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Abstract

A large-scale trial embankment provided with pdistigpenetrating prefabricated vertical drains (PVas installed in
consolidating marine clay deposits at East-Pod salustrial zone project in Egypt. The trial emk@ent was constructed with
a bottom area of 150x150m and a height of 5.5mveduate the efficiency of the improvement systerd gerify the design
parameters. An intensive instrumentation system wWwaidt-up including shallow settlement indicatorgibrating wire
piezometers, extensometer, and inclinometers. Thwictlaree-dimensional finite element analyses (F&)evperformed to study
the effect of the preloading system provided wiltially PVD in consolidating marine clay deposkE& models were validated
and showed good agreement with the field obsemstio terms of vertical displacement of embanknoemter, and lateral soil
deformation beneath the embankment toe.
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1. Introduction

Many coastal regions worldwide contain very sofpagts that have unfavorable geotechnical proper@me of these areas is

East-Port said whichis located in the northeast sector of Egypt andelyi known for soft soil deposits encountered alting
Mediterranean coast. The soil formation within thisa provides a geotechnical challenge due texistence of soft soil deposits
that have thicknesses over 40.0m. These depogt®hi@mally characterized by low shear strength higth compressibility
characteristics which make them a difficult engiirege exercise. Many improvement techniques are tseditigate unacceptable
total and differential settlements of underlyindt swil (Indraratna et al., 2005) such as Vibrolagpment, electro-osmotic, and
deep mixing but the associated cost may becomessixeewhen the soft deposits layer extends to |aepths. Indeed, the low
vertical permeability of the soft clay depositsuiegs a too long time to achieve the target settl@ncompared to the available
construction period. Furthermore, the horizontahpeability of these deposits is much higher tharvértical permeability. Thus,
using vertical drains in soft soils deposits reduttee drainage path from the total thickness ofsthielayer (in case of vertical
consolidation) to the half of the drain spacingdase of horizontal consolidation) (Indraratnalet2®12 & 2015).
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Preloading system provided with partially penetrgtprefabricated vertical drains (PVDs) is onehw# effective techniques
used effectivelyto reduce the post-construction settlemenitigate the effects of differential settlement stuctures, and
increase the shear strength of the soft soil depasiwell. In this method, a surcharge load, Wpirathe form of an embankment
that is equal to or greater than the anticipatashd@ation stress, is applied to the soft soil layatil most of the primary
consolidation has been achieved. Indraratna €R2805) stated that vertical drains combined witb-jpading are amongst the
most effective techniques known for acceleratingsodidation and stabilizing ground. Vertical dramesluce the drainage path
and accelerate the dissipation of excess porewatssure generated from the application of surehkrads. This paper uses the

trial embankment vertical and lateral displacenmenbrds to compare the accuracy and appropriatefigssdictions made using
two and three-dimensional finite element analysis.

2. Ground condition and trial field zone

2.1 Site topographyThe site topography comprises a relatively flaaawith an average elevation of around +0.5 metbove
mean sea level. To establish a stable working guiaif the entire construction area was reclaimeth wisand blanket up to an
elevation of +1.00 meters above mean sea levekuhsurface condition in the site area can beifilegsnainly into five distinct
soil layers, as shown in (Figure 1): on top is 1filiMayer (sand blanket) followed by 15m of saitty clay with interlayers of
silty sand followed by 30m layer of very soft clay stiff clay layer, which is underlain by a dertsevery dense sand layer
followed by stiff to hard clay layer. The groundtemtable is located close to the ground surface.
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Figure 1. Subsoil stratigraphy

2.2 Trial EmbankmentA large-scale trial field zone (trial embankmen@saconstructed with a bottom area of 150x150m and a
height of 5.5m. Vertical drains with an average tvidf 100mm and thickness of 4mm were installednftbe fill top layer down

to a depth of 25.0m and arranged in a triangulétepawith a spacing of 1.50m. The embankment vessstructed using a sand
fill with an average density of 17 kNfmSettlement plates, inclinometers, extensometers wistalled beneath the embankment
to measure settlement, lateral displacement an@, water pressure$he sequence of erection for instrumentation pdiats in

carried out in the arrangement shown in (FigurenvBjle (Figure 3) shows the trial embankment and rf@nitoring system
arrangement.

