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Soil improvement at Stockholm-Arlanda Airport
U. ERIKSSON, S. HANSBO and B.-A. TORSTENSSON

At Stockholm-Atlanda Airport a new, third runway is
under construction. The project comprises a 2500 m long
runway, new taxiways, areas for de-icing and surface water
treatment, new public roads, bridges, a new traffic control
tower, etc. The conditions at the site of the airport are
difficult from a geotechnical standpoint and have necessi-
tated different types of soil improvement technigues.
Amongst these, vertical drainage in combination with
preloading, consisting of 14-20 m of fill, has been used
along the runway/taxiway over an area of 250000 m?
containing clay and organic deposits. In this paper, a
description and theoretical analysis of the vertical-drain
project are presented. The load of the Fll has caused a
relative compression of 22-29%, corresponding to total
settlements of 1-6-2.6 m_

Description of the Stockholm-
Arlanda project

In a previous paper (Eriksson, 1997) a description was given
of the 5ol stabilization measures started in the Stockholm-
Arlanda project, including vertical drainage and preloading.
The difficulties to be expected in the analysis of the con-
solidation process wete discussed. The requirements placed
on the completed project allowed a maxitnum settlement of
30mm. The design of the vertical-drain project aimed at
creating an effective preconsolidation pressure of at least
1-25 times the effective vertical pressure reached in the soil
after completion of the project. This was done since,
according to Scandinaviar experience, an overconzolidation
ratic OCR of 125 eliminates the risk of creep settlements
after the primary consolidation period (Bjerrum, 1973}, The
drain spacing and the preloading conditions were sclected
in ordet to achieve 95% primary consolidation within twelve
months of loading. In order to achieve this goal, preloading
was carried out by means of 14-20 m of fill.

Owing to the uncertaintios involved in the analysis of the
final consolidation settlement, one year of loading could be
expected 0 produce settlement values different from those
predicted. This would lead to an unforeseen magnitude of
the unloading required to reach the correct level of the
runway/taxiway. As the overconsolidation ratio depends on
the unloading carried out, the final design was made on the
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Une nouvelle et troisitme piste d’atterrissage est en con-
struction 3 l'aéroport de Stockholm. Le projet comprend
une piste d'atterrissage d'une longueur de 2500 m, des
nouvelles voies d'accds, des zones de dégivrage et de
traitement des eaux superficielles, des nouvelles voies
publiques, des ponts, une nouvelle tour de contréle etc.
Les conditions sur le site de laéroport sont compliquées
dut point de vue géotechnique of ont nécessité Iemploi de
différentes techniques d’amélioration du =ol. Entre aitres,
la technique de drainage vertical avec préchargement sous
forme d'un remblai d'une hauteur de 14 3 20m a été
utilisée sur les surfaces d'atterrissage et d'accés qui
couvrent 250000 m* et dont le sous-sol consiste d'argiles
molles et de dépots organiques, Une description et une
analyse théorique du pmojet de drainage vertical sont
présentées dan cet article. Le préchargement a entrainé une
compression relative de 22 3 29%, corzespondant 3 des
tasgements de 1,5 3 2,6 m.

basis of the settlements and pore pressures observed during
the construction period. In this way the necessary adjust-
ments of the overload could be made in order to reach the
acceptance critenia in due time (the observational method).
In order to check the reliability of the settlernent analysis,
Asaoka’s method of predicting the final primary consolida-
ton settlement on the basis of settlement observations
during the consolidation period was utilized.

At six sites of observation, settlement gauges and piezo-
meters were installed in order to follow up the consolidation
process in detail. Moreover, a large number of levelling
tnarks were placed on top of the ovetload and followed in
order to detect possible anomalies in the consolidation
behaviour. Acceptance of the soil improvement works was
based on the observations according ko the following criteria:

* OCR =125 and s= 0-935, at every site of observation
(sp = primary consolidation settlement under the overload)

» the settlements of the levelling marks should be approxi-
mately linear on a log-time seale

* the degree of primary consolidation U =95% in the
vicinity of the levelling marks

+ the unloading after the preloading phase should amount
to at least 25% of the overioad.

