finite element method, as showrtigure 216, and the result of the analysis varied
much with that of field measurement. This may probably be due to large deformation at
the back of wall incorporated with the failure of soil.

The effective stress decreases during the excavation procesdisgitbation of excess

pore pressure (usually negative) and may increase with time. In addition, the ultimate
value of effective stresses will depend on the amount of stress relief that has been caused
by movements during the construction process and #wred of lateral constraint
imposed by the wall on soil during the dissipation of excess pore pressure. For sand, most

11



of the designmethod of excavation support implicitly assuntbat the excavation is
dewatered and that there is a significant lowerihghe groundwater table behind the
braced retaining wallin cases where relatively impermeable concrete diaphragm walls
are used, this assumption may not be valid.

Hsi andSmadl (1992) indicated that when the excavations are performed below the water
table, ground movement is caused by stress release and seepage flow. A drawdown of the
groundwater surface often occurs in long excavation period or in permeable materials and
the consolidation of soil around the excavation takes place.

Ou and Lai (1994) péormed a numerical analysis of deep excavation in layered sandy
(Hyperbolic model) and clayey soil deposit (Modified G&may models). In the analysis,

a simulation of dewatering process during excavation was proposed and the dissipation of
negative excesporewater pressure during the actual elapsed time for each construction
phase was also mdded. Through parametric studies, the paaer pressures in the
passive zone experiena@n abrupt decrease immediately after excavation and then
gradually recoers with elapsed time. However, it does not experience significant change
in the active zone during excavation. The conclusion was made that some degree of
dissipation of negative excess pavater pressure actually occurs during the intermediate
excavatim stages. This may cause the soil swelling at passive zone of excavation, and
hence lead to decrease of the wall deflection and ground surface settlemerd 217

shows the results of predicted deformation of the retaining wall during excavation by
corsidering the effect of consolidation is smaller than that predicted by undrained
analysis. On the other hand, the results indicated that for the case of short period
construction and absence of drained material in the clayey layer, the excavation
behaviar could be simulated as undrained analysis.

Schweiger and Freiseder (1997) performed the finite element calculations considering
process to predict deformations due to deep excavations in soft soils. The lowering of the
water table, achieved by vacuum wgelhside the excavation, was mdeel simply by
increasing the unit weight of the soil (loss of buoyancy) in the appropriate area and
applying the resulting water pressure on the wall as external load.

2.10 Anchor Arrangement and Pre-stress

Clayton et al(1993) found the use of ground anchors acts to spread ground movement
further back from the wall. Settlement adjacent to the wall will depend to some extent on
the level of prestress applied to the anchors, and the position of the top row of anchor.
The first row of anchors will not normally exceeeb4n in depth.

Kempfert (1994) advanced that the ground surface movement behind the wall are
governed by the displacement and deformation of the soil block between the back of the
wall and the middle point ofhe fixed length of the ground anchors. The horizontal
deflection at the top of the wall would have been reduced by 60% by increasing the
anchorlengthsby 9 m for theunfavourableground water position, which almost avoid
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the damagehave occurred. And thimundation of the building is better lie fully before
the bonded part of the anchor instead of behind it.

Briaud et at (1999) used a thréenensional nonlinear finitelement analysis to study

the influence of various design decision for-lilck wall. There factors included the

location of the first anchor, the length of the tendon unbonded zone, the magnitudes of

the anchor forces, the embedment of the soldier pile and the stiffness of the piled wall. He

found the best position for the first anchor egs to be between 1.2m and 1.5m below

the top of wall, but in current practice the first anchor tends to be placed deeper than that.
Significant deflections can accumulate during this step, and it is very difficult to
eliminate them by further construatioLonger unbounded length particularly for the first
anchor | eads to somewhat smaller defl ections
equal to the length from the wall to the failure surface plus 1.5m cfiftmef the wall

height, whichever isrgater. The failure surface is taken as the plane havin§a 451 / 2

angles with the horizontal starting at the bottom of the wall. The magnitude of the anchor

loads is the most important factor influencing all variables. It has a direct influence on
deflections and bending moments. In theb@aek wall, engineer esthe proposed k

versus (wpyH) relationship to select anchor leokf loads that will approximately

generate a chosen deflection ($egure 218), where k is the earth pressure coefficient.

The use of the k versus{¢H) relationship should be limiteid cases that are similar to

the cases used to generate that relationship. Zero deflection can be reached for a constant
pressure diagram with pressure intensity eqg
than Terzaghi and @B$Heckds intensity of O0.65K
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CHAPTER 3

NUMERICAL METHODS

3.1Introduction

In the lasttwo decades, the numerical mddey of retaining walls has become
increasingly common. Associated with this design activity have been an increase in the
monitoring d structures during construction, and an increase in the use of more
sophisticated ksitu and laboratory setkesting methods (Clayton, 1993). Numerical
modédling, although often complex, has become more widely used because of:
1 Advantages of speed, givingn opportunity to look at a number of different
design options.
1 The ability it gives to the designer to make predictions which cannot be made in
other ways, in particular, the need to predict ground movements aroundtityner
excavations has been a magonsideration.

Several types of computer programs are readily available, these are:

1 Computer implementation of wedge/slice methods (e.g. to carry out Coulomb
wedge orSharma noncircular analyses, to determine the force applied to the
wall).

1 Winkler sping models. Here the soil is moted either as a series of isolated
horizontal springs, or as springs with some form of interconnection, such as
WALLAP and FREW.

1 Continuum models. These include finite element, boundary element and finite
difference numaecal approximations. In the case of finite element analysis, the
geometry of the soil and the support system (wall, anchors, and props) are
approximated by discrete elements, (such as, PLAXIS, CRISP). In the case of the
finite difference method, the contiom is divided into areas between regular
spaced points, (for example, FLAC).

There is a growing trend in practice to design tieback walls by using the Winkler springs
model (Halliburton 1968; Matlock et al, 1981). This compit@sed solution is used to
predict the bending moment, the axial load, and the deflection profiles of the piles after
the anchor loads have been chosen. Compared to the simple pressure diagram approach,
the bearrcolumn approach leads to deflection predictions and to improved bending
moment profiles; however, the predicted deflections are not as reliable as the bending
moments because the model ignores the mass movement of the soil. Thaldmiat

method (FEM) represents another level of sophistication that better models the
compaents involved (Cloughl984.

The FEM has been used for the analysis of anchored retaining structures by Clough et al.

(1972), Tsui (1974), Huder (1976), Desai et al (1986), and Fernandes and Falcao (1988).
Contributions on the simulation of the excawatprocess with the FEM have been made
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by Goodman and Brown (1963), Ishihara (1970), Christian and Wong (1973),
Chandrasekaran and King (1974), Ghaboussi and Pecknold (1984), and Brown and
Booker (1985), Heliu, (1991) and Tanseng (1997).

3.2 WALLAP (WALL ANALYSIS PROGRAM)

WALLAP is a widely used commercial package, available from Geosolve (London) and
described by Borin (1988). It has been specifically designed for routine retaining wall
design, and implements a number of factors of safety. The progtaws the user to
model the process of wall excavation, dewatering, placing of surcharge, and the
introduction of anchors. Complex water pressure profiles can be defined, providing for
steady seepage, submergence and perchedtahbtes.

3.2.1 Analysis methals

WALLAP offers two separate types of analysis within the one program:
1) Limit Equilibrium Analysis:
Calculation of Factors of Safety according to one of the following methods:
-CP2
-BSC Piling Handbook
-BurlandPotts
-Strength fator method

2) Bending moment and Displacement Analysis:
Modelling of the stage by stage development of forces and wall movements as
construction proceeds.

3.2.2 Material models

The wall and soil are modelled as a beam and springs. Two springs modekilatdea
1 Subgrade reaction analysis (for routine design);
1 2-D Finite Element analysis (for a more rigorous approach).

3.2.3 Analysis features

The analysis includes the following features:
Elastic soil behaviour

Active and Passive limits

Effect of constructiorsequence

Strut prestressing

Finite length of the wall

Simple nonrlinear elastic soil model (optional)
Soil below the wall (2D FE analysis only)
Soil arching (2D FE analysis only)

The analysis produces an economical design which automatically takesmtaot@ny
moment reduction due to fixed length support.

= =48 -8 -8 _9_9_42_2
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The program offers a simple way of mddey the nonlinear elastic behavig which is
characteristic of real soil. Hydrostatic or Roydrostatic Water Pressure Profile may be
defined on both sideef the wall. Thus it is possible to model a variety of complex
conditions including: seepage, submerged ground, perched water tables and uplift
pressures under structures. Strut or anchors can be installed at up to 20 levels and may be
pre-stressed. Strutan also be removed after installation.

3.2.4 Parameters in WALLAP

For soil stratums, the following soil parametersspecified:

Unit weight, 0

At rest earth pressure coefficienty K

Active and passive earth pressure coeffiensar K,

Consolidation stz (OC or NC)

Drained or Undrained solil type

Cohesion, ¢

Soil modulus, E

Poi ssonds Ratio, 3

The program offers advice on the selection of values of earth pressure coeffients and soll
modulus. The program can calculate earth pressure coefficient froms vatusoll
frictions, wall friction and backfill angle given by the use

= =4 =4 -8 _8_9_9_-2

3.2.5 Output

Output from the program consisik
9 Limit equilibrium factors of safety (for cantilever and singisopped walls only);
1 Wall displacement v. depth profile;
1 Bending momentshear force, and earth pressure distributions;
i Anchor loads

To estimate wall movements, WALLAP uses finite elements to model the structural wall,
but a Winkler spring model for the soil (Bowles, 1974). In the simplest soil model of
homogeneous isotropinear elasticcontinuum at least two parameters are needed (E
and v, or G and K) to fully define the sailhe stiffness of the soil is characterized by the
modulus of subgrade reaction, Kusually expressed in terms of force/area/displacement,

or presste per unit displacement) which is the spring const@he stiffness of the
springs must be obtained from experience, since there is no direct relationship between
Youngds modulus and subgrade reagtanben ( Ter z
obtainal from the literature but great care is required owing to the prebepandent
nature of the parames{Clayton et al., 1993). Values appropriate for strips, rafts, lateral
piles and flexible walls are all different. The other input parameters requik&@dLLAP

are initial horizontal stress applied to the wall, and the active and passivpresghre
coefficients, which are used to calculate the limiting values of horizontal effective stress.
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The calculation starts with a wall with balanced horizofdates applied to it. Spring
forces are progressively set to zero, from the top of the wall towards the final depth of
excavations, and at the same time the spring stiffness are progressively halved, to model
the reduction in support on the excavated sflahe wall. As a result of the load
imbalance, horizontal wall displacement and bending take place. Proping or anchoring is
simulated by the addition of springs at the required stiffness and levels, as modelling of
excavation proceeds. (Clayton et al93p

Due to simplifications imposed by the Winkler method, wall is the only component
providing distribution of forces, sindgeter-springshear is not included in this type of soil
model. Winkler spring approximations do not yield the same wall displtsnas are

given by the more sophisticated types of models. For example, Brook and Spence (1992),
who compared the result from WALLAP and FLAC, and concluded that Ietiféress,

must be used in Winkler spring models to achieve displacements compaitabieose
predicted by continuum models (Clayton et al, 1993). For over consolidated soils the
value of K can be much higher and in the case of very stiff clays can be in excess of 2.
Vaues can be obtained from pressure meter tests or from published gapkras
Burland, et al.(1979).

3.3 PLAXIS
3.3.1 Introduction

PLAXIS grew out of research conducted at Delft University of Technology in the late
19706s on the wuse of finite element methods
is a 2D finite eément packaged intended for the tdimensional analysis of deformation

and stability in geotechnical engineering. Geotechnical applications require advanced
constitutive models for the simulation of the Aorear and time dependent behaviof

soils. Snce soil is a multphase material, special procedures are required to deal with
hydrostatic and nehydrostatic pore pressures in the soil. Many tunnel and excavation

project involve themodellingof structures and the interaction between the structmes a

the soil. PLAXIS is equipped with special features to deal with the numerous aspects of
complex geotechnical structures. Some of features are listing as follows:

Graphical input of geometry model: The input of soil layers, structures, construction
stages, loads and boundary conditions is based on convenient CAD drawing procedures,
which allows for a detailed molieg of the geometry crossection (sed-igure 3.1)

From this geometry model, a 2D finite element mesh is easily generated.

Automatic mesh gneration: PLAXIS allows for automatic generation of unstructured

2D finite element meshes with options for global and local mesh refinement. The 2D
mesh generator is a special version of the Triangle generator, which was developed by
Sepra. Quadratic-6ode and ¥ order 15 node triangular elements are available to model
the deformations and stresses in the soil (Sgere 3.2). And Figure 3.8hows the
generated mesh in a standard excavation model.
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Plates: Special beam elements are used to model thditgof retainingwalls, tunnel
linings, shells, and other slender structures. The belraviothese elements is defined
using a flexural rigidity, a normal stiffness and an ultimate bending moment. Interface
element is an important element to model stilicture interaction which can be used to
simulate the thin zone of intensely shearing material at the contact between structural
element and the surrounding soil. Plates with interface may be used to perform many
realistic analyses of geotechnical stuwes (Prakoso & Kulhawy, 2001).

Interfaces: Joint elements are available to model-stilicture interaction. For example,

these elements may be used to simulate the thin zone of intensely shearing material at the
contact between a wall and the surrougdsoil. Values of interface friction angle and
adhesion are not generally the same as the friction angle and cohesion of the surrounding
soil. The thinlayer interface has been used by previous research suCloagh and

Denby (1977); Finno and Haraha®ll) etc.

Anchors: Elastoplastic spring elements are used to model anchors and struts. The
behaviar of these elements is defined using a normal stiffness (EA) and a maximum
force. A special option exists for the analysis of prestressed ground anclibrs an
excavation supports.

Geogrids: Geogrids (or geotextiles) are often used in practice for the construction of
reinforced embankments or soil retaining structufé®se elements can be simulated in
PLAXIS by the use of special tension elements. It isnoftenvenient to combine these
elements with interfaces to model the interaction with the surrounding soil.