[—— [ —— —— —— [ —— |

settlement piezometers PVD extensometers inclinometers surcharge
points

Figure 2. Sequence of erection for instrumentation pointslig¢ Holding GmbH)
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The trial zone filling process was carried out 5@r days while the instruments were installed immadly after installation of the
vertical drains and the measurements continued36rdays. The surcharge history and the corresmbneetical displacements
for the trial embankment center is shown in (Figdiyevhile (Figure 5) shows the variation of vertidisplacement and lateral
displacement for the trial zone center and toe.s&hBgures show that after 450 days of surchargelity, the vertical

displacement of the embankment ranges between 18D24bcm with an average value of 198 cm whileldteral displacement
reached to 16cm.
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Figure 3. Trial embankment and location of the monitoringtsyn (a) Layout (b) Cross-section (Keller Holdingnig)
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Figure 5. Variation of displacement with level (a) vertichéplacement for embankment center (b) laterallaigment for
embankment toe

3. Verification and selection of analysis parameter

3.1 Coefficient of horizontal permeabilitiBy considering the methods for evaluating the ficieht of horizontal permeability
(Kp) introduced by Jamiolkowski et al. (1985), Pardzafriel (1988); Houlsby and Teh's (1988), (Figurst@ws the variation of
the coefficient of horizontal permeability with kvfor all used methods. From this figure, the gesialue can be taken as 0.015
m/year down to level -7.50 followed by 0.04 m/ydawn to level -15.00 followed by 0.01 m/year foe tlest of the layer.

3.2 Coefficient of horizontal permeabilitythe soil permeability changes during the constibeiaanalysis according to the
following relationship as stated by Taylor (1948):

k Ae
log| — |=— (1)
ko) G
In practice, @Cy ranges between 0.5 and 2.0 (Berry and Wilkins®@891 Mesri and Rokhsar, 1974), with, @ken from the
empirical relation ¢= 0.5¢ while Tavenas et al. (1983) defined it as the slopthe void ratio vs log k. the effect of permiigb
change index chad been investigated on the vertical displacemsing PLAXIS 2D with a different value of,@s follows:
c, = 0.5¢g;ss )
C./C,=05~100ss 3

The results of the study are shown in (Figure 7ictvitlearly prove that permeability change indexv@th value higher than
C=3C has a minor effect on the final displacement value



14 Abouhashem et al. / International Journal of Engirieg, Science and Technology, Vol. 13, No. 3, 2pA110-22
Kh (m/year)
0 002 004 006 008 0.1 0.2 0.14 0.16 0.18 02
1.00 G
-1.00
-3.00

()

&
<&

[RCR Y

Chow

= =

= =

OO [ B
<

-27.00 g
29.00
-31.00 - ©
&
-33.00 ’f
-35.00 <
< o Jamiolkowski et al. (1985) - CPTu-124 |
S0 : » Jamiolkowski et al. (1985) - CPTu-224 i
-39.00 < Jamiolkowski et al. (1985) - CPTu-324
4100 | #e < Jamiolkowski et al. (1985) - Lab Tests }
{ IC CParez &Fauriel (1988) i
800 ‘b: 4 Houlsby and Teh's (1988) }
T 0 T et e g ,
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Figure 7: Total vertical displacement for all studied cases

3.3 Consolidation parameter3:he consolidation parameters.(C,, &, OCR) used to calculate soft soil model paramedecs
concluded from the laboratory odometer tests hagh bherified using lab-test module included in PLAXdoftware considering

the following steps:
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* The stress—strain curve had been concluded frorPt#eXIS software for the case of odometer test. Tdmults of the

analysis are shown in (Figure 8).