Drain installation

Requirements

According to the design requirements, the drains had to
be installed in an equilateral tiangular pattern with a drain
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spacing of 0-9m. Purthermore, depending on the lange
relative compression to be expeeted, the drains had to be
capable of undergoing a vertical compression of the order of
35% without losing their function.

Type of vertical drains

The proven Mebradrain 88 was selected for the projoct
{Fig. 1). This type of premanufactured drain, which has
dimensions 4 X 100 mmm, 15 fumished with a filter jacket of
thermally bonded polypropene fabrics, The core of the drain,
also made of polypropene, has a geometry which makes
possible large vertical compression without substantial re-
duction of its water discharge capacity. The drains are
delivered in rolls, cach containing a length of 250 m.

Installation equipment

The installation of the drains was performed by means of
a hydraulically operated drain rig (Fig. 2). Depending upon
the depth of installation, this type of rig makes possible a
production within the range of 6000-8000m of drains per
working day. Two drain rigs were utilized.

The installation of the drains was performed using a steel
mandrel with dimensions 60 X 120 mm (Fig. 3). The size of
the mandrel has been optimized with regard to requirements
for mechanical strength and prevention of wnnecessary
disturbance of the subsoil. Before installation, rectangular
anchor plates of steel were fixed to the tip of the drains to
serve as anchors when the mandrel was withdrawn from the
soil. The anchor plates also prevent soil from penetrating
inside the mandrel during instaltation. 1f this happened there
would be a risk that the drain might be withdrawn from the
soil together with the mandrel. Tt ts also practical to use the
anchor plates for setting out the drain installation net.

Soil and loading conditions at sites of
observation

Three cases of observabons will be presented, namely
sites K, L and I, Sites K and L are situated along one of the
new taxiways, where the soil consists of a comparatively
thin organic layer underlain by clay with silt and sand

Fig. 2. installation rig. Anchor plates, used for setting out the drain net, can
be seen in the foreground

seams. Site D is situated in a bog in the area of the new
runway, where the soil consists of 2-3m of peat underlain
by gytja (mud) and clay. The peat layer at site D was
excavated before preloading,

The clay at sites K and L {Fig. 4) was medium to highly
sensitive and norrmally consolidated, with a water content of
mainly 60-%0% and a liquid limit of 40-80%. The undrained
shear strength was fairly constant, mainly about 7-9kPa,
irrespective of depth. The groundwater level was situated
just below the ground level.

Fig. 1. Premanufactured drain, type Mebradraln 83
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Fig, 3. Cross-seetional dimensions of the Mebradrain installed and of the
mandrel utilized. The cross-sectional area of the remoulded zone indicared
corresponds to the cress.secrional aren of the mandrel (7200 mm?)

The clay at site D (Fig. 4) was mediam to highly sensitive
and normally consolidated, with a water content of 50-100%
and a liquid Iimit of 40-80%. The mud at site D had a water
content and a liquid limit of about 180%. The undrained
shear strength was fairly constant, mainly about 6-14 kF"a,
irrespective of depth. The groundwater level was initially
situated about (:5m below the ground level but was
lowered 1.5 m when the peat was excavated and remained
at that level during the whole preloading period.

At site K the load Ag consists of 195m of

Site D
+28-8m
-
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4210 m =
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Fig. 4. Results of mechanized weight sounding ar the sites of observation.
The reslstance = given as the smallest standard foad for which the
penetrometer sinks without rotation, For the highest load, 1 kN, the
resistance s represented by the number of half turns required per 02 m
of penetration

{vav. = 20 kKN/m?), yielding Ag — 390 kiN/m?, At site L the
load consists of 16-2 m of till, yielding Ag = 325 kN/m?. At
site 1 the load consists of 123m of rock fill (ya. =
16 kN/m*) and 1-5m of sand and gravel {y... = 19 kN/m?).
In the later case 2:3m of peat (y.. =12KN/m’) was
excavated and the groundwater level lowered 1.5m. This
yields Ag =215 kN/m®. The load at the various sites was
placed stepwise (see Figs 7-9),

