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ABSTRACT: Tn #his paper, the effects of uncertainties of smear zone cheraclevistics induced by fnstallation of prefabiicated vertical
draing on e preloading design are rumerically investigaied. FLAC 2D finite difference sofiware with additional developed
subroutines has becii-employed to conduct the rumerical simulations. The finite difference analyses have beea voritied using a case
stndy. Parthermore, a'cotprehensive parametric stidy is conducted to investizate the tnfluence of smear zone permeability and extent
on the model predictions. Resulis of this study indicate that the asswmptive properties for smear zone characteristics may result in
inaccurate predictions of ground deformations and pore water pressures. This may lead fo carly removal of the surchargs in the
construction process causing excessive post construction settlament. J1is recomomended fo practising engincers (o use results of #ial
preloading to back caleulate the required smear zone charecteristies in the early stages of ewbankment construction {0 optimize the
desigu.

RESUME : Dans cet artticle, fes effeis des incertitudes des caractéristiques de la zone endommagée induites par 1installation des
draing verticaux préfabriquds sur fa congeption du préchargement sont Studiés par une méthode numénique. Le logiciel de difffrences
finis FLAC2D avec sous-programmes addifiommels a éé utilisé afin de réaliser les sinmlations numérigues. Les analyses de
différences finis ont &té vérifides a Paide d’une dtude de cas. Par atlleurs, une émde pataméirique approfondie est effectude afin
dimvestiguer influence de la perméabiiind de la zone endommagé sur les prédictions du modele. Les résultats de cette dlude
montrent gue les propriéids supposées pour les caractéristiques de la zone endonnnagé peuvent entrainer des prédictions incorrecies
de déformmtions du sof et de pressions iuferstitielles. Cela peut conduire 4 un retrait précoce de la swicharge dans le processus de
construction engendrant un tassement post-construction excessive. Il est recommendé aux ingénicurs d'uttiiser les résudrats de Uessat
de préchargement afin de caleuler les caractéristiques requises de la zone endommagés pour optimiser ia conception.
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1 INRODUCTION

Intact Zone
Finding efficient ground improvement techniques to modify the
soft soil properties, considering the project time limitation and
the construction cost has been a continucus challenge for the
construction companies. Various ground improvement methods
have been proposed to improve the strength properties of the
soft soil. In the last two decades, employing prefabricated
vertical drain (PVD) assisted preloading has been recognised as
a very etficient ground improvement method for sites with deep
soft sofl deposits (Holtz et al. 1993; Shang et al. 1998;
Indraratna et al. 2005}, Installation of the prefubricated vertical
drains using wandrel, induces distarbance of the soil
surrounding the drain, resulting in a smear zone of reduced
permeability adversely affecting the consolidation process.
Predicting the soil behaviour swrounding the drain vequires an
accurale éstimation of the smear zone properties. Generally, two
major parameters are proposad o characterise the smear zone;
the permeability (), and the extent (g of the smear zone.
Figure 1 illustrates the cross scction of prefabricated vertical
drains swirounded by smear zone, which sre insialled in
rectangular pattern. Determining botl the smear zone extent
and i3 permesbility is a challenging task. According to
literature, very diverse values are reported for the permeability
ratio (k%) and extent ratio {r/r,), which are lustrated i
Figure 2. The proposed range shows that the extent of the smeay
zone {r;} may vary between 1.6 to 7 times of the drain radius
(r,) or, LO 1o 6 times of mandrel equivalent dlaoeter {r,). The
pYOpOSC—d range for the permeability ratio (k:"z”kc.} is 1.3 o EO! ApplHed metkod: Back-Aualysis¢  Expenmestd 3 Amlvtical & FEM ¢ Assemed+
where ky isthe horizonial permeability of the infact soil.
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Figure 2. Proposed values for smear sone charactaristios

it can be observed that wide ranges are proposed for k&, and
F /e and there is no definite methud 1o predwl these parameters
precisely to be used by practising engineers. The assumptive
propertics for smear zone characteristics may result in
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macenrate predictions of the ground bebaviour. This ean lead w
earty vemoval of surcharge in construction process resuling in
excessive post construction seitlerent. Thercfore, il is essential
to siedy the influence of the uncertaluties in the smear zone size
and it permeability on the preloading design to improve the
performance of soft deposits. Thus, & mumerical code using
FLAC 2D has been developed in this study to investigate the
uncertainties of PVD smear zone chamcteristics on the
preloading design which can be used fo back caleulate smear
zone characteristics for actual preloading projects.