* Using PLAXIS Stress—strain relationship, the eqi@mbStress—void ratio relationship had been cateduby estimating

the void ratio from the relation:

e=¢e(l+eg)+eg

(4)

. Finally, the Stress—void ratio relationship doded from the PLAXIS lab-test module had been carag to the actual
laboratory oedometer results as shown in (FiguréfBg analysis results show close agreement betteenoncluded
stress-strain curves from PLAXIS and laboratoryrodter test results.
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Figure 9. PLAXIS soil test results using SSM with respeclaiooratory odometer test results
4. Numerical modeling

Two and three-dimensional Numerical models usiregfinite element-based software PLAXIS 2020 wgeaerated to analyze
the case under study. The plain-strain analysisoasen for two-dimensional modelling to simuldte half of the embankment
with a total number of elements (15-noded triangieshis model is 1343. For the soil models usethis study, the fill surcharge
was modelled using the Mohr-Coulomb model (MC) wliiie clay layers were modelled using the soft Soitiel (SSM). (Table
1) summarizes the geotechnical parameters usée ifinite element analysis.

Table 1 Geotechnical parameters for finite element mautgll

. Time-Settlement
) Consolidation Parameters
- Soil Parameters
Layer Description @’
Model C C OCR Kh Kv *C
i R (mly) | (miy) | =X
Platform/Embankment Fill MC 367 -- -- -- -- 365 365 --
Silty Clay/Clayey Silt with SSM | 26°| 1.2 0.12 1.80 2.25 0.015 0.00122.4
interlayers of Sand SSM | 26°| 1.2| 0.12| 1.80  1.10 0.04 0.004 2.4
Silty Clay SSM 26°| 0.9 0.09 1.90 1.10 0.01L 0.0033..8

* Permeability change index,@ad been selected as 2 Cc as per recommendeda®ermyilkinson (1969).

The soil parameter for the soft soil model (SSM)udes the modified compression indexand the modified swelling index
k* which are defined in (PLAXIS user’'s manual) as:
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A= L
23031 +¢e,) )]
g 2C, ©6)
2.3031+e,)

4.1 Model dimensionsTo accurately compare the behavior of trial fieldbankment records with the finite element resualts,
sensitivity analysis had been performed to selexppropriate location for the model rigid bouydaiter the embankment slope
toe. The sensitivity analysis had studied differdesttions of the model boundary as a functionhef surcharge fill height (H).
The study had been carried out using both 2D ananadlysis considering a rigid boundary locatedistadce (X) varies between
(1H to 20H). the results of the analysis are priesbm (Figurel0) and showed that the location of the FE boundas/d minor
effect on the final lateral displacement startirgf a distance of 13 times the embankment heigbtr(s. Accordingly, the rigid

boundary limit had been selected at a distancéwof ffom the embankment toe.
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Figure 10. Effect of Location of Model Boundary from Slopeton the lateral displacement

For 3D analysis, and considering the large araghetrial field embankment (top area 110m x 110mh bottom area of 150m x
150m), modelling the entire embankment requiresigehnumber of elements that can exceed the awail@abirent computer
capacities. To cover this problem, 3D FE analyais been performed considering minimizing the malii@ensions by modelling
a portion of the embankment only with a dimensié2®m x 150m with adjusting the boundaries deforamaand groundwater
flow conditions at symmetry edges. (Figure 11) shdhe selected 3D model dimensions compared t@ladimensions while
(Figure 12) shows the geometry of the finite eletmaadels used in the analysis.

3”0va

Figure 11.Selected 3D model dimensions compared to actusmnkions
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(a) (b)
Figure 12. PLAXIS model geometry considered in the study2@)(b) 3D

For simulation of the vertical drains in the twanginsional plain-strain analysis, the equivalendsvéen axisymmetric and
plane strain conditions prior to finite element raldg has been performed based on the permeabijtyvalency procedure
proposed by Hird et al. (1995) For ideal draingxgzressed in the following equation:

Ko 067 @

k_az " [In(n) - 075]

Where, kyis the horizontal permeability of in plane straimiticell, ky is the horizontal permeability in axisymmetric wegll, n is
the influence ratior,,.

For vertical drains pattern simulation, an eqléwnt rectangular spacing had been consideredsaitie drain influence ratio (n)
for triangular pattern.

5. Results Analysis

The results of PLAXIS analysis show that the veltitisplacement at embankment center after 450 filags end of backfill
process at level +1.50 is about 1.83 m and 1.9%nth#» 2D and 3D analysis respectively. (Figure $i®)ws the time-settlement
relationship concluded from the FE analysis. W(iligure 14) shows the variation of vertical disglaent with level.