Settlement and excess-pore-pressure
analysis

Primary-settiement analysis

In order to cope with the influence on the course of
settlement of a timeconsuming stepwise placement of the
load, each break in the rate of loading ¢an be analysed either
on the basis of a ditect use of oedometer curves or by the
use of cedometer parameters (Fig. 5). In the latter case, the
total primary settlement s caused by a load 4 on normally
consolidated clay can be obtained from the relation

5= T‘Ahf
1

loli-oy 1 /. Mlg—(oy—ov5)—sz—y)\]
XM—I_,'-'-E]H 1+ M;_,f

(1

where Ak; is the thickness of layor j, M; = Agj/As; is the
compression modulus of layer j determined by cedometer
tests, M; = AM;/Av; (see Fig. 5), g = ol —ay. o) is the
preconsolidation pressure of layer j, o; ~ g is the stress
interval above the preconsolidation pressure with constant
compression modulus Mg, m is the number of layers and
#(y — ¥") represents the reduction in load caused by the fact
that part of the load becomes submerged in the course of
settlement. If g < a{; — 0/; the relation becomes equal to

m Ah’q
My,

5=

)

=1

From the regults of the cedometer tests, the parameters
and comsequent consolidation settiements listed in Tables
1-3 were obtained. At site D the total primary setflement
caused by the placement of the drainage layer, excavation of
the peat layer and groundwater lowering (load increase
g = 16 kN/m*) amounts to 0-43 m.

The settlement values caleulated on the basis of the
oedometer tests were compared with those determined by

Asaoka's method. This resulte in  the correlation
L e e —
=
[
3
=
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3
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Effective verical slrecs o

Fig. 5. Oedarmeter parameters used in the satdlement analysis
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Table {. Parometers and calculoted consalidation settfernents for sita K

Depeh: m My kP M; iy - v kPa Abrm Load stap: kN /m? Seetlerert: m
2 80 12-8 E 2-5 080 |4
4 165 193 12 2:0 80215 o7
3 188 152 21 -0 215-330 4
g 79 I7:5 0 2-5 -390 9
Table 2. Porarmeters ond caleulored consolidution settlernents for site L
Depth: m My;: kPa M; af - Oy kPa Ahjzm Load stap: kN /m? Senthement: m
2 28 1% 1 20 0-80 f25
4 225 1741 & 225 B0-325 o7
65 280 183 72 1-75 0325 |-85
75 573 244 40 0-8
Table 3. Parameters ond calculated consolidotion settfements for site D
DBcpth: m My kPa M; oi— g kPa Ohym Load step: kN/m? Setdementc m
3 228 129 9 18 0-80 125
5 225 19-3 12 15 80— (43 0-35
& 260 15-3 21 19 145195 015
7 575 17-5 20 -0 195-215 o-10
8 288 166 23 30 0-215 FB5

8 = 0.5905 4+ 0.77555;_; at site K, from which $p =263 m,
and 3 =0-2488 40848751 at site L, from  which
5p = 1-64 m. The correlation obtained in the case of site D is
5 = 1.0414 -+ 0-5022s;_,, from which s, = 209 m.

As ¢an be seen, the primary settlements evaluated on the
basis of cedometer tests are both higher and lower than
those obtained by Asacka’s method. The discrepancy can be
explained by the fact that the oedometer tests were carried
out on samples taken as far as 25-175m away from the
points of seftlement observation. In order to adjust the
settlement values calculated from the oedometer tests,
the settlements obtained for the various load steps were
adjusted by multiplication by a factor obtained by dividing
the final settlernent values cbtained by Asacka’s method by
the final settlement values cvaluated on the basis of the
oedometer tests. By doing this, the setflement values in
Tables 1-3 are changed to the values in Table 4.