2 NUMERICAL MODELELING

In the present study, FLAC 2P v6.0 has been employed o
maoddel the PVD assisted preloading process focusing on smcar
zoue uncertainties. Required new subroutines have been wriien
using the buili-in programming language FISH (FLACish) o
tatlor analyses o suit specific needs for the parametric study,
giving the following unigue advantages 1o the developed code
for this study; {1} automatic mesh generation process by entering
the regnired parameters to modify the grid pattem inside and
cutside the smear zone; (i} abifity fo change difforent
parameters such as the model dimensions, wvertical drain
properties, subsoil profile, smear zone characteristics and
preloading conditions; (i) the opHon fo define the exact
location of desired poiats to generate and plot any future history
graphs; and {iv) auiomatic solving process based on the
medified input data, Chittagong Ses Port in Bangladesh with
3.3 m high embankment en & m deep soft clay, has been
selected for the numerical simulations and verification of the
devetoped code and subrontines,

2.1, Case Study: Chitiegong Sea Port in Bangladesh

According to Dhar et al. 2011}, a container yard has been
constructed al Chittagong Port, the largest sea port in
Bangladesh, for handling leaded containers. The site is located
on the bank of Karnafully river beside the Bay of Bengal in the
Judian Ocean. The vard covers an arca of 60,700 m” and was
designied to support a container load producing s contact
pressure of approximately 56 kPa, Geotechnical investigations
revazled the presence of 2 soft o very sofl clayey silt/silty clay
deposit with a thickaess of approximately 7 m (Figure 3).
Preloading with prefabricated vertical drains was adopfed fo
preconsolidate the compressible soft deposits, which was
followed by the field momiforing. Vertical drams were installed
down to the depth of approximately 9 m below the ground level
in square patter to cover the full depth of the sofl clay. A
surcharge load consisting of 3.0 m high 5 of sand was placed
for preloading. Surcharge material was placed i two layers of
approximately equal thiskness. The sides of the surcharge load
were kept vertical along the boundaries of the avea using sand
bags and brick stacks. Figure 3 shows a profile detailing the
ground improvemeant work schematically. In addition, Figure 4
shows the construction history of the embankment.
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Figure 3. Cross section of constructed embankment
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Figure 4. Constroction hstory (Chittagong Port embankment)

FLAC 2D numerical code imcorporating modified Cam-Clay
constitutive scil model has been emploved fo simulate
Chiitagong Port preloading process applying plane strain
conditions. The zero excess pore water pressure has been
considered along the vertical drains and the ground susface
boundary to model the PVD and surface dvainage, respeciively.
Adopted  soil  pwoperties 1n the numerical analysis  are
summensed in Table 1.

Table 1. Adopted scil properties {after Dhar et al. 2011)
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The equivalent plane-strain permeability (k) propesed by
Indraratnz and Redana (2000) has been used in the numerical
analysis.

Gop/fy = 0.67 1 [{n{m)-0.75] (1
{heengy = B 7 [T} {Un{nls) +(1/5) Inls}-0.75]-a] (2
= HomsY £ [3{n-Tw] 3y
A= 2D T * [mim w1V 413 (5Pobst 1] 4y

where, & and ky, are axisymunelric and plane-strain hovizontal
permeability values of intact zone respectively, 4, and %, are
ousymmetric and plage-strain permeability values of smear
zone, sespectively, o and f are geometric coefficients, » i3 the
spacing ratio equal fo B/, where B aod b, sre equivalent plane-
strain radius of the influence zope and radius of the drain
respectively, and s=r/r,. The value of &, needs 1o be
determined frst {laboratory or field), then &y, can be calculated
using Equation {1} When kb, is known, £, can be obtained
from Bquation (2. The discretised plane- strain finite-difference
mesh compased of quadrilateral elements is shown i Figure 3,
where only half of the trial embankment is considered by
exploiting symmetry.
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Figare 3. Sample of wesh grid pattera for Chittagong Port erpbankment
considering the smear

Numerieal results are compared with the field measurements in
Figure 6. According fo Figure 6, FLAC predictions are fn a
good agreement with the field measurerents considering
k/ke=2 and r/r,=3. The primary consolidation settlement is
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predicted torbe approximately 258 mm. As illustrated o Figures
4 and 6, the field settlement is measured immediately after
placing the surcharge to the full height of 3 m (after 12 days).
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Figare 6. Comparizon of numerical resuits with filed data
3 PARAMETRIC STUDY AND DISCUSSION