Pore pressure Complex pore pressure distributions may be generated on the basis of a
combination of phreatic level or direct input of water pressurAs an alternative, a
steadystate groundwater flow calculation can be performed to calculate the pore pressure
distribution in problems that involve steady flow or seepage. In addition, PLAXIS
distinguishes between drained and undrained soils to npedeleable sands as well as
nearly impermeable clays. Excess pore pressures are computed during plastic calculation
when undrained soil layers are subjected to loads. Undrained loading situations are often
decisive for the stability of geotechnical struets

Automatic loading stepping The PLAXIS program can be run in an automatic step size
and automatic time step selection maéeyure 3.4) This avoids the need for users to
select suitable load increments for plastic calculations and it guaranteienteand
robust calculation process.

Calculation facilities: The staged construction facility has been extended to allow for the
activation and change of external loadings. This system improves the possibilities of
varying external loads and combiningdividual loads with excavation or construction
stages. In addition, a new and more robust calculation kernel has been implemented for
steadystate groundwater flow calculations. Consolidation calculations have been
extended to allow for staged constiantin time and also for large deformation effects.
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Structural elements have been improved by the inclusion of an enhanced plasticity
formulation for plates and anchors

Presentation ofresults: The PLAXIS postprocessor has enhanced graphical features for
displacing computational results. Values of displacement, stress, strains and structure
behaviour can be obtained from the output tables. Plots and tables can also presented by
MS EXCEL™ by using the provided data. In additional, animations are now biaila

with this latest package, the animations include displacements and forces in structural
elements. A report Generator has been implemented to provide a report of input data and
output results that can be further edited in MS Wrd

3.3.2 Material Mod els

PLAXIS supports various models to simulate the behasiof soil and other soall
continua. A short introduction of the available model is given as below:

1) Linear elastic model(LE)
Thi s mod el represents Hook&s | adel o f i so
involves two elastic stiffness parameter
Poi s on @msWhiledihear @lastic model is very limited for the simulation of
soil behaviour, it is primarily used for modelling structure element in the soil.

2) Mohr-Coulomb model (MC)
This model is used as a first approximation of soil behaviour in general. The
mod el involves five parameters, mamely Yc
the cohesion (c), the friction anglg)( and the dilatancy angle ). Beside this
five model parameters, initial soil conditions play an essential role in most soll
deformation problems. Initial horizontal soil stresses have to be generated by
selecting propeKo-valures

3) Jointed Rock model (JR)
This is an anisotropic elastatastic model where plastic shearing can only occur
in a limited number of shearing directions. This model can be used to simulate the
behaviour of stratified or jointed rock.

4) Hardening-Soil model (HS)
This is an elastoplastic type of hyperbolic moftemulated in the framework of
friction hardening plasticity. Moreover, the model involves compression
hardening to simulate irreversible compaction of soil under primary compression.
This seconebrder model can be used to simulate the behaviour of samils
gravel as well as softer types of soil such as clays and silts.

5) Soft Soil model (SS)
This is a Cam Clay type model that can be used to simulate the behaviour of soft
soils like normally consolidated clays and peat. The model performs best in
situations of primary compression.
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6) SoftSoil-Creep model (SSC)
This is a second order model formulated in the framework of \ptasticity. The
model can be used to simulate the tidependent behaviour of soft soils like
normally consolidated clays angeat. The model includes logarithmic
compression.

7) Userdefined soil model
This facility allows user to implement a wide range of constitutive soil models to
simulate the problem of seditructures. Such models must be programmed in
FORTRAN, then compd as a Dynamic Link Library (DLL) and then added to
the PLAXIS program directory.

For cases where the high quality soil parameter are not known with any great certainty,
the use of MohCoulomb model (MC) is more appropriate than the sophisticated model
available in PLAXIS. Moreover, the MC model and HS model are often used to simulate
the hard soils such as compacted soils and-cesolidated clays while the SS model is
usually used to simulate the soft soils such as normally consolidated clay latiyg lig
over-consolidated soils.

3.3.3 Types of material behaviar i Material Type

In principle, all model parameters in PLAXIS are meant to represent the effective soil
response, i.e. the relation between the stresses and strains associated with the soll
skelebn. An important feature of soil is the presence of pore water. Pore pressures
significantly influence the soil response. To enable incorporation of the-skakaton
interaction in the soil response PLAXIS offers for each soil model a choice of these typ

of behaviars:

1) Drained behaviour:
This setting means no excess pore pressure generated. This is clearly the case for
dry soil and also for full drainage due to a high permeability (sand) and /or low
rate of loading. This option may also be used to Etedong term soibehaviour
without the need to model the precise history of undrained loading and
consolidation.

2) Undrained behaviour:
This setting is used for a full development of excess pore pressures. Flow of pore
water can sometimes be neglected tlua low permeability (clays, peat) and/or a
high rate of loading. All effective model parameters should be entered here.

3) Non-porous behaviour:
Using this setting neither initial nor excess pore excess pressures will be taken
into account in soil of tlsi type. Applications may be suitable for midicg of
concrete or structural behauip as well as interface. Ngporous behavar is
often used in combination with thieear elastic model.
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3.34

Calculations

In the reality of geotechnical engineering preetia project of calculation phase is the
activation of a particular loading at a certain time, the simulation of a construction stage,
the introduction of a consolidation period, the calculation of a safety factor, etc. Each
calculation phase is generatlyvided into numbers of calculation steps because the non
linear behaviour of the soil requires loadings to be applied in load steps.

PLAXIS allows for a different type of finite element calculations, including a plastic
calculation, a consolidation dgais, Phic reduction (Safety analysis), and Dynamics
calculation. The first three types of calculations (Plastic, consolidatiorg Fuuction)
optionally allow for the effects of large displacements being taken into account. This is
termed Updated mhsThe different types of calculations are explained as follows:

1)

2)

Plastic Calculation

A plastic calculation should be selected in order to carry out an eghdesiic
deformation. The stiffness matrix in the plastic calculation is based on the original
undeformed geometry. This type of calculation is used in many practical
geotechnical applications. In general, a plastic calculation does not take time
effects into account, except when the Soft Soil Creep model is used. Considering
the quick loading of wat-saturated clayype soils, a plastic calculation may be
used for the limiting cases of fully undrained behaviour using the undrained
option | the material data sets. On the other hand, the settlements at the end of
consolidation can be assessed by perfiog a fully drained analysis. This will

give a reasonably accurate prediction of the final situation, although the precise
loading history is not followed and the process of consolidation is not dealt with
explicitly.

Consolidation Analysis

A consolidaion analysis should be selected when it is necessaapdtysethe
development and dissipation of excess pore pressures insaatieated clayype

soils as a function of time. PLAXIS allows for true elastic consolidation analyses.
In general, a consalation analysis without adding loading is performed after an
undrained plastic calculation. It is also possible to apply loads during a
consolidation analysis, but there are some limitations in PLAXIS on the types of
loading that can be considered in a smidation analysis. The first limitation is
that it is not possible to perform a staged construction calculation with
simultaneous consolidation. Activation or deactivation of clusters and structures
must therefore be applied in a proceeding undrainestiplealculation. Another
limitation is that the iteration process will not converge as the structure
approaches failure. This means that a consolidation analysis cannot be used to
analysefailure conditions. Finally, a consolidation analysis in PLAXISrezrbe

21



performed in the framework of large deformation theory (updated mesh analysis)
and can therefore not be used after an updated mesh calculation.

3) Updated Mesh Analysis

An updated mesh analysis is a plastic calculation where effects of large
deformaions are taken into account. This type of calculation should be considered
when deformations are to be expected that significantly influence the shape of the
geometry. This stiffness matrix in an updated mesh analysis is asked on the
deformed geometry. laddition, a special definition of stress rates is adopted that
include rotation terms. These calculation procedures are based on an approach
known as an Updated Lagrange formulation. For most applications the effects of
large deformations are negligible dhat a normal plastic calculation is
sufficiently adequate, but there are circumstance under which it is may be
necessary to take these effects into accounts. Typical applications are the analysis
of reinforced soil structures, the analysis the collapsal lof large offshore
footing and the study of projects involving soft soils where large deformations can
occur.

3.35 Output

The PLAXIS postprocessor has enhanced graphical features for displacing computational
results. Values of displacement, strestsains and structure behamtocan be obtained

from the output tables. Plots and tables can also presented by MS EX6fUsing the
provided data. In additional, animations are now available with this latest package, the
animations include displacemsrand forces in structural elements. A report Generator
has been implemented to provide a report of input data and output results that can be
further edited in MS Word

3.36 Preliminaries on Material Modelling.

A material model is a set of mathematieuations that describes the relationship

between stress and strain. Material models are often expressed in a form in which
infinitesimal increments of stress are related to infinitesimal increments of strain. All

material models implemented in PLAXIS abased on a relationship between the
effectivest ess 00, and the strain U0b. I n the foll
and strains are defined in PLAXIS. The basic ststs®n relationship is formulated as

well.

3.3.6.1Stress and Strain

Il n plan strain conditi on,gstressndhe sod arexdividedo Ter z
into effective stresses,

S =5'+s,, Eq.3.1
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Where,s'is effective stress, ansl, is pore pressure.

Strains are decomposed into elastic and plastic components for elastoplastic models used
in PLAXIS:

e=e°+ef Eq.3.2
Where, e is strain, e° is elastic strain an@P® is plastic strain
3.3.6.20n the Initials Stresses
In overconsolidated soils the coefficient of lateral earth pressure is larger than for
normally consolidatedsoils. This effect is automatically taken intacaant for advanced
soil models when generating the initial stress using th@idé8edure. The procedure that
is followed here is described below.

Consider a ondimensional compression test, during unloading the sample behaves

elastically and the incremet a | stress rati o, is accordi
Figure 3.5)
Ds' K)°s -s° KNMOCRs® -s? v
'xx —_0 p - —_0 yy — — ur Eq33
Ds',, $,-S"y, (OCR- D)s", 1-v,,

WhereK /' is the stress ratio in the normally consolidated state;

s";y is effective horizontal stress;
10
XX

S is effective vertical stress;

Ds";y is horizontal incremental stress ratio;

Ds"), is vertical incremental stresatio;

s, Isthe greatest vertical stress reached previously;

OCR is the ovefconsolidation ratio;
Y/ i s small Poi ssonds ratio.

ur

Hence, the stresatio of the oveiconsolidated soil sample is given by:

S = K NOCR- Y (OCR- 1) Eq.3.4
S’y 1-v,

The parameters in above equations are same with previous definitions.

The use of a smal/l Poi s s o n @t ofrlatetalistoess andi | |
vertical stress, as generally observed in @grsolidated soils. However, th&).3.4is
only in the elastic domain, because the

elasticity. If a soil sample is unloaded by a large amo@sulting in a high degree of
overconsolidation, the stress ratio will be limited by the MGulomb failure
condition.
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3.3.7. The Mohr-Coulomb Model ( PerfectPlasticity)
3.37.1 Elastic PerfectlyPlastic Behaviar:

Plasticity is associated witle development of irreversible strains. In order to evaluate
whether or not plasticity occurs in a calculation, a yield function, f, is introduced as a
function of stress and strain. A yield function can often be presented as a surface in
principal stres space. A perfectiplastic model is a constitutive model with a fixed yield
surface, i.e. a yield surface that is fully defined by model parameters and not affected by
(plastic) straining. The basic principle of elastoplasticity is that strain rates are
decomposed into an elastic part and a plastic part:

e=¢e"+e’ =&+ Eqg.3.5
Where, e is strain, e® is elastic strain an@® is plastic strain; & is strain ratesgf is
elastic strain rate and#® is plastic strain part.

Hookebds | aw is used to rel ate FHdare3ftress rat
$=D°¢ =D"(¢- &) Eq.3.6
Where, gt isstressrateD’i s t he el astic material matrix a

# and & are same with previous definition.

According to the classical theory of plasticity (Hill, 1950), plastic strain rates are
proportional to the derivative of the yield function with respect to the stresses. This
means that the plastic strain rates can be represented as vectors perpendicularitb the yie
surface. This classical form of the theory is referred to as associated plasticity. However,
for Mohr-Coulomb type yield functions, the theory of associated plasticity leads to an
overprediction of dilatancy. In general, the plastic strain rates atewas:

&=/ Eq.3.7
Hs
Wherea+ i s the plastic mul ti pl i @noted a nans a pl

associated plasticityg?” is plastic strains' is effective normal stress.

For purely &elastic behaviotir pbastsi zeb®h awiho
positive:

=
3

2 = fod f <0 or

29 #<0 (Elasticity) Eq.3.8 a
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.
a >fo0 f=0 or U - D é#>0 (Plasticity) Eq.3.8b
us' =
Where f is a yield function to estmateh et her or not plasticity oc

is the plastic multipliergeis the elastic material matrix,is strain ratess' is effective
normal stress.

These equations may be ds® obtain the following relationship between the effective
stress rates and strain rates for elastoplasticity (Smith & Griffith, 1982;Vermeer & Borst,
1984).

3.3.7.2 Formulation of the Mohr-Coulomb Model

The MohrCoulomb yield condition is an extension of lamb's friction law to general
states of stress. In fact, this condition ensures that Coulomb's friction law is obeyed in
any plane within a material element. The full M@wulomb yield condition consists of

six yield functions when formulated in term$ grincipal stresses (Smith & Griffith,
1982):

fia :%(s'z-s's)+%(s'2+s'3)sinj -ccog ¢O Eg.3.9a
fi :%(5'3-5'2)+%(5'3+s'2)sinj -ccog ¢0 Eq.3.9b
foa :%(5'3-5'1)+%(s'3+s'l)sinj -ccog ¢0 Eq.3.9c
fap =%(s'1-5'3)+%(s'1+s'3)sinj -ccos ¢O Eq.3.9d
faa =%(5'1-5'2)+%(s'l+s'2)sinj -ccos ¢O Eg.3.9e
fa :%(5'2-5'1)+%(s'2+s'l)sinj -ccoy €O Eq.3.9f
Where, f,, ~ f,, are yield functionss';,s',,s';are principal stressesi i s fri cti ol

angle and c is the cohesion.

These vyield functions together represent a hexagonal cone in principal stress space as
shown inFigure 3.7 In addition to the yield functions, six plastic potential functions are
defined for the MohCoulomb moeil:

gla:%(5'2-5'3)+%(s'2+5'3)siny Eq.3.10 a
Oy :%(5'3-5'2)+%(s'3+s'2)siny Eq.3.10 b
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924 =%(5'3-5'1)+%(5'3+5'1)siny Eq.3.10 c
(oP =%(5'1-S'3)+%(5'1+5'3)siny Eq.3.10 d
0o =2 (51-5) + 5 (5", ) sy Eq3.11e
20 = (527 8') #5575, )siny £q.3.12 1

Where, g,, ~ g,, are six plastic potential functiors, ,s',,s';are principal stressey,
is the dilatancy angle. This parameter is required to model positive plastic volumetric

strain increments (dilatancy) as actually observed for dense soils.