Analysis of consolidation process

The analysis of the consolidation process, carried out on
the assumption of both Darcian and non-Darcian flow, was
presented by the senior author (Hansba, 1997). In a case like
this, where the hydraulic gradients created by the loading
operation are excephionally high (up to about 100), the
analysis of the consclidation process on the basis of Darcian

Table 4. Adjusted settlement valuss (3e& taxf)

flow gives equally good agreement with real behaviour as
an anmalysis based on non-Darcian flow (as defined hy
Hansbo (1960, 1997)). Therefore, this analysis will be re-
stricted to using Darcian fiow as a basis for the consolidation
analysis. Taking into account both vertical and radial escape
of pure water, the average degree of consolidation is
obtained from the telation
— {2 o
1—7 — &

U, =1- pr—ﬂ\

Hay L )
where g, = In(D/d.) + (ke /e In(ds /dw) — 3/4 4 2k w2 /30,
¢y 15 the coefficient of consolidation for vertical pore water
flow, cn is the coefficient of corsalidation for horizontal pore
water flow, [ iz the full or half length of the drain, if closed
or open, respectively, at bottom, I is the diametor of the soil
cylinder dewatered by a drain, d, is the diameter of the zone
of smear, dy is the drain diameter, ky, is the permeability in
the horizontal direction in undisturbed soil, & is the per-
meability in the horizontal direction in the zone of smear
and, gy is the spedific discharge capacity of the drain (for
vertical hydraulic gradient { = 1) (see Fig. 6).

Digmeter d,,
A band-shaped prefabricated drain can be assumed to
correspond o a cylindrical drain having a citeurnference

Site K Site L Site D
Lerad step: kM /m? Settlement m Load stap: kN /rm? Settlement: m Load step: kM /m! Settlemant m

I: 0-80 I-63 I: 08O 1-02 1:0-1& 0-48
2:80-215 0-64 1: 801325 0-62 I 16-80 093

3 215-3%0 0-36 3 BO-I45 0-40

4 145195 017

50195215 011

0-390 263 0325 |64 0-215 2-09

75



6z2-11-684

L

ID=+46851173361

Soil improvement at Stockholm-Arlanda Airport

R : 22 BAT AB

D

dﬁ

Q o
p=Am | f

\ ! ol E Yy —
l —
! o
. . 1t
|
l
I”\ll
___l' “l__'_._uﬂ&zﬂ)
kn""lll”
Il H
ks'u 1!
t ] 11l
|
Plan H'_”
L._ ="'.TI_|T"""-.
B Z G - R

Perspactive

Fig. 6. Terms used in the analysis of vertical drains. Upper and lower
surfaces drained, ! =full or half length of drain if closed or open,
respectively, at borom; D = diameter of sail cplinder dewatercd by 2
drair; d, — dizmeter of zone of smear d,, — drain diameter; ky = per-
meabilicy in the herizontal direction in urdisturbed soif: k; = permeabilicy
in the horizonml direction in the zone of smear; k, = permeability in the
langitudinal direction of the drain

equal to that of the band-shaped drain (Hansbo, -1979). Thus,
the diameter d,, of the Mebradrain 83 installed in this case
can be assumed equal to 66 mm.

Driagmeter ds

The installation of the drains will cause a zone of smear
{with more or less remoulded soil) around the drains (Chai et
al., 1997). The extent of the zone of smear and the digturbance
effects depend on the type of soil and the geometrical
dimensions of the installation mandrel. Remoulding will take
place inside a volume equal to the volume displaced by the
mandrel {(Torstencson, 1973); see Fig. 3. Cutside the re-
moulded zone, disturbance of the subsoil will also occur
owing to distortion. The extent of the zone of distortion is a
functon of the stiffness of the subsoil. The stiffer the soil, the
larger the zone of influence, and vice versa. The extent of the
sone of disturbance (smear) in the case of displacement-type
aircular drains has been assumed equal to about two fimes
the diameter of the drains (Holtz and Holm, 1973; Akagi,
1976; Bergado et al., 1992). Recent investigations on a
laboratory scale indicate that this assumption is too conserva-
five and that a better estimate is 1-6 times the diameter of the
drain (Onoue et al., 1991; Hird and Moszeley, 1997). Accord-
ingly, the ¢ross-sectional area of the zone of smear can be set
equal to 1-6° times the eross-sectional area of the mandrel, in
the present case corresponding to 2 diameter of the zone of
smear of 130 mim,