Parametric studies have been conducted 1o mvestigate the
imfluence of the smear zone characteristics on the preloading
design simulating Chittagong Port case study with the details
presented In the previous section. For this purpose, kil
{permesbility ratio) and r/r, (cxtent ratio} have been changed
from 2 to 3. Figure 7 iliustrates the parametric study results for
scttlement-time relationships.
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Figure 7. Parsmetde stody results for Chittagong port case history af
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According to Figure 7, the settlement curves are converged to a
utigue value of approximately 238 mm, which is the primary
consolidation settlement. The required time o cbtam 90% of
primary consolidation settlement {232 mna) has been considered
to  investigate the effect of smear zone properties on
consolidation process. According to Flgure 7a, the mininum
tme of 34 days i3 needed o achieve 90% degree of
consolidation, considering lo/k=2 and r/rp=2. When smear

zane propertes are I3 and 1/n,=5, the required tme would
be the maximum and equal ta 67 days, which is approximately
fwice fonger than the minfmum (sce Figure 7d). According to
itie seitlement curves in Figure 7, the influence of smear zone
pernteability variations is more critical when the smear zone
exient ratio is larger. For instance the required time to obtain
804 degree of consolidation has been incrzased by 56% (fom
34 days to 53 days) changing the permeability ratio from 2 to 5
comsidermyg the extent ratio egual to 2, while this hoost is 80%
(lrom 37 days to 67 days) for extent ratio of 5,

The general trend in Figures Ha)-7(d) shows that changing
the permeability ratio i a smaller range results in larse
variations of the reguived fime to obfain 90% degree of
consolidation considering a constant extent ratic. According to
Figure 7(a), the consolidation tiree iz increased by 23% by
varying the permeability ratio from 2 to 3, while this change is
17% and 12% when the permeability ratio is changed from 2 to
4 and 4 to 5, respectively.

Figure & iitushates the numerics! parametric study results
invesiigating the influence of the smear zone properties on the
excess pore water presswe (EPWP) dissipation. Graphs are
plotted for point G2 located at the depth of 4 m {s=e Figure 3).
Figure 8 confiyms that increasing the permeability and extent
ratios prolomgs the pore water pressure dissipalion process
comsiderably. According to Figme 8, the permeabibity ratio is
more ¢ritical parameter than the extent ratio, although the
influenee of extent ratio variation on the consolidation time can
not be neglected. For example, according to Figure 8b, there is
160% difference between the predicied excess pote presswre
values afier 34 davs {90% of the field degree of consolidation)
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Figure 8. Bffvet of smear zone properties on @XCess pore wallr proessure
dissipation for Chillagong port case history at point G2

2575




Proceedings of the 18" international Conference on Soil Mechanics and Geotechnical Engineering, Paris 2013

The requived thme o obiain 90% degree of consolidation for
different smear zone properties is ilfustrated in Figure 9 using
parametric study results, which presents 2 betior inferpretation
of the effects of the smear zone properties on consolidation
time. According to Figure 9, the consolidation time significantly
depends on the smear zone permeability and extent. For
cxample, assuning 5/r,=2, for the case with lg/dk=2 and
kyfke=5, the required times o obiain 90% degee of
consolidation are approximately 33 days and 33 days,
respectively, indicating 60% difference. It can be noted that the
difference is more significant for larger values of ./t
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Figure 9. Predicted time 10 obiain 90% degree of consolidation

Figure 9 clearly indicates that the smear zone extent ratio {r/r)
is an important parameter influencing the consolidation time
and cannot be peglected, Varying 1/t in the range of 2 to 5,
assuming Ik, as a constant parameter can influence the
required consclidation fime by more than 25%. Combined
effects of uncerfainties in the smear zone extent and
permeability will result in momentous changes of congolidation
time. Results presented in Figure 9 Indicate that the influence of
uncertainties M 1,  becomes more  important when
permeabihity of smear zone decreages.