3.3.7.3 Basic Parameters of the MohfCoulomb Model

General

The MohrCoulomb model requires a total @ive parameters, which are generally

familiar to most geotechnical engineers and which can be obtained from basic tests on
soil samples. These parameters with their standard units are listed below:

E Young's modulus  [kN/m?]
3 Poisson's ratio [-]

a Friction angle [°]

c Cohesion [KN/m?]
Y

Dilatancy angle [°]

Youngbés Modulus, (E)

PLAXIS uses the Young's modulus as the basic stiffness modulus in the elastic model
and the MohCoulomb model, but some alternative stiffness modulidisplayed as

well. A stiffness modulus has the dimension of stress. The values of the stiffness
parameter adopted in a calculation require special attention asgeamaterialsshow a
nonlinear behaviour from the very beginning of loading. In soil ma&ckathe initial

slope is usually indicated & and the secant modulus at 50% strength is denotEghas
(see Figure 3)3 For materials with a large linear elastic range it is realistic tdcg)daut

for loading of soils one generally usés. E,; is needednstead ofEso when unloading
problems involved.

For soils, both the unloading modulds,,, and the first loading modulugs,, tend to
increase with the confining pressure. Hence, deep soil layers tend to have greater stiffness
than shallow layex. Moreover, the observed stiffness depends on the stress path that is
followed. The stiffness is much higher for unloading and reloading than for primary
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loading. Also, the observed soil stiffness in terms of a Young's modulus may be lower for
(drained) ompression than for shearing. Hence, when using a constant stiffness modulus
to represent soil behaviour one should choose a value that is consistent with the stress
level and the stress path development. In particularly PLAXIS offers a special option for
the input of a stiffness increasing with depth.

Poissong$ rati o, (

Standard drained triaxial tests may yield a significant rate of volume decrease at the very
beginning of axial |l oading and, congequent |
For some cases, such as particular unloading problems, it may iséa¢aluse such a

low initial value, but in general when using the M&wulomb model the use of a higher

value is recommended.

Il n many cases one will obtain 3 values in tf
values can also be used for loadoanditions other than ordimensional compression.

For unloading conditions, however, it is more common to use values in the range between

0.15 and 0.25.

While for clay soil Poulos and Davis (1980) suggested that the following typical ranges
of values ofys :

Stiff over-consolidated clays: 0.1~0.2 (average: 0.15)
Medium clays: 0.2~0.35 (average: 0.3)
Soft normally consolidated clays: 0.35~0.45 (average: 0.4)

For cohesionless soil, wd# s o f P o i sgsobtaingdfrom tidxial tests geadly
lie between 0.25 and 0.35 at relatively low stress levatsaverage value of 0.3 is
reasonable when no test data are available (Poulos and Davis, 1980)

Cohesion, (c)

The cohesive strength has the dimension of stress. PLAXIS can handle cohesionless
sands ¢ = 0), but some options will not perform well. To avoid complications, it is thus

often recommended to enter a low value of cohesionce3€ kPa) (Brinkgrev, 2002).

Friction angle, ()

The friction angle | argely determines the
circles. The MohCoulomb failure criterion proves to be better for describing soll
behaviar than the DruckePrager approximation, as the latter failure surfacestémdbe

highly inaccurate for axisymmetric configurations.

Dilatancy angle, (Yy)

27



Apart from heavilyovec ons ol i dated | ayer s, clay soil
0). The dilatancy of sand depends on both the density and on the friction angle. Fo
quartz sands the o-Bddr -wiies ofkss thant30f chewevers vy
the angle of dilatancy is mostly zero.
extremely loose sands.

Interface strength, (Rnter)

An elastieplasticmodel is used to describe the behaviour of interfaces for thellngde

of soil-structure interaction. The coulomb criterion is used to distinguish between elastic
behavour, where small displacements can occur within the interface, and plastic interface
behaviar when permanent slip may occur.

For the interface to remain elastic the shear sireissgivenby:

t|<s tary, +c Eq.3.13
Where,? is the elatic shear stress  is the elastic normal stress, andc are the
friction angle and cohesion (adhesion) of the interface.

For plastic behaviout is given by:

t|=s tary, +c Eq.3.14
wheret is the elastic shear stress, is the plastic normal stresg, and c are the
friction angle and cohesion (adhesion) of the interface.

The strength properties of interfaces are linked to the strength properties of a soil layer.
Each data set has an associated strength reduction factor for interfage (Re
interface properties are calated from the soil properties in the associated data set and
the strength reduction factor by applying the following rules:

C =R, Csoll Eq.3.15
tary i = Rnter tary soilftary soll Eq316
y, =0°forRi,,, <1 otherwisey, =y ., Eq.3.17

Where, Ry iS an associated strength reduction factor for interfggeand c, are the
friction angleand cohesion (adhesion) of the interface. i s t he di |l atancy

Real interface thickness, @inter)
The real interface thicknesdjris a parameter that represents the real thickness of a
shear zone between a structure and the soil. The vatlyg.a$ only of importance when

interfaces are used in combination with the Hardening Soil Model. The real interface
thickness is expressed in the unit of length and is generally of the order of a few times the
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average grain sizeThis parameter is used to calculate the change in void ratio in
interfaces for the dilatancy coff options.

3.38 Material Data Sets for Structural Elements

Plates are used to model the behaviaf slender walls, plates or thin shells. Distinction
can be made between elastic and elastoplastic beinavio

3.38.1 Material Data Sets for Plates
Stiffness properties EA and El

For elastic behavis an axial stiffness, EA, and a flexural rigidity, El, should be
specified as material properties. For both axisymmetric and plane strain models the
values of EA and EIl reta to a stiffness per unit width in the enftplane direction.
Hence, the axial stiffnesg§A, is given in force per unit width and the flexural rigidity,

El, is given in force length squared per unit width. From the ratio of El and EA an
equivalent thickess for an equivalent platd.§ is automatically calculated from the

equation:
El
deq =,[12— Eq.3.18
eq EA q

Where EA is axial stiffness, El is flexural rigidityeqds equivalent thickness foma
equivalent plate.

For the modeing of plates, PLAXIS uses the Mindlin bedaheory.This means that, in
addition to bending, shear deformation is taken into account. The shear stiffness of the
plate is determined from:

5E(d,, 1Im
Shear stiffness = SEA (0 TM) Eqg.3.19
12(1+n) 12(1+n)
Il n whi ch, EA is axial stif §isnegsvalenttiickness young
for an equivalentplateyi s Poi ssonds rati o.

This implies that the shear stiffness is determined fromdsenaption that the plate has a
rectangular crossection. In the case of modab a solid wall, this will give the correct
shear deformation. However, in the case of steel profile element, likemleeetll, the
computer shear deformation may be togéa For steel profile elemertds, should be at

least of the order of a factor 10 times smaller than the length of the plate to ensure
negligible shear deformation.

Poi ssonds ratio
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I n addition to the above shisftefuressFerthmar amet e
structures with a certain profile or structures that are relatively flexible in thef-@ldne
direction (like sheet pile wall), It i's ad\y
massive structures (like concrete wall), itisrm® r eal i stic to enter a
of the order of 0.15.

Since PLAXIS consider plates (extending in the-afdplane direction) rather than beams
(onedi mensi onal structures), the value of Poi
rigidity of the plate as follows:

Input value of flexuratigidity: EI
Observed value of flexural rigidityl:E—I2
-n

The stiffness effect of Poi ssona&dplameat i o i s
direction 6, and the fact that strains gyeevented in this direction.

Weight

In a material set for plates a specific weight can be specified, which is entered as a force

per unit area. For relatively massive structures this force is, in principle, obtained by
multiplying the unit weight of thplate material by the thickness of the plate. Note that in

a finite el ement model , pl ates are superi mp:
the soil. To calculate accurately the total weight of soil and structures in the model, the

unit weight of tke soil should be subtracted from the unit weight of the plate material. For

sheetpile walls the weight (force per unit area) is generally provided by the
manufacturer. This value can be adopted directly since-pileewalls usually occupy

relatively little volume.

3.3.8.2 Material Data Sets for Geogrids

Geogrids are flexible elastic elements that represent a grid or sheet of fabric. Geogrids
cannot sustain compressive forces. The only property in a geogrid data set is the elastic
axial stiffness, EAgntered in units of force per unit width. The axial stiffness, EA, is
usually provided by the geogrid manufacturer and can be determined from diagrams in
which the elongation of the geogrid is plotted against the applied forceongigudinal
direction. The axial stiffness is the ratio of the axial force per unit width and the axial
strain.

_ F

DI/l

Where, EA is axial stiffnesd)l is the elongation anlds the length.

Eq.3.20

3.38.3 Material Data Sets for Anchors
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A material data set for anchors may contain the properties oftoetd®le anchors as

well as fixedend anchors. In both cases the anchor is just a spring element. The major
anchor property is thaxial stiffness, EA, as per anchor in the unit of force and not per
unit width in the oubf-plane direction. To calculate an equivalent stiffness per unit
width, the outof-plane spacingls, must be entered. If the material type is selected as
elastoplagc, two maximum anchor forces, mktens (Maximum tension force) and
Fmax,comp (Maximum compression force) can be entered in the unit of force (also per
anchor). In the same way as the stiffness, the maximum anchor forces are divided by the
out-of-plane pacing in order to obtain the proper maximum force in a plane strain
analysis. If the material type is set to elastic, the maximum forces are set to 1E+05 units.

3.39 Deformation Theory

The basic equations for the static deformation of a soil bodyoaneulated with the
framework ofcontinuummechanics. A restriction is made in the sense that deformation
are considered to be small. The continuum descriptidisfgaisedaccording to the finite
element methods. The static equilibrium of a continuumbeaformulatedas:

L's +p=0 Eq.3.21
Where, s is the spatial derivatives of the six stress components, p is three components
of the body forces|." is the transpose of a different operator, defined as:

e o o B oo ho
gHX My M2y
L"=€p K o H H qu Eq.3.22
S W oz
60 o K o H Hy
6 Uz Wy X

In addition to the equilibrium equation, the kinematic relation can be formulated as:

e=L"u Eq.3.23
Where e is the six strain components, ands the spatial derivatives of the three
displacement components.

The combinations of above equations would lead tecaorsdorder partial differential
eqguation in the displacements.

3.310 Groundwater Flow Theory
3.3.10.1 Basic Equations of Steady Flow

FIl ow in a porous medium can be described
x-y-plane the following eggtions apply:
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qxz_kx_
b Eq.3.24

-

qy =- yw

Where gqis the specific discharge in horizontal direction aptsghe specific discharge
in vertical direction respectively.

The equations express thaetspecific discharge, g, follows from the permeability, k, and
the gradient of the groundwater head. The héads defined as follows:

f=y- P Eq.3.25

9w
Wheref is the total head, y is the vertical position, p is the stress in the pore fluid

(negative for pressure) argy, is the unit weight of the pore fluid.

For steady flow the continuity conditi@pplies:
b, bay _

By
where, g, and g, are same witlcq.3.24.

Eq.3.26

Equation.3.2@xpresses that that there is no net inflow or outflow in an elementary area,
as illustated inFigure 3.9. .

3.3.10.2Finite Element Discretisation

The groundwater head in any position within an element can be expressed in the values at
the nodes of that element:

f(x,h)=Nr*® Eq.3.27

WhereN s the vector with interpolation functions amdand/ are the local coordinates
within the element.

The specific discharge is based on the gradient of the groundwater head. This gradient
can bedetermined by mean of ti&matrix, which contains the spatial derivatives of the
interpolation functions. In order to describe flows for saturated soil (underneath the
phreatic line) as well as nesaurated soil(abovethe phreatic line), a reduction fciion

Kis introduced in Darcyés | aw (Desai, 1976,
qX:-K“qu—f qy:-K’ky“—f Eq.3.28
HX Ky

Where, f is total head, and " is reducton function in the range between 1 ané.10
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The function is described using a ligear relation:

K™ =10 10°¢K" ¢1 Eq.3.29
or
Vlog(K") =- i—h Eq.3.30

k
Where h is the pressure head apdtihe pressure head where the reduction function has
reached the minimum of 149. In PLAXIX hy has a default value of 0.7m (independein
the chosen length unit) (séegure 3.10.

In the numerical formation, the specific discharge, q is written as:

q=-K'RBf* Eq.3.31
Where,
€, 2 &, Og
q=¢é y and R=¢ N Eq.3.32
- &g = &0 kg

From the specific discharges in the intergration pomtse nodal discharges®@an be
intergrated accordintp:

Q° =- B adv Eq.3.33

in which ET is the transpose of the-Matrix. On the element level the following
equations apply:

Qe :K=eie with: ﬁe = ﬁ(rETEdV Eq334

On a global levie
Q=Kf Eq.3.35

in which K is the global flow matrix an@ contains the prescribed discharges that are
given by the bondary conditions.
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CHAPTER 4

METHODOLOGY

4.1 Introduction

This chapter contains the details of methodology adopted in the thesis work, including the
description of the two excavation projects, the subsoil model, the geotechnical model
adopted anthe numerical simulations.

4.2 Description of Projects
4.2.1 SoilProfiles and Excavation details

Soil profilers and other relevant details are obtained for the Circle on Cavill project in
Surfers Paradise and the Sundale project in Southport. ©mc@avill has the deepest
excavation 11.65m depth with three rows of anchors, and the Sundale project include a
9.7m deep excavation with one row of anchidre descriptions of the two projects are
presented below:

4.2.2 Circle on Cauvill Project
4.2.2.1Site Condition

This project site is located in Cavill Avenue, Surfers Paradise, Gold Gogste 4.1).

It consists othe constructiomf 2 towers; north tower is 40 stories and the south tower is
70 stories Both structures have 4 basements for eakg There ign adjacentwo-story
building on the nortiwest of the construction site seated on piled foundation as simown
Figure 4.2

All together 16 boreholes are carried out at this site. All boreholes were done with solid
flight auger drillingand continued by rotary drilling with water and mud (bentonite and
polymer) circulation. SPT were undertaken at typically 3m depth intervals in each
borehole to the depth where peat was encountered and then at typicallintefvals
thereafterover the wn-cored sections of the boreholé&ater pressure testing in the
cored sections of selected boreholes comprised single packer tests undertaken at the
completion of core drilling. Pressure testing was also undertaken in the cored sections of
the selecteddreholes.