Consalidation characteristics

At sites E and L the coefficient of consolidabion ¢,
according to the oedometer fests, varies from about
02-0-3 m?/year at the preconsolidation pressure to about
0.5-10 m?/year (maximum 2:5m’/year) at the end of
primary compression under the maximum load applied
(300 kN/m2). At site D the corresponding values vary from

about 0-15-0-3 m*/year at the preconsolidation pressure to
about 0-3-1:3 m?/year at the end of primary compression
under the maxirmum load applied (300 KN/m’).

Theoretical versus observed course of
settlement

The following assumptions were applied in the analysis:
kn/k: = onfo, =3 {=4-5m at sites K and D); I = 4 m at site
L. The values of ¢y to be used in the analysis were found by
trial and error {observational method).

The Joading conditions and the settlement observations at
sites ¥, L and D are shown in Figs 7-9. In these cases, where
a great deal of the consolidation process fakes place during
the loading period, the settlement curves have to be adjusted
for the rate of loading, for instance according to the well-
Jnown graphical procedure suggested by Terzaghi.

Gite K (Fig. 7). The best fit between theory and obger-
vations is obtained for oy = 225m*/year. Inserting the

Q00 3

) N

[ 12 18
Time of laading: months

Load: KNim? g,
|

L=]

Sedtlement: m

3

Fig. 7. Results of sentlement observations at site K compared with results
of theoretical anatysis
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Fig, 8. Results of sertlement ohservations at site L eompared with results
of theoredcal anafysis
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200 —— Three months later we find Th = T = Th = 1.0, 1 = 098
= and Ts =072, ie. s =10 X 1.84 + 0:98 X 020 + 0-72 X 0:05
t / ~ 207 m.
S As can be scen from Figs 7-9, the agreement between the
i s theoretical and the observed course of primary consolidation
- settlement is quite good provided that the analysis is hased

0 B —— e § 24 30
Time of loading: manths

1 \\ .
2 \\H‘“‘a |

[ RN Y
EQOP

Setlement: m

Fig. 9. Resules of settlerment abservations at site D esmpared with results
of theoratical arelysis. EQP, ¢nd of primary serdement

comsolidation Hime £ =1 month (the lengih of time that
corresponds to the full loading condition in load step 1), we
find U =042 at the completion of load step 1, and,
consequently, s = 0-42 X 1-63 = 0-69 m. At the completion of
load step 2 (h == 2 months and & = 03 months) we find
Ti =065 and Up == 025, whence s =065 X 1-63 +0:25 X
0:63 = 1.22 m. Finally, at the completion of load step 3
{t =45 months, # =3 months and f = 1-25 months) we
find T =090, T =079 and =049, ie s=0490X%
163 +0-79 X 0-63 + 049 X 0-36 = 2:15 m. Three months later
we find Tf, = 0:98, T = 095 and U5 = 0-89, ic. 5 =098 X
1.63 £ 005 X 063 + 0-80 x 036 = 252 m.  Another  three
months later we find 05 = 0-995, T = 099 and 1 = 0-98,
e 5 —2-60 m.

Site I (Fig. 8). Here also, the best fit between theory and
observations is obtained for o = 2:25 m®/year. Inserting the
consolidation time #; —1 month (the length of time that
corresponds to the full loading condition in load step 1), we
find U, =042 at the completion of load step 1, and,
consequently, 5 = 0-42 X 1.02 = 0-43 m. At the completion of
load step 2 (f; = 3-5 months and t; = 1-25 months) we find
T, =083 and T =048, whence =083 X1.02+048 x
067 = 1-15m. Theee months later we find T =096,
T, = 0-88, whence 5 =153 m. Another three months later
we find U = 099, Uy — 097, 1e. s =161 m.

