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CONSOLIDATION OF CLAY IN CHANGI
AIRPORT PILOT TEST

S.L. Lee* S.A. Tan®* G.P. Karunaratne* and V. Choa™*
SYPNOSIS

A pilot test was conducted by the Port of Singapore Authority (PSA) during the
‘reclamation for the Changi International Atrport in Singapore o study the performance of
.-ﬂexlble drains in accelerating consolidation of the underlying marine clays, pricr to the
__construction of the second runway, taxiway and associated turnoffs, This paper describes
a post-FEM analysis to examine the behavior of different test areas with varled drain
ispacing, using a CAM-CLAY constitutive model and a plane strain finite element con-
solidation program. The effects of vertical drains were approximated by an equivalent soil
,_l_th enhanced vertical permeability obtained by equating the surface settlement of the
real soll with that of the equivalent soil. Soil parameters for the model were deduced from
‘the available laboratory and field data and were calibrated to give deformation predictions
bnsistent with field behavior, The results of the analysis show good agreement with field
; performance with respect to settlement, and reasonable agreement in trend with respect
: 'p_ore pressures, Pore pressure profile across the surcharge width demonstrates the
back pressure effect influencing the pore pressure and settlement in the drain area from
1 'treated reclamation which is underconsolidated, thereby reducing the consolidation
treated area.

INTRODUCTION

a}or rec!amatlon project was undertaken by the Port of Singapore Au-
‘thority’ from 1976 to 1978. A total of 645 hectares of land was reclaimed for the
con ruction “of the Changi International Airport in the Republic of Singapore.
"Soil_ 1nvestlgat10n prior to the reclamation indicated that the second runway

elow the sea bed and has been deposited mainly in deep channels, Long term
ments ‘caused by the 6.5m hydraullc sand fifl and the runway pavement
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PILOT TEST AREA

A pilot test was carried out to compare the performance and feasibility of
several soll Improvement methods such as vertical sand drains, prefabricated
flexible drains, surcharge and dynamic consolidation. Details of the pilot test are
described by Choa et al,, {1979). On the basis of the pilot test, a combination of
Geodrains and surcharge was chosen as the appropriate method of soil treat-
ment. Approximataly 275,000 sq. m &f marine clay under the runway with an
average depth of 18.5m were treated.

Details of the pilot test area are shown in Fig.1. This area is situated in a
typlcal marine clay infilled depression with new and old marine clays sandwiching
a silty clay transition zone as shown in Section A-A. Numerous sand lenses in the
new matine clay and large pockets of sand in the form of old river terraces exist
on elther side of the old marine clay depression which is underlain by cemented
sand. A surcharge of 4.75m of sand was placed on 6.5m of hydraulic sand fill
after the Installation of drains, Geodrains were installed with three different
spacings of 3.2m, 2.6m and 2.1m on square grids in areas GD1, GD2 and GD3
respectively. Section B-B shows the approximate cross section of GD3 estimated
from the boring logs, together with the locations and types of instrumentation .
installed at the site.

FINITE ELEMENT PROGRAM

The finite element program used in this study Is CONZD, developed at the
University of Callfornia, Berkeley by Duncan et al., {1981). CONZD is a plane
strain finite element program with a CAM-CLAY constitutive mode! for analysis
of consolidation in earth masses. It has been used successfully to analyse con-
solidation in embankment dams during and after construction (Duncan et al.,
1981), and In foundation solls under surface loads imposed by fills, building and
oll storage tanks {D'Orazio and Duncan, 1984). The program analyses the
coupled problem of deformation and fluid flow, and can be used to calculate
deformations and pore pressures under undrained or fully drained conditlons.

The CAM-CLAY Model in the program uses an elliptical yield surface in q-p’
space, centred on the hydrostatic axis and an assoclative flow rule to describe
plastic deformations. The parameters describing the vield surface are p’, the
effective isotropic preconsolidation pressure, and M, the slope of the critical state
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ine _f_ai__!ure surface) connecting the peak point on the yield ellipse with the origin
th C.I'P;""‘f'*pace. The magnitude of the plastic strains is based-on A, the slope of
sotropic virgin consolidation curve in a void ratio-natural logarithm stress
Elastic deformations are described by k, the slope of the rebound curve in
io.-n_gtural logarithm stress space, and the Poisson’s ratio,v. Anisotropic
illty_fls incorporated In the program by specifying different horizontal
| coefficients of permeabiity.