Multi-anchored and singl@nchored secant pile walls are used to support the excavation
and no field measurement are adopted in the project for consideration of cost and soll
conditions.

4.2.2.2. Soil Conditions

The subsoilconditions at the noject site areshown inFigure 2.1, the details of the
subsurface conditions are presented below:
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1 Upper Aquifer: About 14 meters thick wse to medium dense sand to the
water table then medium dense to very dense sand. Laboratory testing sndicate
that these sands have a very low fine content (percentage passing the 0.075mm
sieve)in the order of 2% to 5%.

1 Peatlayer: Encountered at elevation fromoand RL:10.8 to RL:14.30, the
thickness of peat is 3.5 meters with low permeability.

1 Lower Acquifer: Approximate 3.8m thick very dense sand with high elastic soll
modulus.

T Lower @ Cl ancensgistent lageyoé stiff to very stiff silty/sandy clay and
or very stiff to hard silty clay underlain by or interbedded with medium dense
sand. Commeses at elevation REL8.1 and finish at RL=27.5 with a thickness
of 9.4m.

T Basement 0 Gr @ayeykandy Graveldypiealty dense to very dense.
Commences at elevation R17.5 and finishes at R130.0 with a thickness of
2.5m.

1 Argillite and in paces Greywacke r&c Commences at elevation R{30.0 toRL-

36.0 where borehole stops. Typical high strength rock but significant fractured.

1 Groundwater lever was encountered at-RI00.

For the current research on section A with the maximum excavdgipth 11.65m was
selected. Borehole BH2 wasvestigated it was drilled up to 40m depth. Simplified
subsoil of BH2 is shown irFigure 4.3(a) Detailed borehole records are given in
Appendix A

4.2.2.3. Secant Piles and Anchors

The photos of the excavati at the Circle on Cavill site during construction are shown in
Figure 4.3 (b)and Figure 4.3(c)The diameter of constructed cast secant piled wall is
600mm and the spacing between tieatresof the hard piles is 850mm.The toe of the
wall is embeddednto stiff sandy clay at a depth 27 m below the ground level, but
reinforcements of hard pile stop just above the peat layer, which means the top 14.5m
reinforced pile wall take bending moment and shear forces, the lower 12.5m non
reinforced pile wall doesot take bending moment, only act as-afitwall to prevent the
groundwater seepage ( segure 4.4)The supported excavation is for four basements.
The maximum excavation depth was set to be 11.65 m and three levels of anchors were
adopted to construghe basements with conventional bottom up construction method.
Figure 4.5shows the anchored secant pile wall system.

4.2.3 Sundale Excavation Project
4.2.3.1. Site Conditions
The site is located between Queen Street, Brighton Parade and HealthSsiundgbort.

The mouth of the Nerang Rive (into the Gold Coast Broadwater) is located approximately
50 to 75m to the east of the site. Regional topography comprises slightly elevated areas to
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the west and north of the site sloping down across the sitedswvilae mouth of the
Nerang River and the Broadwat&he development includes 8 stages, and each stage has
some high rise buildings with different number of stories. The researched target in this
thesis belongs to stage B2, which has a 30 story toweergwgitibuilding with possible
commercial ground floor suspended over two to three levels of baseargarksEight
boreholesand 1 groundwater monitoring well investigation were set ugtage B2
(Figure 4.6) A single row of anchored secant piled wats adoptedn the excavation

and no field measurement is carried out.

4.2.3.2 Soil Conditions

The subsoils at Sundale is shownFigure 4.7 it comprised about 1m thickness of fill
which include sand and some gravels, then about 4 m thick loosediarmer dense
sand with high modulus underlain by a 3 m thick very stiff clay to a depth of 8 m, and the
borehole eventually terminating in a rock layer. The ground water level is about RL 1.2
m. The deepest excavation section is at se&iasshown in he site planthesimplified
borehole BH2 is investigated @ndetailed boreholenformation are presented in
Appendix B.

4.2.3.3 Secant Piles & Anchors

The diameter of the constructed casfi gitu secant piled wall is 500mm and spacing
between theentesof the hard piles is 800mm. The toe of wall is embedded into rock
layer at a depth 11 m below the ground level. The wall was designed for construction of
three basements. The maximum excavation depth was set to be 9.7 m and one level of
anchor was adagd to construct the basements with conventional bottom up construction
method. Figure 4.8shows the elevations and cross sections of the secant piled wall.

4.3 STANDARD PENTRATION TEST (SPT) RESULTS
4.3.1. Introduction

The standard penetration ®4SPT) was performed in the two projects because it can
advance through hard stratum compared to the CPT. According to the borehole reports
supplied by the special geotechnical company, the SPT tests followed the same procedure
at both projects:

A standad 50mm diameter thickvalled split tube sampler is driven up to 450mm into
the ground from the bottom of the borehole by a 63.5kg mass hammer with 760mm free
fall. The blows required to penetrate each 150mm (or part of) are recorded. Where the
full 450mm penetration is achieved the total blows over the final 300mm are recorded as
the ANO value for the test.

4.3.2 Corrected SPT Test Results
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Schmertmann and Palacios (1979) showed that measured SPT blow counts are inversely
proportional to the energy ratimr blow counts less than 50. Seed et al. (1985) and
Skempton (1986) subsequently proposed that measured blow counts should be corrected
to the value that would have been recorded if a standard amount of energy had been
transmitted through the rods. A stiard value of 60% of the hammer potential energy

has been adopted because it is the historical average measured for most drill rigs and
operators. The energy corrected SPT blow caNg) SPT is calculated as follows:

_ EnCeCsCiN
60 0.60 Eq.4.1
Where:

Ngo = SPTN value corrected for field procedures

Em = hammer efficiency (froniable 4.2

Cg = Borehole diameter correction (fronable 4.3

Cs = sample correction (fromable 4.3

Cr = rod lergth correction (fronTable 4.3

N = measured SPN value

The SPT data also may be adjusted using an overburden correction that compensates for
the effects of the effective stress. Deep test in a uniform soil deposit will have Nigher
values that shalle tests in the same soil. So the overburden correction adjusts the
measured N values to (Nd)Liao and Whitman, 1985):

10kPa
(N1, = Ni,G, =N; S Eq.4.2

z

Where, (N)so= NegoValue corrected to a reference sgref one atmosphere ;
Cn = correction factor for overburden pressure.
0,0 = Vertical effective stress at the

Al t hough Liao and Whitman didnét place any |
to keep (N)so<_ 2Ngo. This limit avoids excessively high (Movaluesat shallow depth.

A simple correction chart has been proposed by Tomlinson (1969) base on the work by

Gibbs and Holtz (1957) and is reproducedrigure 4.9Peck and Bazara, (1969), and

Peck, Hanson and Thdourn, (1974) also corrected tiv value for the influence of

vertical effective overburden pressure showfimure 4.9.

The corrected SPT N values of the two projects are giverabte 4.4and Table 4.5
respectivelyand in Figuret.10andFigure 4.11respectively.

4.4 SOIL PARAMETERS
4. 4.1 Uniyba, Wei ght o)

The unit weight of cohesionless is difficult and costly to determine in the laboratory.
Bowles (1999 presented empiricalalues for unit weight of granular soil based on SPT
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at about 6m depth and normaltpnsolidated agiven in Table 4.6.Huybrechts et al
(2004) published able 4.7o estimate the unit weight of soil.

PLAXIS implicit that the saturated weight of sand is generally around 20kMhereas
the unsaturated weight can be significantly lower, depending atetiree of saturation.

4.4.2. Relative DensityDr

The relative density of sands may also be estimated frgro¢elamiokowski et al,
1988, Skempton 1986 ) as

N
D, =100—%2)° Eq.4.3
- =100 ) q

Where, No = Penetration resistance normalized to an effective energy delivetes to
drill rod at 60 percent of theoretical frel energy, blows/300 mm.

Where Dr> 35 percent, b should be multiplied by 0.92 for coarse sands and 1.08 for
fine sandsJamiolkavski et al (1988) also demonstrated the relationship between Dr and
Ngo given inTable 4.8.

4.4.3. Friction Angle, f

The angle of friction determines the shear strength as showgure 4.2. SPT test can

be one of the metlis to estimate the friction angle of cohesionless Saible 4.9
summarised the research on correlation of friction angle to SPT N talybrechts eal

(2004) presented a method to estimate the friction angle for cohesionless soil and
cohesivesoil asgiven inTable 49 to Table 4.10as well.

Pecket al (1974) also provided a more conservative correlation as shofigure4.13
Schmertmann (1975) aridarter & Bentley(1991) proposed the relationship between N

value and theeffective friction anglef as shown inFigure 4.4 and Figure 4.5
respectively. Meanwhile, Stroud (1989) replotted all the available data to obtain the
variation of f versus (N)eo for different OCR as shown igure 4.5.

444 .Dilaton angel , y

In order to shear santhe grainamust physically ride over each other. This requires the
sand to expand in the direction perpendicular to the shear. This expansion is known as
dilation. When the soil is loosehe shearing process will aally cause contraction

rather than dilation, as the sand particles readily bed in to a denser structure. Sands can
display behavior between these two extremes depending on the particular relative
density.

Apart from heavily oveconsolidated layers, clagoils tend to show little dilatiora(0 ) .
Rock dilation also tends to be zero. The dilation of sand depends on both the density and
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on the friction angle. For quartz sands, the order of magnituge=ig - 30°. For; -

value of less than 30°, the angle of ida is almost zero. A small negative value for the
angle of dilation is only realistic for extremely loose sands (CUR I@8)e 4.1. shows
the typical values for dilation angles in the manual published thghFLAC program
(2000).

4. 4.5 Youusgbs mod

According to the manual of WALLAP, the Youn
cohesionless solil increase linearly from zero at ground level and is related to its density.
Terzaghi (1954) suggested the E values givermable 4.2. For overconsoidated

(compacted) cohesionless soil the E valaes approximatelyproportional tothe

correctedSPT N value according to the equation:

Youngo6s mo &) uFxBBT Nvalde/ m Eq.4.4
where F is in the range 2000 to 6000 faaing walls in sands and gravels.

presents the ranges of E values published by former researchers, including
Kulhawy and Mayne (1990pas (199) Bowles (1996 and Huybrechts et al (2004)

4.4.6 Poissonb6s ratio (g)

The selection of a Poissonds ratio ts partic
Coulomb model is used for gravity loading. For this type of loading PLAXIS should give
realistic ratios of

Sh

K,=-" Eq.4.5
SV

As both models will give the weknow ratio of

s

Sh- N Eq.4.6

v (1_/7)
Foronedi mensi onal compr essi on othatgivesaeealisty t o s e
valueofk.Henceg i s evaluated by matching K
Il n many cases one will obtain g values in t|

can also be used for loading conditions other thandomensional compression. For

unloading condition, however, it is more commoruse values in the range between 0.15

and 0.25Bowles (1993) Das (1994) Huybrechts (2004 i ves t he range for
rati o, g asbleplresented in

4.4.7 The coefficient of earth pressure at rest, K
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The coefficient of earth pressure at r&stwas proposed by Jaky (1974), it is not a
constant soil parameter but depend on the stress history (OCR) of the soil. However, K
can be assumed to be constant and less than unity for normally consolidated soils. When
soil becomes overonsolidated, # value of ki increases and becomes

larger depending on the OCR values.

Schmidt (1966), Mayne & Kulhawy (1982), Hayat (1992) and Michalowski (2005)
researchedn this parameter intensively.There are some empirical relationshi
obtain Ky as giverbelow:

For perfect elastic materials (Mef@oloumb Model)
Ky =—— Eq.4.7
° 1-n a
Where, g6 = Poissonds ratio.

Normally consolidated loose sand (Jaky, 1944)
K, =1- sinf Eq.4.8
Dense compacted sandherif et al, 1984)

-z ercompact
Ko =(- sinf) +5.5xg——— 10 Eq.4.9
é I’

Where,
} compact= @ctual compacted dry density;
r +»= minimum dy density (loosest state ) of the sand.

Normally consolidated clay®rooker & Lreland, 1965)

K, =0.95- sinf EqQ.4.10
Overconsolidated sand and claygayne and Kulwahy, 1982)
Koo = KongOCR™ Eq.4.11

Typical values of K are given inTable 415 (Mayne and Kulwahy, 1982). Accordirg
the above empiricaformulae,the K; values for the soils at the two project sites are
tabulated in Table KO.

4.4.8 Active pressure coefficient i and Passive pressure coefficient K

According to the MohrColoumb theory, the active pressure coefficiepaid passive
pressure coefficient Kare given by

_1-sinf’ K = 1+sinf!
 1+sinf'’ P 1- sinf'

Eq.4.12
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Meanwhile, WALLAP program manual provides the empirical values f@sKgiven in
Table 416 (Caquot and Kerisel,1949)

4.4.9. Permeability, K and K,

PLAXIS distinguishes horizontal permeability land vertical permeabil Ky since in
some soil type, for example peat, there can be a significant difference between horizontal
and vertical permeability.

For the Circleof Cavill project e permeability tests were conducted. {seeendix C).
Table4.17 gives thetypical values of permeabilityas presentedy Duncan 2001).

Finally, based on SPT Test results, details of soil parameters for the two projects can be
obtained. Because the soil parameters needed in PLAXIS and WALLAP are different, so
they are tabulated in two TaBlefor each projecfrom Tables 418 to Table 4.21
respectively.

4.5. NUMERICAL SIMULATION
4.5.1 Boundary Conditions

The first step to in any numerical simulation is to determine where to place the
boundaries so that their influence on the results vgllminimized, i.e. How far is far
enough? The two programs had different clues. The next section addresses this issue.

4.5.1.1 Depth of model

The boundary effect was studied while using a linear elastic soil. The bottom of the mesh
is best placed at depth where the soil becomes notably harder. The distance from the

bottom of the excavation to the hard layer, is caldgdsee Figure 47) . It was shown

(Lim and Briaud 1996that when using a linear elastic soil in the simulatidphad a

linear influence on the vertical movement of the ground surface at the top of the wall but
comparatively very little influence on the horizontal movement of the wall face.

