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Four computer programs CLAP, PIGLET, REPUTE and PLAXIS 3D, have been
used for the analysis of pile groups subjected to applied loadings. The programs
are briefly introduced and the basis of each program is described. The limitations of
each program are discussed, together with the way in which the soil, piles and pile
caps are modeled. The programs are first compared for the analysis of an idealized
group of piles founded in a relatively simple geotechnical model. Loads applied to
the model comprise vertical and horizontal forces, with longitudinal, transverse and
torsion moment also being applied. Pile deflection, rotation and settlements under
these loads were compared. Generally similar results are found using the four
programs for this case, except for the axial loads predicted by PIGLET.

The programs have then been used for a real case history, a 151 storey super
high-rise building in Songdo, Korea. The assessment of the geotechnical parame-
ters is described and the same parameters have been used in all programs. The
computed deflections, rotations and settlement for the real case are found to agree
reasonably well, although there are some differences from the programs in which
modeling of the real soil profile is necessarily simplified.

Keywords: Analysis, Incheon tower, Deep foundations, Piles, Deflection, Rotation,
Settlement.

1. INTRODUCTION

Different methods can be used to predict a pile group behavior. Methods vary from hand
calculations to more sophisticated software analysis. Usually the methods employed by
the commercial software are the Boundary Element Analysis (BEM) and the Finite Element
Method (FEM). Despite the availability of many different software packages, it seems that
little effort has been made to compare the results of analyses carried out with alternative
packages.

Therefore, in this paper the attention is focused in the comparison of four alternative
computer software packages. The computer codes are briefly described and the compar-
isons are made between the results obtained from the four methods. The cases analyzed
are listed below:
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1. A simple hypothetical case involving a group of nine piles (3 x 3 configuration at centre-
to-centre of 2 m in each direction) in a two soil layer ground model. 3D loading is
applied to it.

2. The Incheon Tower Korea, one of the tallest towers in the world, currently awaiting
recommencement of construction.

The main objective of this paper is to critically compare the above mentioned software
so they can be used with more confidence when approaching a real case.

2. REVIEW OF FOUR ALTERNATIVE COMPUTER ANLYSES
2.1. Program CLAP

CLAP (Combined Load Analysis of Piles) (Coffey, 2007) is a development of the program
DEFPIG which uses a Boundary Element Analysis, for the analysis of axially and laterally
loaded pile groups. It allows for simultaneous applications of lateral and moment loadings
in two horizontal directions, as well as a torsional load, to the pile group. Different layer
thicknesses along the pile shaft can be entered with different soil properties, and a num-
ber of different layers can be considered below the pile tip. Equivalent values of Young's
modulus and ultimate end bearing capacity are estimated for the pile tip via the use of
weighting factors down to the assumed depth of influence. The weighting factors reduce
from unity at the pile tip to zero at the depth of influence, which is assessed by the user and
is generally between 2 and 5, depending whether the layer increases its strength with depth
(smaller value) or the softer layers are at some depth below the pile tip (larger value). The
program allows also for the plastic behavior of the soil-pile interface. In addition, a more
realistic estimation of the two-pile interaction factors can be made by allowing for the fact
that the soil modulus depends on the strain level within the soil, so that the soil modulus
between two piles will generally be greater than that at the pile-soil interface due to the
lower strain level existing between the piles.

2.2. Program PIGLET

The software has been developed by Randolph (2004). PIGLET analyses the load deforma-
tion response both for a pile group and for a single pile. The interface is in EXCEL platform.
The software uses a series of approximations to develop the response of the piles within
the group under a 3D loading. The soil can only be modeled as linear elastic and the soil
stiffness varies linearly with depth (Gibson soil).

Different value of shear modulus may be specified for vertical and lateral loading,
although maintaining the same Poisson’s ratio. The program doesn’t allow for the over-
all stability of the piles which needs to be carried out separately.

Later versions of PIGLET allow for a limiting axial pile load, but the program is primarily
used to compute the elastic response of the pile group.