According fo the back calculation results presented in
Fignre 6, the pradicled seitlement curve is in the best agreement
wiih the fleld measurements considering smear zone properties
of kpke=2 and r/r,=3. The required time to obtzin 90% degree
of consolidation for this condition is cqual to 34 days, which is
highlighted as point 32 in Figure 9. A veriical Hine is plotied
from top= 34 days, which intersects the set of lincs at points
Si, S2, S3 and 5S4, Smear zone properties at these points are
sanunarised in Table 2,

Table 2. Back calevlated smcar zone propertties ko achieve tyn= 34 days

Pomt 51 82 53 54
ki, 21 20 185 175

T/ 2 3 4 3

Numezical analyses applying developed FLAC code have been
conducted to compare the settlement and excess pore water
pressuve variafions against the consolidation time. Different
comnbinations of simear zone extent and penmeability may result
in the same fomg= 34 days and predictions are presented in
Figure 14,
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Figare 10, FLAC analysis resulis for points in Table 2 (a} Settlement
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Figure 10 shows that the curves for the settlervent variations
and the excess pore water pressure dissipations with time follow
the same trend for points 51, 82, 83 and S4. Therefore, smear
zone properties of any of these points can be adopied for the
practical design purposes,

4  CONCLUSIONS

Preloading time during consolidation process can significantly
be affected by formation of the smear zone in the vicinity of the
prefabricated vertical drains (PVDs). Smear zone is a reduced
permeability area induced by mandrel insertion that halts the

.consolidation process. Available lterature proposes a wide

range for the smear zone extent and permeability and yei there
15 no definite prediction method thal can be used 1o estimate the
extent of smear zone and its permeability to be used in the
design procedure. In this study, namerical analyses have been
employed to investigate the effects of uncextainties of smear
zopie characteristics on the preloading design. FLAC 2D
software has becn amployed to develop a mwmerical code
assisting with the parametric study and back caleulating smear
zone properties, The venficafion exercise on Chittagong port
case history confirms the validity of the developed oumerical
cede. According fo the parametric stody results the properties of
the smear zZone have kev roles on the required consolidation
time {0 achieve 2 certain soil sivength and stiffocss satisfving
both bearing cepacity and setilement design criteria. Therefore,
accurate estimation of the properties of smear zone based on the
soil type and the mstzliation method is vital for the ground
improvement projects  adopting PVD  assisled preloading.
Results of this study andicaie thal assumptive properties for
smear zone characleristics may result in inaccurate predictions
of ground deformations and pore warer pressurcs. This can lead
{0 early removal of surcharge in construstion process resulting
excessive post constivetion setflement, Thus, it is recommended
ic practising gectechnical engineers to back calculate the smear
Zzone properties using & tial construction similar to the future
construction pracedure,
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Foreword

The French Soetety for Soil Mechanics and Geotechnical Engineering (CFMS) is most happy to host
the 18" International Conference on Soil Mechanics and Geotechnical Engineering (18* ICSMGE)
in Paris, France, from Monday 2 to Friday 6 September 2013. The main theme of the Conference is
“Challenges and Innovations in Geotechnics”.

In agreement with ISSMGE vision for strengthening the role of the Technical Committees (TCs), the
18% ICSMGE Paris 2013 adopted a new format. The two first days are devoted to plenary sessions
with the Terzaghi Oration, seven ISSMGE Honour lectures proposed by the TCs and three Special
lectures proposed by CFMS. The two following days are devoted to parallel sessions organised by the
TCs: they include 28 Discussion Sessions and 22 Workshops. Whereas Workshops have a free format,
the Discussion Sessions are meant to discuss the papers accepted by the ISSMGE Member Societies
and presented in the four volumes of these Proceedings.

The structure of the Proceedings corresponds to the organisation of the Conference. They start with
the Terzaghi Oration, the Honour lectures and the Special lectures. Then, the papers are presented ac-
cording to the relevant responsible TC. They are introduced by a TC General Report The Proceedings
also include the papers on Shallow Foundations (Session and General Report organised by CFMS, as
no TC covers this subject), on Dams, Dykes and Levees (organised jointly by TC 201 and TC 210),
on Geothermal issues {organised jointly by TC 212 and TC 307) and finally the papers on Historic
sites, as well as on some case studies (organised by TC 301).

To enhance the ditfusion of knowledge feee of charge, no transfer of copyright was requested from
the authors of the papers published in these volumes. All the papers, together with late contributions,
will be made available free of charge on the various appropriate Internet websites.

[t was quite a fruitful and exciting experience for the Scientific Committee to work hand in hand with
the TCs for the organisation of this Conference. They were enthusiastic and efficient. The Scientific
Committee is most grateful to the General Reporters, Chairs, Vice-Chairs and Secretaries of the TCs
for their great help in making the 18" ICSMGE in Paris a most successful scientific and technical
event.

Pierre DeLAGE, Jacques DEsrUES, Roger Frank, Alain PuecH, Frangois SCHLOSSER
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