A value of Dy equal to 9 m or 1.2 times the wall height was usually used. This value of
Db came from the instrumented case history used to calibrate the FEM fodeld &

Lim, 1999. In PLAXIS model, take depth of model is three times of excavation depth,
ie.

1) Circle of Cauvill project :
Depth of model =2 x 11.65 +11.65 = 34.95ake40m (Fix boundary exists 40m
below the ground surface)

2) SundaléProject:

Depth of model = 2 x 8.9 +8.9 = 26.7 m, take 30m. (Fix boundary exists 30m below the
ground surface).
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In the WALLAP model, Frankie Piling company take fix boundary at the toe ef th
reinforced pile wall, that means the depth of model as the length of the reinforced pile,
i.e. 14.5m for Circle on Cavill and 10.2 m for Sundale project .

4.5.1.2 Width of Model

Lim and Briaud (1996) did a separate study about the pararkktéks Be, andDy, as
shown in Figure 2, they gave the appropriate valueg/f@ndB. as
W, = 3Dy,
Be = 3(H + Dp)

Beyond these value®y. andBe have little influence on the horizontal deflection of the
wall due to the excavation of the soil. This confirms previfimdings byDunlop and
Duncan (1970).

For PLAXIS, the B andW just take half of the width of excavation for wide excavation.
So the total width of modés$ equal tothewhole excavation width, i.e. 70 m.

According to WALLAP manual, the manual instt theB. should be between one and
three times the wall depth, akdeshould be one and three times the wall depth for wide
or asymmetrical excavation, so

Circle of Cavillproject:

Be= (1 ~ 3) x Depth of wall = (1 ~ 3) x 11.65 = 11.65 ~ 34.95, taken 25
We = (1 ~ 3) x Depth of wall = (1 ~ 3) x 11.65 = 11.65 ~ 34.95, take 20 m
The width of boundary B¢+ We=25+20=45m

SundaleProject:

Be= (1 ~ 3) x Depth of wall = (1 ~3) x 9.7 = 9.7 ~ 29.1, take 25 m
We= (1 ~ 3) x Depth of wall = (1 ~ 3) xB=9.7 ~ 29.1, take 20 m
The width of boundary 8.+ W,=25+20=45m

Therefore, the model set up by PLAXIS and WALLAP for Circle on Cavill @nddale
projects were showimom Figure 418to Figure 421.

4.5.2. Simulations of Soil Layers

Soil stata are input (drawn in screen) according to different soil properties under Mohr
Coulomb theory. Excavation levels are also drawn in the screen to activeaotivae

stage constructions in calculation steps. Sand, Gravel and rock layers are corsidered
drainedbehaviour;and clay and peat are considered as undrained behavishort term

and drained in long term. Comparisons between the results of drained and undrained for
peat and clay was done in the results and discussion section.
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Yo ung o6 ss Hnahich Was found to be the most important parameter in the whole
simulation, the elastic modulus for dense sand and peat have different effects on the
performance of wall, so they aaealysedseparately.

For sand layers, there are lot of debatiequt thevalues of elastic modulus of very dense
sand and rock. Frankie Piling Ltd took thev@lue as 200 MPa according to empirical
methods and WALLAP manual, but many references present different lowaués.
Considering the subsoil conditions of Gdliast which is made up of mainly sand, a
relatively higher Evalue is possible for very dense sand and strong rock. To find out the
effects of Youngds modul us on the-vagues f or manc
are given to very dense sand armtkr layers to compare the results by numerical
methods. For peat layer (this is only for Circle on Cavill project), it was found its
stiffness has great effect to the deflected shape of the retaining wall, especially at the toe
of the reinforced pile wallKeeping the other parameters unchanged, simulaifon
different stiffness for the peat layer can determine the reasons for the deforméatien at
toeof thereinforced wall.

Since the MohCoulomb model has limited application for the soil that showevan
consolidated behaviour, it cannot reflect the ex@msolidation ratio, the coefficient of
lateral earth pressure at rest, Kas great influence on the performances of the wall as
well. By assuming the ovearonsolidation ratio, a series Kf valuescan be obtained to
analyse their effects on the retaining walls.

Therefore the following factors and their range willdmalysedo present the effects on
the performances of the wall:

1 E value of dense sand and rock

1 E value of peat

91 Drained and undraed status for peat and clay layer.
1 Coefficient of lateral earth pressure at rest, Ko

The detailed ranges of the oil parameters will be given in next chapter on results and
discussions

4.5.3. Simulations of Structural Elements

Secant piled wall is simuiad as an impermeable beam. Anchors are ttextlas Elasto
plastic spring elements and grouted body are modelled as special tension elements. There
is another key point to be noted for the Circle on Cavill project:

The secant pile wall have two partsg tiop 14.5m pile has reinforcement to take bending
moments and shear forces; the lower 12.5 m pile has no reinforcement only with concrete
(seeFigure 4.4),s0 it acs as acut-off wall to prevent groundwater flowing into the
excavationzone, but it camot bear bending moment and shear force. Therefore, the
Youngds modudffwall isadifferentdrem tle wpper reinforced wadlp the

piled wall was modelled as two elements in PLAXIS. For convenient analysis and
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explanation, the upper part ofethvall was named as Pifleand the lower part of the wall
was named as P#2in later sections.

The properties of all structural elements for the two projects are concludedblm 422
and Table £3. The following factors of the structural elements ased to analysis the
effects on the performance of wall.

i Stiffness of wall

1 Prestress of anchor

1 Length of anchor
The detailed ranges of structural elements are presented in the next chapter on results and
discussions.

4.5.4. Construction Stages

The constration stages of the Circle of Cavill project and Sundale project are shown in
Table 424 and Tablet.25 respectively.

4.5.5. Output

The following results are the outputa@oalyseand compare the performance of the wall
in different excavation stages or excawatheight:

Bending moments of wall ;
Shear forces of wall ;
Deflections of wall ;
Settlement of ground surface.

= =4 =4 =4
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 General

Based on previous estimations for all parameters, the results fréXiI8lare presented
and discussed in this chapter. The general contents of this chapter include:

il
il
T

Present and analysis of output results of PLAXIS;
Compare with the results of WALLAP and discuss the difference;
Discuss the important effect factors on thefqrenance of the retaining wall.

5.2 Soil Profile Model and Geotechnical Parameter Model

The subsoil condition at the Circle on Cavill Project is as follows:

1

Upper Aquifer About 14 meters thick loose to medium dense sand to the water
table then meadm dense to very dense sand. Laboratory testing indicates that
these sands hawery low fines content (percentage passing the 0.075mm)sieve
in the order of 2% to 5%.

Peatlayer i Encountered at elevation from around RD.8 to RL:14.30, the
thicknes of peat is 3.5 meters with low permeability.

Lower Aquiferi Approximate 3.8m thick very dense sand with high elastic soll
modulus.

Lower fCIl awonsietent layer ef stiff to very stiff silty/sandy clay and
or very stiff to hard silty clay nderlain by or interbedded with medium dense
sand. Commences at elevation RI8.1 and finish at RL:27.5 with a thickness
of 9.4m.

Basement 0 Gr Glayeylsangydsravehtypieatly dense to very dense.
Commences at elevation R17.5 and finishest RL-30.0 with a thickness of
2.5m.

Argillite and in places Greywacke ro6kCommences at elevation RBO0.0 to
RL-36.0 where borehole stops. Typical high strength rock but significant
fractured.

Groundwater lever was encountered at-RIOO0.
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The sulsoils at Sundale is shown ifigure 4.7 it comprised about 1m thickness fill

which include sand and some gravels, then about 4 m thick loose to medium or dense
sand with high modulus underlain by a 3 m thick very stiff clay to a depth ob@adthe
borehole eventually terminating inrack layer. The ground water level is about RL 1.2

m. The Geotechnical parameters used in the WALLAP and PLAXIS analysis are
summarized in Tables 4.24 and Table 4.26

5.3 Parameters for Structural Elements

The parametrs used for the structural elements are summarized in Table 4.28 and Table
4.29

5.4 Output of PLAXIS
54.1 General

The output of the standard PLAXIS moddts the two excavatiomare presented in
Appendix O including deformed mesh, horizontal andtwal displacements, lateral
earth pressus2 pore pressusg and groundwater flow, etc. Their maximum values are
presented ifable 5.1for Circle on Cavill and Sundale projects.

54.2 Commentson PLAXIS Analysis in General

During the simulation,hte input parameter such¥® un g 6 s moigifauhducsbe E 6 ,
very sensitive to the performance of the wall, especially the E value of peat layer. In
addition, Mohf¥Coulomb Model is highly sensitive with respect to the coefficient of
lateral earth presserat rest, I thusthe accuratestimation of these two parametess

most important.

The MohrCoulomb model has limited application for the soil that shansover
consolidated behavim, it cannot reflect the overonsolidation ratio. Furthermore, a
good estimation of the interaction coefficient&® (strength reduction factor) is vital in
modédling the roughness of interaction that relates the interface strémailriction and
adhesion) to the soil strength (friction angle and cohesion). abisrfcan model the
behaviar of theinteraction between structuraadsoils (smooth and rough surface), and
also to evaluate the relative movements and the associated deformation wéthin th
interface. In this simulatiorRint is taken a$.67.

Besides, the selected mesh should not induce any boundary effects on the results.
However, introducing large geometry mesh may cause high computer effort and time,
thus the optimization of the dimension of mesh becomes very important in thdingpdel

5.5 Comparison of Results Between PLAXIS and WALLAP

WALLAP results presented here were supplied by the Frankie Piling Consultant Ltd that
designed and constructed tlsecant pilel wall system the resultsincluded lateral
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deflections, envelopes of bending momend ahear forceln the following sectiona
comparison is madbetweenthe PLAXIS resultsandthe WALLAP results for the two
excavations

Figures 5.1 and Figure5.2 show the lateral wall movemenat the final stage from
WALLAP and PLAXIS for Circle onCavl and Sundale projext The lateral wall
movements of Circle on Cavill are obviously different for the two type of analysis.
Tables5.2and Table 5.3ummarize the extreme values between PLAXIS and WALLAP
for Circle on Cavilland Sundale projecThe reaens for the two values to be different
for Circle on Cauvill project are

1 WALLAP assumesa rigid boundary at the toe of reinforced wéBL.-14.5m),

i.e. it assumethatthe toe otthereinforced wall is fixed and the subsoil below the
toe of the reinforced wall has no effect on the upper part of the wall which is
reinforced.

1 In the PLAXIS analysisthe whole length pilés taken into account; it wdsund
that the deflection of the wall wasffected greatly by thestiffness of the peat
layer.

1 Only the uper 14.5mof the wall is reinforced, sthe concrete wall belowhe
upperl4.5m has not enough stiffnesstake the activ@ressure resultinduring
deformationsandthuscauses atability problem

1 The peat layer is just below the toe of the reinforpad of the piled wall,
because of its low stiffness, it cannot supply enough passive pressure to the
concrete wall, so that peat and the concrete wall move forward together and
magnifythe deformation and increase the stability risk.

For the Circle on caviproject the depth of theeinforcedportion of the wdlandthe peat
stiffness are both important for the stability and deformatibey are discussed in the
next sections.

Figure 5.3and Figure 5.4 summarize the envelopes of bending moments andr she
forces from PLAXIS and WALLAP for botlexcavations. The results of WALLAP and
PLAXIS matchquite well, whichmeansboth computeprograns, can be used to design
the secant pile walbnd they cametthe same order atsultsfor the bending moments
andshear forces. Ithepreliminary desigrof the retaining wall, WALLAP can have the
same effectas PLAXIS to estimate the amount of reinfongent neede@dndthe cross
sectional property of theecant piled wallHowever, WALLAP model ignored the
subsoil condition below the toe adthe reinforcedpart of the secant piledall, which
increases the potentitd have more lateral movement in the results.

5.6 Effects of Construction Stages
Figure 5.5 showsthe lateral wall movementst various excavatin stagegor Circle on
Cavill. For Circle on Cavill after instaling the £' anchor, the deflection of the wall

above the excavation depth was controlled effectively, the movement at the top of the
wall was almost zero, but the deflection of the wall below tleaveation depth was still
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not controlled. With the excavation depth increased from 7.6m to 10m, the deflection at

the toe of reinforced wall increased faster and bedangerthanthe valueabove the

excavation depth. When th& 3ow of anchos was instded and the excavation depth

was 11.65m, the maximum deflection point moved above the excavation depth, but the
defl ection at the HfAproblemd point is stildl
varation of the lateral wall movement with the consttion stages refleed sufficiently

the potential stability problem arising from not enough embedmeheoéinforced wall.

Figure 5.6 summarize thealeflections ofthe secant piledvall at different construction
stages fothe Sundaleexcavationlt is goodto compae this performance at Sundale with
the performance at th@ircle on Cavil| because the wall seats on the rock lagethe
Sundale Project antthere is no stability problem at all. The behaviof the wall obeys

the basic rules of theerfamance ofetaining wals. The maximum deflection ahewall

is at the top of the wall, which is different from Circle on Cauvill, because the position of
the 1strow of anchorsare egeeperandup to GL:2.7 m.Briaud et &(1999)foundthatthe

best positon for the firstrow of anchos to be between 1.2m and 1.5m below the top of
wall; but in current practice the firsbw of anchos tends to be placeat deeper than that
recommended by Briaud et al (1999).

Figures 5.7 and Figure 5.8ummarizehe variaion of the settlement otheround surface
at different stagesxcavationfor the twoprojects. Surcharge from the adjacent building
in Circle on Cauvill projectaused an additiondOmm settlement of ground surfadde
ground surface settlement increageth the increasing of excavation depkhgures 5.9
and Figure 5.10show the relationships betwedre maximumsettlementof the ground
surfacethedeflection of the walandthe excavation degh for both projects.

Figure5.11and Figures.12 presenthe changing of bending moments of the walls with
the construction stages. The bending momaitthe walls behave like beam. The
maximum bending moment irease with the excavation depth.

According to the diagrasof the movemens adjacent to braced eavationproposed by

Peck(1969) the main subsoil of Circle on Cavill and Sundale projects belongs to firm

sand (seeFigure 5.B(a)), However, from the diagram of the normalized ground

settlement profiles of different oil types published by Clough addRm ur ke ( 1990) , I
subsoil of Circle on Cavill shows properties similar to soft to medium clayHgeee

5.13(b) ), which is perhaps due to effect of the peat layer. The main sulisibie

Sundale excavation stilbelongs to sand accordirtg the hypothesis of Clough and
ObRourke (1990).