2.3. Program REPUTE

Repute (Geocentrix, 2009) is based on a complete 3D BEM non-linear solution of the soil
continuum which overcomes the approximations of Winkler models or interaction factors.
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The analysis involves discretization of only the pile-soil interface into a number of elements
and adopts the traditional Mindlin solution to perform a complete analysis of the group
(i.e. the simultaneous influence of all the elements of all the piles within the group is consid-
ered). Non-linear response at the pile-soil interface is simulated by adopting a hyperbolic
stress-strain model within a stepwise incremental procedure which ensures that the spec-
ified limiting stresses at the pile-soil interface are not exceeded. The soils installed in the
program have been set up with a range of values so if a soil with different parameters has
to be entered a new soil needs to be created. Square and rectangular pile layout are easy to
enter but if a less conventional pile layout (i.e. not rectangular or not square layouts) has to
be entered then a less immediate process must be followed. This involves entering the pile
layout using a rectangular matrix with the desired number of piles and then changing the
coordinates, if necessary, for each of the piles. Also a minimum distance s/D > 2 between
piles needs to be maintained for the software to be able to run the analysis.

2.4. Program PLAXIS 3D

PLAXIS 3D FOUNDATION is a commercially available three-dimensional finite element
program specifically developed by PLAXIS NL for the analysis of the interaction between
foundation structures and the surrounding soil. The soil can be modeled and analyzed
using different constitutive models. The piles can be represented as a series of solid ele-
ments, or as structural elements. The foundation can be modeled in stages to simulate
stage of constructions and it is possible to see the effect of each loading case per each stage.
The outputs are easily visualized by means of graphs.

3. COMPARISON OF SOLUTION FOR SIMPLE CASE

CLAP, PIGLET, REPUTE and PLAXIS 3D have

been compared for the prediction of pile head
settlement, deflection and rotation. Also Pile &
loads and bending moments have been com- £

pared by analysing a hypothetical problem of o o o Bearing Stratum
pile group shown in Figure 1. Frsos

A group of 9 piles (3 x 3 at centre to centre  Figure 1. Pile Layout Plan — Simple Case.
spacing 2 m in each direction) was analyzed.
The piles are 15 m long, 0.5 m diameter, with a Young’s modulus of 30 GPa, and are located
in a 15 m layer of soil that is underlain by a stiffer bearing stratum. The first layer has
a Young’'s modulus of 50 MPa for both vertical and lateral response, while the Young’s
Modulus of the bearing stratum is 100 MPa. Elastic ground behavior is assumed for this
exercise. The pile group point loads and bending moments have been applied at the centre
of the pile raft. Loads were as follow:

Vertical Load = 9 MN

Lateral Load (x-direction) = 0.9 MN
Bending Moment (x-direction) = 3 MNm
Lateral Load (y-direction) = 0.9 MN
Bending Moment (y-direction) = 4.5 MNm
Torsion = 1.5 MNm
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Table 1. Comparison of solutions.

Quantity CLAP PIGLET REPUTE PLAXIS 3D
Central Settlement mm 7.43 9.1 8.8 14.1
Lateral Deflection (x) mm 3.1 2.0 33 4.7
Lateral Deflection (y) mm 32 22 2.3 4.2
Rotation (x) rad 0.0004 0.0015 0.0002 0.0032
Rotation (y) rad 0.0005 0.0001 0.0006 0.0019
Torsional Rotation rad 0.0004 0.0004 0.0005 -
Maximum Axial Load MN 1.9 3.4 1.8 1.8
Maximum Lateral Load (x) MN 0.17 0.18 0.25 0.27
Maximum Lateral Load (y) MN 0.17 0.18 0.25 0.26
Maximum Moment (x) MNm 0.12 0.25 0.18 0.32
Maximum Moment (y) MNm 0.11 0.24 0.14 0.31
Maximum Torsion Moment (x) MNm 0.01 0.01 0.01 -

Table 1 summarizes the results of the CLAP, PIGLET, REPUTE and PLAXIS 3D analysis
for the group and shows the computed forces and moment due to the applied loads for
the most heavily loaded pile. The results shown in the table reveals a generally reasonable
agreement given the different underlying assumptions in the four programs adopted. The
exception is the maximum axial load given by PIGLET, which is much greater than that
from the other programs.