E_QUIV_AL_ENT VERTICAL PERMEABILITY MdDEL FOR VERTICAL
: DRAINS

he’consolidation process in solls, of low permeability accelerated by vertical
usually analysed using Barron's, (1948) solution or other methods
sbo, _1_-_9_81). To perform a plane strain analysis, it is assumed that a soll with

l:;c_irafir_ls can be approximated by an equivalent homogeneous soil whose
mpressibility is identical to the real sofl, but the coefficient of vertical per-
abillty_:'_is_'gnhanced to reflect the presence of vertical drains. The equivalent

:permeability of the, soll is obtained by equating the average degree of
olidation of the real soil to the average degree of consolidation of the
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equlvalent soil. The coefficlent of permeability in the horizontal direction remains
unchanged.

The average dearee of consolidation Uv for one-dimensional consolidation of
a soll with maximum drainage path h can be expressed approximately {Scott,
1963), for cut/h2 >0.2, by

— i%

0, = 1 ~B - ew/iihd m
7 .

where ¢, is the coefficlent of consolidation for vertical flow only,

The average degree of consclidation th with radial flow to a central circular
drain of equivalent diameter d can be expressed approximately {Hansbo, 1981)
by

O, = 1 - e 8 V%H) 2
In'which
3 kh
B= In(-w) +—~ln(—) -3 t rll-g g (3)
S

where d denotes diameter of vertical drain, d, denotes dlameter of smeared soll
around the vertical drain, D the influence dlameter of a drain, k, the coefficient
of permeability with radial (horizontal) flow, k the coefficlent of permeability of
the smeared soil, z the depth below the location of zero excess pore pressure in
the drain, L the distance along the drain between the minimum and maximurn
pore pressure, q, the vertical discharge capacity of the drain and ¢, = ky, ¢, /K,

where k, Is the coefficient of permeability of the undisturbed soil in the vertical

direction

The average dearee of consolidation, th of the real soit due to the natural
vertical dratnage and the radial drainage to the central drain is given by {Carillo,

1942)
O, =1~ (-0, (-0 “)

The equivalent degree of consolidation U', of a circular cylinder of soil
tnstalled with a central vertical drain is given by
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_ 2ot/ (ahd '
T, =1 -Be-7o (5)
where ¢', = ¢ k', /k, and k', is the equivalent coefficient of permeability in

the vertical direction of the drained soil,
“Equating.U’, and U,; in Eqgs. (4) and {5), it can be shown that (Choa (1986))
gqu_[v_ra!ent vertical permeability Is given by

figo h
—3 - () Z + K, (6)

h_§_§_._method of modelling vertical drains in a planestrain finite difference
heme was used by Cheoa (1986}, Tan et al., {1987) and Karunaratne et al,,

' -"SOIL PROPERTIES AND PARAMETERS OF TEST AREA

‘lgure 2 shows the propertles of soils in area GD3 Borehole BHZ19 was
after the: reclamation but before drain installation and surcharging. Bore-
'was drilled at the end of the surcharging period, two years later,
the depth_profiles of soil properties, it is clear that area GD3 consists of
wyers, a new marine clay, an old marine clay and a sandwiched
er. of stiff clay. The boundaries of these layers are estimated as
mfor the new marine clay, ~9.5m to 12 5m for the stiff ciay,

_95m to ~12.45m for a stiff marine c!ay wlth sand and peat
2, 45m to —20.25m for the old marine clay,

"irical relattonshlps such as (Alpan, 1967) where,
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Ko =0.19 + 0.233 log Ip and I is the plasticity Index. The isotropic pre-
consolidation pressure (p’) can be determined from the 1D preconsolidation
. pressure (P_) as

_(r 2Ky 7

Using values of ¢’ obtained from Isotroplcally consolidated triaxial compression
-tests with pore pressure measurements, the values of the slope of the critical

6 sing”
3 — slnog”

M = 8
sson’s ratlo, v, can be obtained from stress-strain relation of soil in
conflned compressicn as

. K,

{9}

n_c_inﬁv_ertical directions.
'f vertlcal drains were approximated by a soil with an enhanced

_ablinty for drains, the coeff[clent of horizontal permeability of the
e was assumed to be about 1 X 10~ 10m/s, a value obtained from

nd__Tabie 2 show the range of values of the pertinent parameters for
GD2 and GD3 used in the finite element analy51s The sxgnlflcant
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area GD3, the stiff clay layer has a horizontal permeability of about the same
order as the marine clays whereas in areas GD1 and GDZ, the sandy clay layer

has a horizontal permeabllity of three orders of magnitude higher than the
marine clays as evident from the difference in the field pore pressure profiles
between areas GD3, GD1 and GD2 which will be discussed later.