5.7 Parametric Studies
5.7.1EmbedmentDepth, D of Reinforced Cage
The effect of the wall embedment depth on the lateral wall movements, and maximum

bending moments on the wall is investigated by the teffiethe wall embedment
depth for three depths: 2.85 m (D/H =0.25, H =11.65 m), 6.64m (D/H =0.57, H = 11.65

48



m), and 15.35 m (D/H =1.32, H =11.65 m). When the embedment depth is 6.64 m, the
reinforced caggust stopped undethe peat layer; when the emipeeht depth is 15.35m,
thereinforced cagés continued for the whole 27m pile length.

Figure 514 and Figure 5.1%Show the relationship betweethe predicted maximum
lateral wall movemenighewall bending moments with theall embedment depshThe
maximum lateral wall movements tend to increase slightly with the increase of wall
embedment ratio (D/H); but increasing the wall embedment depth is not that effective in
reducing the maximum lateral wall movemeritsis observation is in agreement with the
study carried out byVhittle & Hashash, (1992and Poh & Wong, (1995)hut the
embedment depth of the reinforced wall should reachreasonable and safe depth to
meet the requiremenf theretaining wall.

572 Youngb6s modul us, E f moQavillpmjact). (only f or
According to the previous analysis, the stability of the wall depends ocentbedment

depthofther ei nf orced wal | and the stiffness of

become very sensitive to the performance of the agathebottom part of the wall in this
project was not reinforced.herefore the peat layer was replaced by very dsasd in
theanalysis and themodulus wagaken as 200MPa in the analysis.

Figure 5.5(a) to (J presenthe lateral wallmovemend forthe twocases when the peat
layer was present and the case when the peat layer was replaced witlsasheh$ae
deflection of the wall in the peat layer is larger than the case when it is replaced with very
dense sand: excavation depth is 7.6m. This differarareases with the increase of the
excavation depth. When the excavation depth is 11.65m, the difference between their
maximum lateral wall movemeig about25 mm, which proves thahe stiffnesf peat

can influence the maximum lateral walbvement tagreat extent.

Figures 5.17(a) to (d) comparthe ground surface settlement for the case whepehe
layeris present to the case when it is replaced in the analtsis’ery dense sand layer.

The difference between the maximum ground surtstdemets for the two casess
about35 mm. That means the peat layer may lead to large ground surface settlement for
the adjacent building; thus more care need to be taken in accommodating this large
settlement in adjoining structures when such peat lsyencountered.

573 Young6s modulus, E for dense sand

The Youngbs modul utyerfwas takeneas §00MHe nhe @oves a n d
standard PLAXIS and WALLAP analysis©iowever this high value caused lot of
debates when thetandardanalysiswas carried ouf becausehis value is much higher

when compared tothose given in the publishediterature as referencd in the
Methodology chapter.Therefore it was necessary to find the effacthe stiffnessof
thedensesand layeon theperformances othe retainingvall system.

A series o f Youngos modul us values for
(designated R00 in the analysis), 150MPa (designhated30 in the analys)sand
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100MPa(designatecas E100)for the Circle on Cavill projectthesevalues arenferred
from the related literature review i€hapter four. Figure 5.18 and Figure 5.19
summarizethe lateral wall movemestand ground surface settlemems Circle on
Cavill excavation. The general deformed shapé the wall does ot change with the
variation of the Yo u n gnodulus of dense sand, but both maximum lateral wall
movement and maximum ground surface settlements increases with the redfittien
stiffnessof thedense sand. T he maximum lateral wall movements and dyswface
settlements of 200 are smaller (by about 15mm) than the case Wit The lateral
wall movement and ground surface settlements for the ca266 Bnd EL50 are close to
each otherFigure 5.20shows that the bending moment of the wall gliglncreases with
t he Y oun gofthedensadsanidfugsre 5.21shows the relationshgbetween the
maximum lateral wall movementthe surface ground settleant containsthe maximum
lateral wall movementsthe ground surface settlemengsd the berding momentsfor
everycaseat everyexcavatiordepth.

5.7.4 Undrained and drained mode of analysisfor peat and clay layers

Analysis with undrained and drainechodesfor the performance of thpeat and clay
layers were doneto check the behawim of the wal in shortterm and longterm
conditions The peat and clay layers are simulatedier undrainedmodethe in short
term caseandin drainedmodefor the long term case Figures 5.22 to Figte 5.25show
the deflectionsof the wall and theground surfacesetlementsfor the two cases. The
lateral wall movements anbe settlements ithe drainedmodeareboth smallerthanthe
undrainedmode for both excavationsbut the differences are not significgdseeTable
5.6)

5.7.5 Effect of Wall stiffness

The stiffnessof the secant pile wall ianotherparameterthat affecs the deformation
pattern of the supported excavations. For bored pilall system,the reduction factor
adopted for the stiffness is also a controversial topiGald Coasengineering practice;
varying from50% ( 50%EIl ) to 70% ( 70% EI ) and the full value(ie. 100% EI)
without any reductionThus, the influencef thewall stiffness on the performance of the
secant pild wall wasalsoinvestigatedy adopting different cracked coefficierfor the
wall stiffness (El) valuesAlso thestiffnessof thewall wasincreased.Otimes to enlarge
therangeof studyascanbe notedn Table5.7for the twoexcavations

Figures 526 and 5.27 summarizethe lateral wall movementand surface ground
sdtlement as influencely the diffness of wall at different excavation stages for the two
projects. In general, the maximum lateral wall movements taedground surface
settlemerg decrease with increasing wall stiffnebwever, the use of stiffer wal not
effective in reducing the maximum lateral wall movements as well as the maximum
ground surface settlement§he maximum lateralwall movementswere almost
unchanged when the stiffnestthe wall increased from 50%EIl to 100% Hihis result

is in agreement with the study carried out biggbgand Tui (1990) and Véng and Poh
(1995), who found that the wall stiffness is not effective in limiting the lateral
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movements However, when the stiffnessof the wall was improved by 10 times, éh
maximum eflecion of thewall reduced from about 60mm to about 40mm.

Similar phenomenorhapperd on the pattern ofhe ground surface settlements for the
two excavationsas shownin Figures 5.28 and 5.29 The oefficients forthe cracked
flexible stiffness ofthe pile do not influence the ground surface settlement a lot, however,
when the stiffness of the wall increasd by 10 times, the ground surface settlement
reducel almostto half of the original values.Figures 5.30 and 5.3¢how the bending
moment ofthe wall with different stiffnessesat each excavation depth for the two
excavatios. The bending momenof the wall increased with the increase in the f
stiffness of the wall. Tables5.9 and 5.10contain the extremevalues as caused by
differentstiffness of thavall for Circle on Cavill andundale excavations

Clough a nd o@KeR1990) pointed out that in clay the effect of wall stiffness
theoretically does not significantlaffect the basalheave. Figure 5.38 shows the
relationship between theaximum laterawall movementand the stiffness of wall for
Circle on Cauvill project. With the increase of the system stiffnefsax /H keeps
unchanged from the 30% EI to 100% EI, bedluceto abouthalf the value at500% EI.
The risk of Basal Heave is low since thectbr of safety against Basalkeélve varied
between 1.5 to 2.0.

5.7.6 Pre-stress of Anchor (only for Circle on Cauvill)

To control the lateralvall movementanalysiswas performedy keepingthe same EA
value for anchors but increasing their psa®esdorcesasshownin Table 5.11Case A is
the prestress value from the standsirdulation while Case Bis for the case when the
prestress is increased BP0 kN for the first row of anchos. Case C increases the
prestress by 70kN'm for the 2nd row of anchos and by 60 kN/m for the 3 row of
anchos ascomparedo case B. The results the lateral wall movements, ground surface
settlements and bending momeatswall at each excavation depfor Circle on Cauvill
projectare shown irFigures 5.33 toFigure5.35 respectivelyFrom these figures, it can
seen that increasing the prestress by 100kN/m fofitsierow of anchoss can reduce
the lateral wall movemenby 15mm & the top of thewall and by 10mm the ground
surface settlement (Case Byt it cannot reduce the maximum deflection of the wall.
However, increasing the prestress of the three anchors at same time (Case C), the
maximum lateral wall movement can reduce by 10mmthadyroundsurface settlement
can reducdy about20 mm ascomparedo Case B at 11.65 m excavation deftigure
5.34 shows the effects of the pstressof the anchorson thebending momentsf the
wall. The Case B has the largest bendimgment 0f189.3 kNm/m than other two cases
because itsleformation is largethanthe othertwo casesTable5.12shows the extreme
values for these three cases at different excavation depth.

5.7.7 Effect of thelength of Anchor (only for Circle on Cauvill)

Kempfert, H.G. (1994) found that the horizontal deflection at the top of thewvaltl be
reducedby 60% by increasing the anchor length by %anan unfavourableground
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water position, which almost avoid tlidamagewhich would haveotherwiseoccurred
Therefore the length of anchaasthe Circle on Cavil excavation was variedhwengh

of anchorsadopted in the analysi€aselL?2 is an analysis where s the length of the first

row anchor is increased by 3m based on the standard value used, and Case L3 is when
the anchor lengths of the second row and third row are increased by 3rmd\ayave

the increase adopted in Case L2; Case L4 increases the length of the first row of anchor
by an additional 3m as was used in Case L3.

Figure 5.36 summarize the lateral wall movemsmith the increaseof the anchor

lengtrs. Figure 5.37shows tlat Case L2 andCase L3 have lower maximum ground
surface settlements thaase L1 andCase L4.Case L4 did not result in reducing the
maximum ground surface settlement effectively although its anchor length is the longest.
Case L3 was able to reduce to 4@k ground surface settlement than Casavhére all
threeanchors wer@creased in length by 3m. Case L4 increases by 6m the length of the
first row of anchorsand by3m for the 2" and 3 row of anchors; in this case the
reductionin the maximum gound surface settlement is only 30%. Therefore it can be
concluded that the ground surface settlement reduces with the increase in anchor length;
but the anchor lengths should be within reasonable range to reduce the ground surface
settlement more effeetely.
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CHAPTER 6

CONCLUSIONSAND RECOMM ENDATION S FOR FUTURE
RESEARCH

Two secant piled wall deep excavatior@&Gr¢le of Cavil and Sundalgpredominantly
permeable sandy soitg Gold Coast were analysedIn situ- tests @ta from Standard
Penetration Testwere used to obtain the relevant geotechnical parameters using the
correlations proposed by well known researchers.

PLAXIS software was used tnalysethese excavations and the results were compared
with the WALLAP andysis used in the design and construction control. A parametric
study was conducted with theLRXIS software to have greater understanding of the
factors that control the performance of deep excavations. The conclusions are in three
parts: one relates tine subsoil layer mod#ing, the second part is on the geotechnical
parametershosen for the analysis atfus part relates to the analysis usingARIS and

its comparison with the WALLAP analysis.

6.1Soil Layers

The general subsoil at Gold Coast bkthed in this study is composed of five soll
layers: The first layer is loose to medium sand layer varying in thickness from 4 to 5m;
The second layer is dense to very dense sand layer varying in thickness from 9m to 11m;
The third layer is peat layer whe thickness is from 4m to 5m; The fourth layer is very
dense sand layer varying in thickness from 5m to 8m followed by the fifth layer, sandy
clay varying in thickness from 5m to 9m, then final layer is rock. In situ SPT tests were
done to obtain the dgparameters for these soil layers.

6.2 Soil Parameters

The soil parameters adopted during PLAXIS simulation for the two excavations are given
in Tables 4.24and Table 4.26.The stiffness of soil isespecially sensitive to the
performance of the secapti | e wal | system. The Youngos
found to have substantial effects on the wall movements and the settlement profiles.

6.3 PLAXIS Analysis and Comparison with WALLAP Analysis

Thesecant piled wall was in two parts at the CircleGavill site; the upper 14.5 m was
reinforced and the lower 12.5m was not reinforced and functioned as a cut off wall.
However, for theSundale excavation the secant piled wall stopped at the rock layer and
was reinforced for the full depth of 11m.

The WALLAP model onlyanalysedhe upper reinforced part of the secant piled wall at
the Circleon Cavill excavationthus theWALLAP analysis assumed a fixed boundary at
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the toereinforced portion of the wall at the Circle of Cavill excavatidhis assumption

in the WALLAP analysis at the Circle of Cavill excavation unéstimated the lateral
wall movement at the bottom of the reinforced part of the wall. Bending moment and
shear force diagrams are similar for ba@halyses For the Sundale excavation both
PLAX 1S and WALLAP gave similar results for the wall deflection, bending moment and
shear force.

The soil modelused in the PAXIS analysis in this study ibased on MohkR€Coulomb

yield function. Using such a model posed difficulties with the peat layer eteredrat

the Circle on Cavill excavation. fie fricationangle ¢ ), the coefficient of earth pressure
atrest (K), andthe Youngdés modul u s de¢idefpr theygeatdayehimthisl t
PLAXIS simulation. The softcreepmodel in ®ftware PLAXIS is more suitable to
analysehe soft soil like peat in future work.

The conclusions reached from the extensive parametric study conducted with the
PLAXIS analysis will now be presented

X

The wall embedment depth is not effective in redu¢irgmaximum lateral
wall movement for both excavations.

The low stiffness of the peat layeseemsto increase the lateral wall
movement by an additional 25mm and the surface settlement also by
additional 35mm for the Circle ddavill excavation

The lakeral wall movement and the surface settlement at the Circle on Cauvill
excavation is greatly influenced by the modulus value, E of the very dense
sand layer and are about 15mm when the modulus is 200 Mzbending
moment of the wall increased with thetym g 6 s  mo tdisiveny dense f
sand layer

The effect of the cracking in the wall and the subsequent reduction in the
stiffness do not seem to influence the wall movement, bending moment and
shear force.

Increase in the prestress values of the ancBaeduced the lateral movement
of the wall.

The increase in length of the anchors reduced the lateral wall movements and the
settlement, and there appear to be a critical length beyond which further increase in the
anchor lengthhas no effecon the wallmovement or the surface settlementreasing

6m for first row anchor and increasing 3m for other two anchors only can reduce about
30% of horizontal wall displacement and ground surface settlement.