All the values shown on the above table refer to those piles located within the corner of
the pile raft, except for the settlements.

4. APLLICATION TO THE INCHEON TOWER

4.1. Foundation Layout

A pile raft foundation was designed to support the tower superstructure, consisting of 172
concrete bored pile of 2.5 m diameter supported by a 5.5 m thick raft. Their length varied
from 46.1 m to 76.1 m depending on the local ground conditions. A detailed foundation
description of the foundation design is available in Abdelrazaq et al. (2011). The pile layout
is shown in Fig 2. Architectural rendering of the 151 storey Incheon Tower is shown in
Fig. 3.

Figure 3. 151 Storey Incheon Tower (Architec-

Figure 2. Pile Layout Plan Incheon Tower t,ra Rendering (Adopted from Ahmad Abdel-
(Adopted from Ahmad Abdelrazaq et al., 2011).  razaq et al., 2011).
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4.2. Ground Investigation

From the available borehole data it was p——— I

assessed that the geological profile is very = = o
heterogeneous. The site lies entirely within weatheged zohe * . "/; v

an area of reclamation, which is understood IR | 7 ALy 2B
to comprise of a thick layer of approxi- G’E"Odff“ﬂ\ N : ‘,’/,/,L s
mately 8 meters of loose sand and sandy silt, P Sheared cy&’fau"e,d/ " Granite
over approximately 20 meters of soft to firm = T !
marine silty clay, referred to as the Upper ot e

Gneiss/ Roof Pendant

Marine Deposits (UMD). These deposits are

underlain by approximately 2 m of medium  Figure 4. Diagrammatic Geological Model
dense to dense silty sand, referred to as the (Adopted from Ahmad Abdelrazaq et al., 2011).
Lower Marine Deposits (LMD), which over-

lie residual soil and a profile of weathered rock. The rock materials found within about 50
meters have experienced weathering which is understood to have reduced their strength to
a very weak rock or a soil-like material. A detailed interpretation of the ground conditions
based on the comprehensive ground investigation (Halla 2008) was developed by Poulos
etal. (2011). A diagrammatic geological model is presented in Figure 4.

4.3. Geotechnical Model

The tower’s footprint was divided into eight zones which were considered to be repre-
sentative of the variation of both ground and geotechnical conditions, and a geotechnical
model was developed for each zone. Appropriate geotechnical parameters for the various
strata were adopted using the available field and laboratory data, including pressuremeter
and geophysical data. Further details of the development of geotechnical parameters are
given by Abdelrazaq et al. (2011) and Poulos et al. (2011). Typical geotechnical parameters
for one of the zones adopted for this analysis are shown in Table 2.

Table 2. Typical Geotechnical Design Parameters.

Stratum E, (MPa) E;, (MPa) fs (kPa) fb (MPa)
UMD 7-15 5-11 29-48 -
LMD 30 21 50 -
Weathered Soil 60 42 75 -
Weathered Rock 200 140 500 5
Soft Rock (above EL-50m) 300 210 750 12
Soft Rock (below EL-50m) 1700 1190 750 12

Note: E, = Vertical Modulus; f; = Ultimate shaft friction; E;, = Horizontal Modulus; fb = Ultimate
end bearing.

4.4. Procedure, Analysis and Comparison of Results for the Pile Group Foundation

A single load case was applied to the respective models in each of the software adopted
for this study. The loads considered are listed below:
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Vertical Load = 6560.4 MN

Lateral Load (x-direction) = 149 MN
Bending Moment (x-direction) = 21600 MNm
Lateral Load (y-direction) = 114.6 MN
Bending Moment (y-direction) = 12710 MNm
Torsion =1996 MNm

The loads were applied at the centre of the Incheon Tower pile group model for the
following programs:

e CLAP
e PIGLET
e REPUTE

In PLAXIS 3D, moment and torsional load cannot be applied directly, and so these loads
were applied as point loads as discussed in Pile Raft Foundation for Tall Buildings, Poulos
et al. (2011). The results of the analyses are shown in Table 3.