57T mALD

FINITE ELEMENT MESHES, BOUNDARY AND INITIAL CONDITIONS
z

Fig.4 shows the finite element mesh representing the centreline cross-section
across GD1 and GD2. The full mesh was used because the draln spacing in GD1
and GD2 are different (3.2m in GD1 and 2.6m in GD2). Fig.5 shows the mesh
representing only the northern half of the GD3 profile, assuming symrnetry at the
centreline of the area. The marine clays and the sandwiched layer were modeled
using eight node lsoparametric elements with pore pressure as a degree of
freedom. For the hydraulic reclamation fill, 5 node isoparametric elements were
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used, without pore pressure degrees of freedom since fully drained behavior is
assumed. Because of the high stiffness and high permeability of the cemented
sands, the bottom boundary of the mesh was assumed rigid and free draining.
The right hand and left hand vertical boundarles in Fig.4 and the right hand
vertlcal boundary in Fig.5 were chosen far enough from the centreline so that
horizontal deformations can be neglected.
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As soil instruments were installed just prior to sofl improvement works, the
time rate of settlement and pore pressure dissipation at the site during and
immediately after the reclamation but prior to the soil improvement works were
not known. Therefore, the analysis is Initialized at 1G months after the com-
mencement of the reclamation when instruments were installed. The initial
conditions were then taken as the initlal void ratio profiles deduced from tests
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Fig. 6 Surface settlements in GDl, GD2

-40

-50

02F
4
E
g

results obtained from borcholes BH218 and BH219 for areas GD1, GDZ and
GD3 respectlvely, and initial pore pressure profiles given by the centreline
plezometers C81 to C86 in area GD3 and C51 to CE5 in area GD2 and C41 to
C45 in area GD1. The load applied by the surcharge was modeled as two layers
of fill, representing a total pressure of 70kPa.

0.0

{u] awaag

RESULTS OF ANALYSIS AND DISCUSSION
GD1 and GDZ areas
The surface settlement profile measured by S41, 542, 551, S52 and SP62

14




LEE ef al

across GD1 and GD2 areas, immediately after surcharging and at 3 months, 6
monthsand one year after surcharging are shown in Fig.6. The FEM predictions
of surface settlements for the corresponding periods are superimposed and it is
seen that the predictions are good. The non-symmetric settlement profile can be

expected as the area with the closer drain spacing {GD2) should settle faster than

the area with the wider drain spacing (GD1).

The pore prgssure response in areas GD1 and GDZ2 are shown in Fig.7. The
pore pressure profile with depth for the centre of areas GD1 and GD2, imme-
diately after surcharge and at 6 months and 12 months after surcharge are
plotted together with the corresponding FEM predictions. It can be seen that the
FEM predictions agree reasonably well with the measured pore pressures. There
is no significant difference in pore pressure dissipation between areas GD1 and
GD2 except that area GD1 seems to indicate a slightly larger pore pressure rise
upon surcharging when compared with GD2.

The depression in the middle of the pore pressure profile even upon sur-
charging indicates that the sandy clay layer must serve as a partially effective
horizontal drainage layer. This is achieved in the analysls by giving the sandy clay
layer a horizonta] permeability three orders of magnitude higher than the marine
clays. Also at the left hand and right hand vertical boundaries of the sandy clay
layer, the nodes are given a zero pore pressure condition to simulate the con-
tinuity of drainage between the sandy clay layer and the old river terrace sand on
the side between the sandy clay layer and the old river terrace sand on the side
slope of the marine clay valley. With these refinements, the FEM analysis is able
to predict the depression in the pore pressure profiles and the pore pressure
dissipation behavior as shown in Fig.7.

GD3 area

The comparison between.the measured surface settlements (S81 to $83) and
their FEM predictions throughout the surcharge period are shown in Fig.8. The
prediction for 583, the centre vertical settlement, agrees very well with field
results. The predictions for S82 and 581, the off-centre vertical settlements, are
slightly underpredicted towards the end of the surcharging period.