6.4 Recommendatiors for Future Research

The following reommendations are suggested for fu@gearch on deep excavations.
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U Geotechnical parameteaseobtained both from SPT and CPT (Conegbetion
test) and a decision be made on the reliability of the parameters to be used in deep
excavation analysis.

U Refined soil models based efastaplastic theorieshould beused rather than the
simple Mohr Coulomb model.

U The performance of anchored excavatishsuld becompared with strutted or
braced type of excavations.

U 3D analysis be conducted and thsuts areused to calibrate the simple 2D Plane
strain analysis as conducted in this study.
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Table 2.1 Advantages andisadvantages adachsupportsystem.

Typical El

Name (MPa/m) Advantages Disadvantages
(1) Can be impervious | (1) Limited stiffness
Steel sheetin 142 14155 (2) Easy to handle and | (2) Inerlocks can be lost in har
9 construct driving or in gravelly soils
(3) Low initial cost
&)ngf:ﬁ)étto handle and (1) Wall is pervious
Sololller |_o|Ie and 315 18873 | (2) Low initial cost (2) Requires care in placemen
agging of lagging
(3) Can be driven or
augered
(1) can be impervious (1) High initial cost
Castin-place (2) High stiffness (2) Special contrator required t
concrete slurry| 45296 | 361742 construct - _
wall (3) Can be part of (3) Extensive slurry disposal
permannent structure needed
(4) Surface can be rough
(1) can be impervious (1) Highinitial cost
(2) High stiffness (2) Specialty contractor require
9 to construct
(3) Can be part of .
Precast | 45596 | 361742| permanent structure | (3) Slurty disposal needed
concrete slurry
(4) Very large and heavy
(4) Can be prestressed | members must be handled for
deep systems
(5) Permits some yielding of
subsoils
i%)pseerf/f(‘)”ljsp”es (1) High initial cost
. . (2) Secant piles require specia
Cylinder Pile 18087 | 157279 (2) High stiffness equipment
Wall (3) Highly specialized
equipment not needd for
tangent piles
(4) Slurry not needed
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Table 2.2 Rctorsin the selection of asupportsystem for adeepexcavation(US Navy, 1982)

Requirement

Lends itself to Use
of

Downgrades Utility
of

Comment

Tiebacksor rakers or cantilerer

1 Open excavation area walls (shallow excavation) Crosslot struts -
2 Low initial cost Soldlgr pile or sheetpll_e walls; D_|aphram walls, cylinder i
combined soil slope with wall pile walls
3 Use as part of Diaphragm or glinder pile walls Sheetpile or soldier pile wa Diaphragm wall most
permanent structure common as permanenet wal
4 Deep, soft clay N S.trutted or raker_suppor_ted Tiebacks, flexible walls Tieback capacity not
subsurface conditions| diaphragm or cylinder pile walls adequate isoft clays
5 Dense, gravelly sand Soldle_r pile, diaphragm or clay S_heetplle walls or cylinder Sheetp!le lose interlock on
subsoils pile hard driving
High laterd stresses ar
Deep, over Struts, long tiebacks or combinatiq . relieved in O.C.soils and
6 S ; Short tiebacks lateral movements may be
consolidatied clays tie-back .
large and extend deep into
soil
. . Diaphragm walls, possibly sheetpi Lo L : .
7 Avoide dewatering : ; Soldier pile wall Soldier pile wall is pervious
walls in soft subsoils
8 Minimize movemenets I—_hgh prdoads on stiff strutted or Elexible walls Analyze for StabI|I'Fy of
tie-back wall bottom of excavation
Wide excavation Tieback preferable except in
9 (greater than 20m Tiebacks or rakers Crosslot struts f P | bsoil P
wide) very soft clay subsoils.
Narrow excavation Struts more economical but
10 Crosslot struts Tiebacks or rakers tiebacks still may be preferre

(less than 20m wide)

to keep excavation open
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Table 4.1. Two researched excavation projects in Gold Coast

] Excavation Project Name
Parameters Unit - -
Circle on Cauvill Sundale

Excavation width (m) 70.0 34.0
Excavation depth (m) 11.7 9.7
Embedment depth (m) 29 13
Diameter of pile (m) 0.6 0.5
Anchor (row) 3.0 1.0
Spacing of anchors (m) 2.4 2.4

Table 4.2. SPT hammer efficiencies (Clayton, 1990)

Country Hammer Hammer Release Mechanism 'ﬂ"’?mmef
Type Efficiency En,
Argentina Donut Cathead 0.45
Brazil Pin weight Hand dropped 0.72
China Automatic Trip 0.60
Donut Hand dropped 0.55
Donut Cathead 0.50
Colombia Donut Cathead 0.50
Japan Donut Tombi trigger 0.78-0.85
Donut Cathead 2 turns + special releas 0.650.67
UK Automatic Trip 0.73
us Safety 2 turns on cathead 0.550.60
Donut 2 turns on cathead 0.45
Venezuela Donut Cathead 0.43
Gold Coast, AU| Automatic Trip 0.73

Table 4.3. Borehole, samplendarod correction factors (Skempton, 1986)

Factor Equipment Variables Value

65115 mm 1.0

Borehole diameter factor,gC 150 mm 1.05
200 mm 1.15

. Standard sampler 1.00
Sampling method factor,sC Sampler without liner 1.20
314m 0.75

4-6 m 0.85

Rod length factor, £ 6-10 m 0.95
>10 m 1.00
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Table 4.4 Summarised average 3% Ngo, (N1)so0f Circle on Cauvill

Thickness Bulk Effective Measured Corrected | Vertical Total overburden
Layer . Densifdensi "I SPT-N | effective | vertical stress
Soil Layers SPT N
No. (m) (kN /m3) (kN /m3) Value value, stroess , | stress, | corrected N-
NGO u Z' E ( ZO Value,(N]_)60
1 Loose sand 2.3 17 7 3 3 16 16 7
2 Md sand 3.0 18 8 24 22 24 40 35
3 Vd Sand up 9.5 19 9 50 46 86 126 41
5 Peat 35 16 6 8 7 21 147 6
4 Vd sand low 3.8 19 9 50 46 34 181 34
5 Sandy clay 9.4 19 9 22 20 85 265 12
6 Clay Sand Grave 2.5 18 8 50 46 20 285 27
7 Strong Ardllite 6.0 22 12 50 46 72 357 24
Table 4.5 Summarised average ¥ Neo,, (N1)so0f Sundale
Thickness Bulk Effective Measured Corrected | Vertical Total Overburden
Layer . Densi |densi "I SPT-N | effective | vertical stress
Soil Layers SPT N
No. (m) (kN/m3) (kN/m3) Value value, stiess , | stress, corrected N-
N60 u Zl E ( 20 Value,(N1)60
1 Fill 1.1 16 6 10 9 6.6 7 36
2 Loose sand 15 17 7 10 9 10.5 17 22
3 Md sand 2.6 18 8 33 30 20.8 38 49
4 V st clay 3 20 10 24 22 30 68 27
5 EW S' stone 7.6 22 12 50 46 91.2 159 36
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Table 4.6 Empirical valwues for G, DT at abaut @n depthiartd nosneaily gdndolidatdd g r a n u
(appr oxi m&#20r(y2), Bdivless1996)8

Description Very loose Loose Medium Dense (;/eer?s/e

Relative densityDr 0 0.15 0.35 0.65 0.85
fine 1-2 3-6 7-15 16-30 -

SPT, No | medium 2-3 4-7 8-20 21-40 >40
coarse 3-6 5-9 10-25 26-45 >45

Eriction fine. 26-28 28-30 30-34 33-38

angle,i medium 27-28 30-32 32-36 3642 <50
coarse 28-30 30-34 3340 40-50
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Table 4.7. Bulk density & friction angle & cohesion for sélufybrechts2004)

Loose Compacted Loose or compacted Fricton Angl e
' ' Cohesionc
Sol | densty | densty | densty | demsty | densty | weightdenay| L0OS® | Compacted ”
(kg/m®) (KN/m?) (kg/m?3) (KN/m?) (KN/m?) (KN/m?) @) @) (KN/m?)
Fine sand 1750 17.5 1900 18.6 1050 10.3 30 35 0
Coarse sand 1700 16.7 1850 18.2 1050 10.3 35 40 0
Gravel 1600 15.7 1750 17.2 1050 10.3 35 40 0
Peat - - 1300 12.8 300 3 - 5 5
River mud 1450 14.2 1750 17.2 1000 9.8 - 5 5
Loamy soil 1600 15.7 2000 19.6 1000 9.8 - 10 10
Silt - - 1800 17.7 800 7.9 - 10 10
Sandy clay - - 1900 18.6 900 8.8 - 0 15to 40
Very soft clay - - 1900 18.6 900 8.8 - - <20
Soft clay - - 1900 18.6 900 8.8 - - 20to 40
Firm clay - - 2000 19.6 1000 9.8 - - 50to 75
Stiff clay - - 2100 20.6 1100 10.8 - - 100 to 150
Very stiff clay - - 2200 21.6 1200 11.8 - - > 150
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Table 4.8. Relative density versusoNamiolkowski et al.1988)

Sand D:, (%) Neo
Very Loose 0-15 0-3
Loose 1535 3-8
Medium 3565 8-25
Dense 65-85 25-42
Very Dense 85-100 42-58
Relati_ve SPT N Friction Angle G
Density
Soil Type Terzaghi Meyerhof Har?seocnkénd Meyerhof Ku;hna(ljwy
Dr (%) | and Peck Thornburn Mayne
-1967 -1974 -1974 -1956 2004
Very Loose <20 <4 <30 <29 <30 25
Loose 20- 40 4-10 30-35 29-30 30-35 28
Medium 40- 60 10-30 35-38 30- 36 35-40 30
Dense 60- 80 30-50 38-41 36-41 40- 45 36
Very Dense| >80 > 50 41-44 >41 > 45 41

Table 4.10 Friction anglé for Cohesive soil ( Huybrechts, 2004)

Description Ip (%) Undrained c (kPa) i '
Very soft >80 <20 15
Soft 80 20-40 15
Firm 50 50- 75 20
Stiff 30 100 150 25
Very stiff 15 > 150 30
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Table 4.11. Typical values for dilation angle (FLAC,2000)

Soil type Dilation% a
Dense sand
Loose sand <10

Normally consolidated clay

Granulated and intact marble

12-20

Concrete

12

Youngo6s moduy Unit Relative Qensity, Dr
loose | medium | dense
Cohesionless | Dry or moist sang kPa/m| 880 2800 7100
soil Submerge sand| kPa/m| 560 1800 4600
o U”dsrf‘r'gfgtﬁhear kPa | 2040 | 4075 | 75150
Cohesive sol . 1600 | 6000 | 20000
Young's Modulus kPa 6000 | 20000 | 75000
Table4.13Youngdés modul us
Soil Type Bowles, Das, 1994 ar}fg llr\]/laavy\llxe, Huybrechts,
1996 2004
1990
Clay
Very soft 2-15 - - 1-5
Soft 5-25 2-4 1571 4 5-20
Medium 1550 47 8 20-50
Hard 50-100 6-14 81 20 50 -100
Sandy 25250 - - 25 -200
Shale - - - 100 - 200
Sand
Silty 5-20 - - -
Loose 10-25 10-27 1071 20 10-25
Medium 2071 50
Dense 50-81 34-69 507 100 25-100
Sand and gravel
Loose 50-150 - - -
Dense 100-200 - - 100 - 200
Shale 1505000 - - -
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Table414. Poi sson ratio, g
Sail Type Huybrechts, 2004 | Bowles, 1993| Das, 1994
Clay saturated 0.5 0.40.5 -
Unsaterated clay 0.35t00.4 0.1-0.3 -
Soft clay - - 0.150.25
Medium clay - - 0.20.5
Sandy clay - 0.20.4 -
Silt 0.31t0 0.35 0.3-0.35 -
Rock 0.1t00.4 0.1-0.3 -
Silty sand 0.15-0.35 - 0.20.4
Loose sand 0.1t00.3 - 0.20.4
Medium sand - - 0.250.4
Dense sand 0.3t0 0.42 - 0.30.45
Clay 0.2t0 0.4 - -
commonly used - 0.30.4 -

Table 415. Typicalvalues of Ko(Mayne and Kilwahy, 1982)

Soil Type Ko
Loose sand 0.35
Dense sand 0.6
NC Clays 0.50.6
Lightly OC Clay 1
Heavily OC Clay 3

Table 416.Tables ofvalues ofhorizontalcomponent of K (Caquot and Kerisel,1949)

Soil friction wall friction angle, (i (degrees)
angle (degrees) | 5 10 15 20 25 30 35
10 142 | 155 | 162 | 1 7 T 7 T
15 17 | 1.88 | 205 | 212 | 1 T T T
20 204 | 228 | 255 | 277 | 283 | 1 7 T
25 246 | 2.85 | 321 | 357 | 385 | 3.80 | 1 T
30 3 356 | 407 | 463 | 516 | 553 | 556 | 1
35 369 | 448 | 53 | 614 | 6.99 | 7.83 | 8.41 | 836
40 46 | 578 | 703 | 837 | 975 | 113 | 12.7 | 13.8
25 483 | 758 | 958 | 118 | 143 | 169 | 19.7 | 225
50 755 | 102 | 135 | 17.4 | 21.0 | 269 | 32.6 | 38.9
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Table 417. Typicalvalues ofpermeability (Duncan ,2001)

Soil type Permeability, k (cm/sec.)
Coarse sand >10"
Fine sand 103-10*
Sility sand 10°-10°
Silt 10'-10°
Clay <10’
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Table 418. Soil parametersised in PLAXIS for Circle on Cauvill

No Soil Layer (N1) r sat I unsat E K A P Kx Ky v
' 4 | (kN/MY) | (kN/m3) | (Mpa) ® | (degrees)| (degrees)| (m/day) | (m/day)
1 Loose sand 7 17 16 20 0.5 28 0 1.0368 | 1.0368 | 0.35
2 Md sand 35 18 17 70 0.45 39 9 4.32 4.32 0.35
3 Vd Sand up 41 19 18 200 0.33 45 15 0.259 | 0.259 0.35
5 Peat 6 16 15 10 0.668 20 0 0.00021| 0.00042| 0.35
4 Vd sand low 34 19 18 200 0.33 45 15 0.259 | 0.259 0.35
5 Sandy clay 12 18 17 62.5 0.515 29 0 0.00605| 0.00605| 0.35
6 Clay Sand Gravel 27 21 20 200 0.33 45 15 0.00605| 0.00605| 0.35
7 Strong Argillite 24 21 20 200 0.33 45 15 0.00017| 0.00017| 0.35
Note: Md : Medium dense; Vd : Very dense
Table 419. Soil parametersised in WALLAP for Circle on Cauvill
Consol
. I sat E C
No. Soil Layer (N1)eo Ko State Ka Kp
(KN/m3 | (Mpa) NC/OC (kPa)

1 Loose sand 7 17 20 0.5 oC 0.285 4.632 -

2 Md sand 35 18 70 0.45 oC 0.25 5.649 -

3 Vd Sand up 41 19 200 0.33 oC 0.168 10.72 -

5 Peat 6 16 10 1.5 oC 1 1 21

4 Vd sand low 34 19 200 0.33 oC 0.168 10.72 -

5 Sandy clay 12 18 62.5 0.33 oC 0.168 10.72 -

6 Sand Gravel 27 21 200 0.33 oC 0.168 10.72 -

7 Strong Argillite 24 21 200 0.33 oC 0.168 10.72

Note: Md : Medium dense; Vd : Very dense; OC: esensolidated
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Table 420. Soil parametersised in PLAXIS for Sundalproject

' 9 sat 9 unsat E A b Kx Ky
No. Soil Layer (N1)eo Ko g
(kN/m® | (kN/m% | (Mpa) (degrees)| (degrees)| (m/day) | (m/day)
1 fill 21 17 16 75 0.4 34 4 1.728 | 1.728 0.29
2 Loose sand 22 17 16 30 0.5 34 4 1.037 1.037 0.33
3 Md sand 49 18 17 75 0.4 37 7 0.173 | 0.173 0.29
4 V st clay 27 20 19 30 1.0 34.0 0.0 0.0216 | 0.0216 | 0.38
5 EW S'stone | 36 22 21 200 0.5 41.5 0.0 0.0086 | 1.0086 | 0.33
Table 421. Soil parametersised in WALLAP forSundaleproject
Consol
No. | Soil Layer (N1)eo O sat . Ko State Ka Kp ¢
(kN/m?) (Mpa) NC/OC (kN/m?)