Site D (Fig. 9). The best fit between theory and observa-
tons is obtained for o, — 1-75 m/year. Inserting the con-
solidation tme & =1 month (the length of time that
corresponds to the full loading condition during the place-
ment of the drainage layer, load step 1), we find U = 0-35,
whenee 5 =035%0-44 =015m. The length of time re-
quired for the placement of load step 2 was 4-5 months.
Thus, at the completion of load step 2 (h =53 months and
f; =225 months) we find T — 0-89 and Tk = 0-63, whence
s — 0-89 3 0-44 + 0-61 » 1-05 = 1.03 m. At the completion of
load step 3 (i1 =7 months and £ = 525 months and 5 =
1.5 months) we find Th — 094, Th = 088 and U; = 047, ie.
s — 004 % 044 + 088 % 1.05 + 047 x 035 = 1.50 m. At the
completion of load step 4 (# = 11 months, f» = 9.25 months,
t; = 55 months and fy =2 months) we find 0 — 099,
1L — 097, U =08 and O, =057, e s=0489X
044 4 0-98 % 1.05 + 0-89  0-35 + 0.58 X 0-20 = 1.88 m. When
lad step 5 is apphed we have T =Th -Th =10 and
1, = 093, from which s —10x 1.84 + 093 X (20 = 2.03 m,
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upon the final consolidation settlemnent obtaingd by Asacka’s
method.

Theoretical versus observed excess-pore-
pressure dissipation

According to Skempton (1954), the excess pore pressure
Au caused by loading of water-saturated clay can be ex-
pressed by the relation

Au = Ahyy = AAm + (1 - A)Avy Y

where Ao, is the increase in the total major principal stress
due to leading, Acs is the mcrease in the total minor
principal stress due to loading and A is the pore pressure
coefficient, the value of which depends upon the clay
properties, the preloading history and the magnitude of the
load increase above the preconsolidation pressure.

In our case, where the elay is medium to highly sensitive
and notmally consolidated and the loading conditions are
extreme, the value of A is certainly above 10, most probably
around 1.1-1-3 (Hansbo, 1994). The stress increase in the
middle of the clay layer at the various sites is Ag; = A9 and
Acs =09 Aq according to the theory of elasticity. Choosing
A =12, we find Aup = Ahgyhe = V02 Ag, e Ay = 0-104 Ag.

Ignoring the influence of one-dimensional vertical drai-
nage, the excess pore pressure Au oubside the zone of smear
becomes equal to (Hansbo, 1981)

il 2 B4 [ N
AN = Bt D*ln i "z ' Dz'ndw =

+§nmuz -2 ®

where p is the radius vector {D/2 = p = d./2) and D, d,,, ds,
Ky, k., 1, z and 4, are as previously defined.

Inserting
ywle 10w ﬁ’:‘._o.a_m (6)
Bkh aF N BEh ot N BCh ot
1 ol BN
Uy —1—exp P (7)
we find
Yw 8 Auo ) )

w2 —
Bky O #Dz(
Ignoring well resistance, which in our case is justified, the
plezometric head Ah — Au/yw becomes equal o

Ahy o

¥ Pln )

4T L "

{ 2 _ g / 2 ]
2p 4p d5+ﬁ 0?1 d, 4 21:'“,

where = In(D/d,) + (kn /K Nn(ds /dy) - 3/4-

In our case the piezometers were placed inside concrete
tubes with an outer diameter of 1 m before the installation of
the drains. The concrete tubes were aimed at protecting the
piezometers during the filling operation. The existence of
these tubes created an obstacle to keeping up the intended
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Fig. 10. Example of insmilation of drains (open circles) araund piezemeters
{filled circles), The chasest disrance berween a drain and a piczometer is
about 0-9 m. Within the arca of the rectangle the average area covered by
each drain is 1-4 m?, which corresponds to an average D velue of 1-335m
instead of the normal D value of 0-945 m