For lateral displacement, the results of PLAXISIgsia show that the lateral displacement at embamkralope toe after 450
days from end of backfill process is about 18 crd 44 cm for the 2D and 3D analysis respectivelygyfe 15) shows the
variation of lateral displacement with level.

A A\
\ \

e | =
“\‘\\\ 71 \\\

Time 2] Time ]

(a) 2D analysis (b) 3D analysis
Figure 13.Time-settlement relationship concluded from FE wsialfor embankment center after 450 days fromadrzhckfill
process
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= 3

(a) 2D analysis (b) 3D analysis
Figure 14.Vertical displacement versus level as resulted fidanalysis after 450 days from end of backfitlqass

L

Total displacements u, (scaled up 20.0 times) (Time 499.0 day) Total displacements u_ (scaled up 50.0 times) (Time 499.0 day)

Maximum value = 0.1836 m Maximum value = 0.1357 m

Minimum value = 0.000 m Minimum value = -0.01315 m

(a) 2D analysis (b) 3D analysis
Figure 15.Lateral displacement versus level concluded fronaR&lysis for embankment slope toe after 450 days £nd of
backfill process

Based on the FE analysis and with respect to tabembankment field vertical displacement measer@s (Figure 16), it is
clear that 2D analysis is generally underestimgtedvertical displacement during the consolidatiore. Considering the average
measured vertical displacement of 198cm, the aeeratio of 2D FE analysis to the in-situ verticdpdacement is about 1.08.
For 3D model, the results of analysis show a gogreéement with the filed records with an averag@raf 1.0 to the in-situ
vertical displacement. For the first 200 days friira end of the backfill process, the field measwnei®m show higher vertical
displacement values in this period compared tditlie element results with difference percentagached about 25% probably
due to the presence of Sand interlayers in therupf@ that might affect significantly and acceleththe settlement.

With respect to the vertical displacement variatigth depth, (Figure 17a) shows the vertical displaent variation with time
resulted from the numerical analysis with respecligld measurements. From this figure, both 2D @Bdanalysis show good
agreement with the filed records in all measuredele Only for measuring station at level -13.0Q,ARIS analyses
overestimated the displacement value and showdehigalue with a difference percentage of about @&5% 85% in the 2D and
3D analysis respectively.

For lateral measurements, (Figure 17b) shows tieealladisplacement variation with time resultednirthe numerical analysis
with respect to field measurements. From this figut's clear that 2D analysis is close to thedfieheasured value with a
difference percentage of about 6% while 3D analgk@wvs a difference percentage of about 20%.
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6. Conclusions

The present study investigated 2D and 3D FE aisalgnd were compared to in-situ measurementshirperformance of
preloading system with partially penetrating vetiarains in consolidating marine clay depositse Tdonclusions of the
conducted study can be summarized in the followioigts:
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» FE analysis properly predicted the in-situ measearmmin terms of vertical and lateral displacemenite average ratios
of 3D and 2D FE to in-situ vertical displacementrevabout 1.03 and 0.95 respectively. For laterspldcement, these
average ratios were about 0.94 and 1.2 respectively

* Using soft soil model in the conducted study predicin adequate simulation for the behavior of neasioft clay under
loading.

* In 2D analysis, the plane-strain analysis was propenodel preloading system with partially pentig vertical drains
considering permeability equivalence between axisgtnic and plane-strain conditions using Hird e{&995) formula.

» The triangular pattern in 2D plane-strain analyss simulated with equivalent rectangular spacogsidering the same
drain Influence ratio (n) and provided a reasonabéeilt.

e 2D plane-strain analysis considering the addresssdmption provided similar results compared toadRlysis with
reduced execution time.

* Permeability change index@ith value higher than &3C; has a minor effect on the final vertical displaestrvalue.

Nomenclature

PVD Prefabricated vertical drains

FE Finite element
2D Two dimensional
3D Three dimensional

MC Mohr-Coulomb model
SSM Soft soil model

C. Compression Index.

C Swelling Index

€ Initial Void ratio

OCR  Over consolidation ratio

Cx Permeability change index

Kh Coefficient of horizontal permeability

Ky Coefficient of vertical permeability

A* Modified compression index

K* Modified swelling index

Khp Horizontal permeability of in plane-strain uniticel
Kax Horizontal permeability of in axisymmetric unit tel
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