1 fill 10 17 75 0.4 ocC 0.258 5.56

2 Loose sand | 10 17a 30 0.5 oC 0.333 3.000

3 Md sand 33 18 75 0.4 oC 0.258 5.56

4 V st clay 24 20 30 1.0 ocC 1.000 1.000 66.5

5 | EW S'stone| >50 22 200 0.5 ocC 1.000 1.000 266.4

Notes: Md = Medium dense;

V st = Very stiff
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Table 4.2. Theproperties oftructureelement(Circle on Cavill)

E | (50%) El d deq A EA Weight
Wall Type (kN/m? | (m*m)run | (KNm%m) (m) (m) (m?) (kN/m) (kN/m/m) °
Reinforced | 3.00E+07| 3.75E03 1.13E+05 0.6 0.399 0.2826 8.48E+06 3.60 0.15
Cut-off 319754 3.75E03 1.20E+03 0.6 0.399 0.2826 9.04E+04 3.60 0.15
N Elev. Spacing A E Free Length | Inclination EA Pre-stress
0.
RL. (m) (m?) (kPa) (m) (degree) (kN) (kN)
Anchor 1 2.5 2.4 0.00043 2.00E+08 6 15 8.60E+04 350
2 -2.0 2.4 0.00043 2.00E+08 6 15 8.60E+04 200
3 -5.3 2.4 0.00043 2.00E+08 3 15 8.60E+04 100
EA
Grout Body (kN)
1.00E+05
Not es: E = Youngds modul us
I = Moment of initial d.q= Equivalent diameter of pile
El = Flexible stiffness of wall A = Area

EA = Axial stiffness of wall
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Table 4.3. Theproperties oftructuredement(Sundalég

E | (50%) El d deq A EA Weight
2 (m4/m) 2 2 A
Wall (KN/m*) run (KNm*/m) (m) (m) (m?) (KN/m) (KN/m/m)
3.00E+07 | 1.10E03 | 3.30E+04 0.5 0.001 0.19625 5.89E+06 | 13.0613447  0.15
No. Elev. Spacing A E Free Length | Inclination EA Pre-stress
Anchor RL. (m) (m? (kPa) (m) (degree) (kN) (kN)
1.00E+00| 1.20E+00| 2.40E+00| 0.000572 | 1.93E+08 5 1.50E+01 | 1.1E+05 500
EA
Grout
Body (kN)
1.00E+05
Not es: E = Youngos nob=diameter of pile

Moment of initial

El = Flexible stiffness of wall
EA = Axial stiffness of wall

d.q= Equivalentdiameter of pile
A = Area
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Table 424. Constructiorstages of Circle on Caviproject

Stage No. Excavate Depth Stage description

1 Apply surcharge at RL. 4.00

2 2.2m Excavate to RL. 1.80rppassive side

3 Install first row anchor at RL.2.5

4 7.6m Excavate to RE3.60 on passive side
Dewatering

5 Install second row anchor at R2.00

6 10.0 m Excavate to RI1-6.00 on passive side
Dewatering

7 Install third row anchor at Rt5.3Q

8 11.65m Excavate to elevatiotY.65 on passive side
Dewatering

Table 425. Constructiorstages of Sundalgroject
Stage No. Excavate Depth Stage description

1 Apply surcharge at RL.3.80

2 3.3m Excavate to elevation 0.50 on passive side
Dewatering

3 Install anchor at RL.1.20

2 9.7m Excavate to RI:5.90 on passive side.
Dewatering
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Table 5.1. Maximumvalues from PLAXIS for théwo projects

Extreme Values Unit Circle on Cauvill Sundale
Total Displacement (mm) 74.69 23.17
Horizontal deflection (mm) 65.4 21.45

Vertical deflection (mm) 63.69 12.23
Bending moment (KNm/m) 185.53 92.48
Shear force (KN/m) 159.81 115.2
Velocity of groundwater (mm/day) 10.01 29.47

Table 5.2. Comparisamaximumvaluesbetween RAXIS and WALLAP
for Circle on CavillProject (inal stage)

Circle of Cavil PLAXIS WALLAP
Maximum Lateral Wall Movement (mm) 65.40 18.0

Maximum Ground Surface Settlement| (mm) 62.68 -
Maximum Bending Moment (KNm/m) 185.53 159.90
Maximum Shear Fose (KN/m) 159.80 145.90
1 (KN/m) 177.5 150.96
AnchorForces 2 (KN/m) 139.21 151.83
3 (KN/m) 98.473 139.54

Table 5.3. ComparisomaximumvaluesBetween PLAXIS and WALLAP
for SundaleProject final stage)

Sundale PLAXIS WALLAP
Maximum Lateral WdlMovement (mm) 21.07 22.00
Maximum Ground Surface Settlement (mm) 12.44 -
Maximum Bending Moment (KNm/m) 91.55 149.50
Maximum Shear Force (KN/m) 115.43 143.8
AnchorForce (KN/m) 213.00 228.00
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Tabl e 5. 4. Maxi mum val amalulus ofdemsesaad i at i ons
(Circle of Cauvill)

Excavation Parameter Studies
Type Depth E - 200 E-150 E- 100
(m)
i 2.2 6.2 6.3 6.6
Maximum lateral
d hmax -10.0 33.8 37.7 46.0
(mm)
-11.7 65.4 69.9 78.8
2.2 11.3 11.9 13.1
Maximum ground 7.6 18.8 21.0 26.3
surface settlemen
d ymax (MM) -10.0 33.8 37.6 45.6
-11.7 62.7 66.3 75.3
2.2 49.1 48.7 48.8
Maximum wall 7.6 73.2 77.0 84.5
bending moment,
BM a (KNM/M) -10.0 154.4 146.5 139.2
-11.7 185.5 170.9 152.2
Note: E2 00 : Youngds modulus of very dense san
E-150: Youngds modulus of very dense san
E-100 Youngds modul WPa.of very dense san

d hmax: Maximum lateral wall movement

dvmax Maximumvertical wall movement
BM max : Maximum bending moment of the wall.
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Table 55. Maximumvalues forundrained andlrainedpeat andclay layers.

Project Name Exg;\g:tlﬂon Type Undrained Drained
_ d hmax (mm) 65.40 56.28
Cg‘;'\f”f” H=11.65m| dy (mm) 62.68 50.09
BM max | (KNm/m) 185.53 205.56

d hmax (mm) 21.45 19.49

Sundale H=9.7m d ymax (mm) 12.23 10.65
BM max | (KNm/m) 92.48 98.93

Note d hmax: Maximum lateral wall movement

dvmax Maximumvertical wall movement
BM max : Maximum bending momerof the wall.

Table 56. Variation ofstiffness ofwall for Circle on Cavill and Sundale

Stiffness of Wall, EI (kNm?/m)
Wall type Case No. : _
Circle on Cawvill Sundale
50% El 1.13E+05 3.30E+04
Reinforced secan] 70% El 158E+05 462E+O4
pile Wall 100% ElI 2.25E+05 6.60E+04
500% EI 1.13E+07 3.30E+05

80




Table 57. Maximumvalues fordifferent stiffness ofwall (Circle on Cauvill)

Excavation Parameter Studies
Results Depth
0 0 0 0
m) 50% El 70% El 100% EI 500% EI
Maximum lateral -2.2 6.2 5.4 4.7 3.9
wall movement, -7.6 18.0 17.8 17.8 17.6
d hmax -100 338 333 330 320
(mm) 11.7 65.4 63.4 62.0 34.0
Maxi g -2.2 11.3 11.2 11.1 10.8
aximum groun N
surface settlement 17(')60 é238 18.1 17.8 17.2
d vmax (mm) - . 332 325 304
-11.7 62.7 62.7 62.0 31.7
_ 2.2 49.1 51.0 52.6 92.7
Maximum wall 7.6 73.2 80.7 93.0 146.4
bending moment,
-11.7 185.5 183.5 1900 222.7

Table 58 Maximumvalues fordifferent stiffness ofwall (Sundale)

Excavation Parameter Studies
Results Depth
(m) 50% El 70% EI 100% EI 500% EI
Maximum lateral -3.3 16.5 15.2 12.1 8.8
wall movement,
d hmax (Mm) 9.7 21.5 19.9 16.6 13.0
Maximum ground 3.3 10.7 10.0 7.9 56
surface
settlemente umax 9.7 12.2 11.6 94 6.9
(mm)
Maximum wall -3.3 32.9 35.9 32.0 66.8
bending moment
BM ax(KNmM/m) 9.7 925 100.7 104.2 187.3

Note: 50% EI : Stiffness with 50% cracked coefficient of reinforced conciiete pi
70% El: Stiffness with 70% cracked coefficient of reinforced concrete pile
100% EI: Stiffness with 100% cracked coefficient of reinforced concrete pile
500% El: Stiffness with 500% cracked coetiai of reinforced concrete pile
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Table 59. Variation ofanchorpre-stress

Case No.
Anchor No. A B C
(KN/m) (KN/m) (KN/m)
Anchor 1 146 250 250
Anchor 2 83 83 150
Anchor 3 42 42 100

Table 5.D. Maximumvaluesfor differentanchorpre-stress (Circle on Cavill)

Excavation Case No.
Results Depth
A B C
(m)

_ -2.2 23.3 6.2 6.2
Maximum lateral wall 76 28.0 178 178
movementd pmax ' : : :

(mm) -10.0 56.2 335 33.6

-11.7 84.6 63.1 54.1

_ 2.2 26.1 11.3 11.3

Maximum ground 76 334 171 171
surface settlemend,ymax . ' ' :

(mm) -10.0 49.4 32.3 30.6

-11.7 61.2 57.3 47.7

2.2 45.3 49.1 49.1

Maximum wall bending 76 68.4 924 924
momentBM ax : ' ' '

(kNm/m) -10.0 81.7 151.6 128.6

-11.7 103.3 189.3 1604
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Table5.11 Variation ofanchorlength(Circle on Cavill)

Anchor 1 Anchor 2 Anchor 3

C,:\la;e Free Bonded Free Bonded Free Bonded

(m) (m) (m) (m) (m) (m)
L1 6 3 6 3 3 2
L2 9 4 6 3 3 2
L3 9 4 9 4 6 3
L4 12 5 9 4 6 3

Note: Free : Free length of anchor

Bonded: Bonded length of anchor
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Figure 2.2. Three types of supported excavation systems.
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Figure 3.5 Overconsolidated stress state obtained from primary loading and subsequent
unloading.

Figure 3.6 Basic idea of an elastic perfectly plasticiel
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Figure 5.1 Comparison Lateral Wall Movement between WALLAP and PLAXIS
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Figure 5.3(b). Compare Envelopes of Bending Moments between WALLAP and
PLAXIS (Sundale)
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Figure 5.9. Relationships Between Lateral Displacement and Settlement of Ground
Surface and Excavation Depth (Circle on Cauvill).
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Figure 5.10. Relationships Between Lateral Displacement and Settlement of Ground
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Figure 5.23 Lateral Wall Movements for Drained and Undrained Clay layers
(Sundde Project).
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Figure 5.34 Effects of Psgtress of Anchors on Settlement of Ground Surface
at final stage (Circle on Cauvill).
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Figure 5.35. Effects of Py&ress of Anchors on Envelopes of Bending Moments
(Circle on Cauvill).
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Figure 5.36. Effects of Anchor Length on Lateral Wall Movement
(Circle on Cauvill)
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Figure 5.37. Effects of Anchor Lengths on Settlement of Groun&ur
(Circle on Cauvill).
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Figure 5.4a Envelopes of bending moments for Circle on Cauvill
(Extreme bending moment = 185.53 kNm/m)
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Figure 5.5a Envelopes of shear forces for Circle on Cauvill
(Extreme shear force = 159.81 kN/m)
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Figure 5.5b Envelopes of shear forces for Sundale
(Extreme shear force = 115.2 kN/m)
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Figure 5.6a Envelopes of Axial Forces for Circle on Cauvill
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Figure5.6b Envelopes of Axial Forces for Sundale

(Extreme Axial Force =239.41 kN/m)
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Figure 5.7a. Effective stress for Circle on Cauvill
(Extreme effective stress-606.28 kN/m )

Figure 5.7b. Effective stress for Sundale project
(Extreme effective stiss =706.3 kN/nf)
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