O

drain pattern (Fig. 10). Thus, the distance from a piezometer
to the nearest drain can be estimated as 09 m. The average
D value in the vicinity of a piezometer can be cstimated as
1335 m instead of the normal value of 0945 m. Assuming
that the piezometer it placed in the centre between the
drains, we have p/D = 05, corresponding to D — 1.8 m. For
U=0 we then have Ak~ 106 % 0-104 Ag = +11Ag. (The
same result is obtained for D = 1.335 or (-945m.}) When
dealing with the excess-pore-pressure dissipation, the excess
pore pressure developed during the placement of each load
step is assumed to correspond to the total load increase {no
reduction of the pore pressure is caused during the place-
ment of the load step). This can be justified by the dynamic
disturbance effects caused by the filling operation. The time
of consolidation is, therefore, chosen with reference to the
time when the filling operation in a load step is completed.
The choice of the D value in the analysis is somewhat
intricate with regard to the placement of the drains around
the piezometers. The best estimate seems fo be to apply the
average [ value in the vicinity of a piezometer, namely
D —1.335 m.

Site K (Fig. 11). Proceeding as deuscribed above and taking
into account only the effect of the drains (¢, = 0}, we find, at
the completion of loading, Ah~011x 80 =88 m. At the
completion of load step 2 we have f =1 month, which
vields Th =019. Hence Ah=0-81x88+011x135~
22.0 m. At the completion of load step 3 we have f; =30
months and 4 ~ 2-5 months, from which Th =053 and
Th =042 from this we obtain Ah =047 X 88 +
054 % 0-11 % 135 +0-11 X 175 = 320 m. An easier way of
finding the value of Ak, which applied in the following, 1 to
start the analysis from the tme when load step 2 s
completed; this yields the same result, Al = 0-58 % 220
+011x175=320m, Three months later we have
TL = 048, whence Ah=0-52% 320 =167 m, and another
three months later, Th = 073, ie Ah =027 X 320 = 87 m.

Site L (Fig. 12). At the completion of load step 1, Ah
=011 x 80 = B8 m. At the completion of load step 2 we
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Fig. 1. Results of pore pressure observations at sice K comparcd with
results of theorerical analysis. Piezometers placed ar rhe following levels
{level of originy pround surface +21°0m) K1, +17-0m; KIZ, +150m;
K14 {after 10 months of loading), +14-3 m.
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Fig. 12. Results of pore pressure observations ar site L compared with
results of thearetical analysis. Piezometers placed ar the following levels
(level of original grownd surface +21-0 m): LI2, +160m; LI4, +140m

have # =25 months, which yields 1% =042 Hence
Ah = 0:58 % 88 + 0-11 X 245 = 321 m. Four months later we
have T — 0.58, whence Ak =0-42 X321 =13-5m, and an-
other four months later 1 = 0-82, whence Ak =018 *
329=57m.

Site D (Fig. 13). At the completion of load step 1,
Ah =011 % 16 — 1.7 m. At the completion of load step 2 we
have t; =45 months, from which Th =053, yielding
Ah =047 % 1.7 +011 x 64 — 78 m. At the completion of
load step 3 (f =3 months) we find T = 0-40, and hence
Al =060%78+011 %65 =119m. At the completion of
load step 4 (t; =3 months) we have U =040, whence
Ah = 060 * 119 +(-11 X 50 = 126 m. At the beginning and
completion of load step 5 we find (# =4 and 4-5 months,
respectively) Tl = 0-49 and 0-83, respectively, from which
Ah =051 %126 =6-4m and Ah— 047 X126+ 011 % 20 =
81 m, respectively, Four months later we have 5 .= 049,
whenee Ak — (0-51 X 8-1 =41 m, and another four months
later s = 0.74, whence Ah =026 x 81 =21m,

Considering the difficulties in selecting the correct input
value of [ in the analysis, an acceptable agreement is
obtained betwen the theoretical course of excess-pore-pres-
sute dissipation and the ebservations.
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Comparison between the rate of settlement and the rate of
excess-pore-pressure  dissipation shows discrepancies be-
cause of the fact that the drain pattern around the piezo-
meters differs from the normal one. In pur case, this was
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Fig. 3. Results of pore pressure ahservarions at site O compared with
results of thoorstieal analysis. Ficzometers placed at the following levels
{level of origina ground surface +28-8m): D12, +23-3m (+220 m afier
14 manth: of loading; ©13, +205m (+195m after 14 months of
loading); D15, +22-5 m; D16, +20-3 m