Table 3. Comparison of solutions for Incheon Tower.

Quantity CLAP PIGLET REPUTE PLAXIS 3D
Central Settlement mm 53.0 57.6 55 56
Lateral Deflection (x) mm 18.5 19.5 21 18.7
Lateral Deflection (y) mm 14.92 16.1 18 15
Rotation (x) rad 0.0002 0.0003 0.0002 0.0002
Rotation (y) rad 0.0002 0.0002 0.0000 0.0002
Torsional Rotation rad 0.0004 0.074 0.0003 0.0003
Maximum Axial Load MN 84.6 158 84.8 83.0
Maximum Lateral Load (x) MN 2.711 4.25 3 2.5
Maximum Lateral Load (y) MN 2.607 3.7 2.8 2.2
Maximum Moment (x) MNm 22.87 16.5 214 20
Maximum Moment (y) MNm 229 12 18.5 21
Maximum Torsion Moment (x) MNm 3.68 0.00 1.00 2.50

All the values shown on the above table refer to those piles located within the corner
of the pile raft, except for the settlements. The agreement between the four programs is
again quite reasonable, except again for the maximum axial load given by PIGLET, which
is much greater than the other three programs.

5. CONCLUSIONS

Four different computer programs were adopted for the analysis of a pile group. The
programs were CLAP, REPUTE, PIGLET and PLAXIS 3D. These programs have been
described briefly, and then compared for the analysis of a simple problem. The results gen-
erally agree reasonably well and the small differences can be considered as the result of the
different approach that the software adopt to model the pile-soil interaction. The exception
is the maximum axial load computed by PIGLET, which appears to be considerably larger
than that from the other programs.
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The same software packages have also been used to estimate pile group (172 piles)
behavior of the 151 storey Incheon Tower, Korea. The estimated pile head settlement,
deflection, rotation, pile loads and bending moments seem to converge reasonably well.
Again, the maximum axial load from PIGLET is larger than from the other programs.

It will be interesting to compare these predictions with measured data, but at this stage
no data are available as the construction of the Incheon Tower is currently suspended.

ACKNOWLEDGMENTS

The authors gratefully acknowledges the contributions of Professor John Small for his tech-
nical support regarding CLAP and PIGLET, Dr Francesco Basile for his continuous support
with REPUTE and Dr Helen Chow in relation to the PLAXIS 3D analysis for the tower
described in this paper.

REFERENCES

1. Abdelrazaq, A., Badelow, F.,, SungHo-Kim and Poulos, H. G., “Foundation Design of the 151 Story
Incheon Tower in a Reclamation Area”, Geotechnical Engineering Journal of the SEAGS & AGSSEA
Vol. 42 No.2 September 2011, pp 85-93. ISSN 0046-5828 (2011).

2. Coffey, CLAP (Combined Load Analysis of Piles) — User’s Manual. Coffey Geotechnics, Sydney,
Australia (2007).

3. Halla Eng., Geotechnical Investigation Report. Geotechnical Investigation on Incheon Tower Area
(2008).

4. Poulos, H. G., DEFPIG Users Manual. Centre for Geotechnical Research, University of Sydney,
Australia (1990).

5. Poulos, H. G., Small, J. C. and Chow, H. “Pile Raft Foundations for Tall Buildings”, Geotech-

nical Engineering Journal of the SEAGS & AGSSEA Vol. 42 No.2 September 2011, pp 78-84.

ISSN 0046-5828 (2011).

Randolph, M. F.,, PIGLET Users Manual. University of Western Australia (2004).

7. Geocentrix, REPUTE Users manual (2009).

S




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [484.000 692.200]
>> setpagedevice