The measured vertical settlements of the deep gauges (D81 to D84) and the
FEM predictions of their response are shown in Fig.9, The predicted perform-
ance for 583 and D84 agrees very well with the measured behaviour, but the
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settlements of D81 to D83 are clearly underpredicted. The locations of D81 to
D84 (Fig; 5), indicate an overprediction of the relative settlements of the bottorn
halfiof:the new marine clay layer (between D83 and D&4), and an underpre
he relative settlements of the bottom half of the old marine clay layer
between D81 and the cemented sands). However, relative settlements between
82, and D82 and D83 seem to be correctly predicted.

he measured and predicted changes in void ratios with depth between the
ginning ‘and ‘end of the surcharge period are presented in Fig.10. Large
In:vold ratios for the compressible new marine clay and relatively small
In-vold ratios for the old marine clay are observed as expected. In
;_change in the predicted vold ratio agrees with the observed behavior,
the vold. ratio changes at the bottom of the new marine clay are much
edicted, ‘as verified by the prediction of the relative settlements between
and'D84 discussed previously.

ﬁS’rrie'féf;'_r.gcords though available, were not included in this study be-
sltuated at the edge of GD3 (see Fig.1). Although absolute

7 belng Iocated in a sand lens in the new marine clay. Predictions for
C86"show in generai a rapid rise in 1 pore pressures upon surcharge

uwalent sofl model for the drained zone exhibits only rectilinear
nzonta] f!ow but not radial flow characteristics of actual vertical

_‘egree of ‘consolidation with respect to settlements, and hence it is
cted tha the analysis will not be able to predict pore pressures in the

19
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drained area precisely as this is a process of consolidation at a point as discussed
by Karunaratne et al., {1989].

Away from the centre of the drained zone, pore pressure predictions are
better as shown in Fig.12 for plezometers at the edge of GD3. Except for C92,
the predictions of the pore pressure rise upon surcharge and subsequent dis-
sipatlon agrees well with fleld observations, Predictions diverge from field results
where pore prg,ssure‘stagnation (lack of response) and generation cccurred,
probably due to nearby excavation (drainage) and backfilling activities.

The pore pressure variations with distance from the taxiway {GD3) centreline
at different elevations 18 months after surcharge application are shown in
Fig.13. The field results showed that after 18 months of surcharge, the excess
pore pressure within the dralned zone was 40 to 60kPa. The excess pore
pressure increased to around 63 to 80kPa under the surcharge overwidth just
beyond the dralned zone and fell to a value of 20kPa about 20m beyond the toe
of the surcharge. The FEM predictions showed the same form as the field
observations, illustrating the spread of pore pressure from the clay under the
surcharge overwidth into the drained zone and also the back pressure from the
clay under the reclamation beyond the surcharge embankment. In contrast with
the construction of an embankment on a normally consolidated clay deposit
where pore pressure dissipates with flow along the vertical drains and laterally
into adjacent areas, the pore pressure in the untreated clay is still high due to
underconsolidation, Since the treated area s small in comparison with the
untreated area in the whole reclamatlon, the lowest stable pore pressure level
within the drained area is controlled by the prevailing pore pressure in the

untreated area.

CONCLUSIONS

{1) A 2D plane strain finite element model with an elasto-plastic soil constitutive
model has been used to describe reasonably well the behaviour of recently
reclaimed land treated with drains and surcharge.

{2) Vertical drains in a 2D plane strain analysis can be accounted for by using an
enhanced equivalent vertical permeability obtained by equating the surface
settlement of the real soil with that of the equivalent soil. The method will
allow accurate estimates of settlements and approximate estimates of pore

pressures in the treated area.
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laboratory measurements. Well defined boundary and initial
ons must be determined from site investigations and variations of soil

'b_i__l_l_t_les_ and permeabilities with the consolidation process must be
led for by a rational constitutive model before reasonable predictions

e Influence of construction activities in the neighborhood such as drain in-
ta}_iat_i_p__n a_q;["fill surcharging, can greatly complicate the pore pressure
n -a'test site making correct interpretations and predictions diffi-

ﬁd‘-a'_r_;?[ys_[s‘ of soil Improvement works for recently reclaimed fills
nd surcharge must account for the back pressure effect due to
___hc_igt;on_:of the reclaimed land. The back pressure effect can be
b a proper. 2D analysis of the reclamation sites,
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