Discussion

The agreement between theory and practice depends very
much on the comecmess of the estimate of final pamary
consolidation settlement. In our case, the estimate based on
oedometer tests leads to both larger and smaller primary
settlements than those evaluated by Asacka’s methed. The
latter method, which cannot be applied until a great deal of
the corsolidation process has taken place, is a valuable tool
in the observational method. The agreement between the
observations and the theoretical eourse of settlement (with
consolidation parameters adjusted to get the best overall fit)
is quite good.

The excess pore pressure created in the loading process is
considerably larger than can be estimated according to
consolidation theory. The reason seems to be the dynamic
influence of the loading operation. The theoretical evaluation
performed in our case disregards the effect of time on the
consolidation process during the placement itself of cach
load step. After the loading operation is terminated, the
agreerment between the theoretical and the observed excess-
pore-pressure dissipation is acceptable,

One may question whether the selected parameters repre-
serit the truth in the consclidation analysis. The same results
could be obtained by choosing, for instance, dy, =019 m
(cortesponding to a cross-sectional area of the zone of smear
of 2% instead of 167 times the cross-sectional area of the
mandrel), and kw/k = o./c, = 6, o = 45 m?/year (sites K
and L} and 3.5 m?/year (site D). In both cases the ¢, value
will be the same, 0-75m?/year (sites K and L) and
058 m?/year (site D). ln our case, the chosen parameters
seem mote realistic than those exemplified above., The
reason why the ¢, values can be chosen this high is most
probably due to the wnusually large size of the overload,
equal to or even higher than the maximum load applied in
the vedometer tests. As can be seen from the ocedometer
tests, the ¢, value increases during the consolidation process:
the higher the stress increage, the larger the r, value. This
may be the explanation of the fact that the excess-pore-
pressure decrease at the end of the consolidation process is
larger in reality than in theory (the ¢, value was set equal to
zero in the analysis).
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cansed by the fact that the viezometers were installed before

the drains, inside tubes that created an obstacle to the
installation of drains in the normal pattern. Therefore it is
necessary t0 apply a value of D in the analysis of excess-
pore-pressure dissipation different from the value applied in
the settlement analysis.

Although setflement may scem of greater interest than
pore pressure, it is important that pore pressure 15 followed
to ensure that the overload, if any, is not removed too early.
A decision based solely on settlement measurements may be
misleading since a slow rate of settlement may depend on a
slow rate of excess-pore-pressure dissipation. In this case
pore pressure observations were required in order to
guarantee that the preconsolidation stress in the soil, after
completion of the project, would exceed the effective vertical
pressute in the soil by 25%.

References

Axaci T. (1976) Effect of Displacernent Type Sand Drains on Strength
and Compressitlity of Soft Clays, Doctoral thesis, University of
Tolkya.

Bercapo D T, Axasasu H, ALFaro M. C. and BALASUBRAMANLAM
A. 5. (1992) Smear effects of vertical drains on soft Bangkok
clay. Journal of Geotechitical Engineering, 117, No. 10, 1509.-1530.

Breseum L, (1973) Problems of soil mechanics and construction on
soft clays und struchurally unstable soils (collapsible, expansive
and others). Procesdings of the 7th International Conference on Soll
Mechanics end Foundation Engingering, Moscow, 3,

Ertxsson U, (1997) Active design of preloading in combination with
vertical drains. Procesdings of the 14th International Conferince on
Soi] Mechantics and Foundation Engineering, Hamburg, 1, 477480,

Crat ). €, Miura M. and Saxajo 5. (1997) A theoretical study on
smear effect around vertical drain, Procerdings of the 1dth
International Conference on Soil Mechanics and Foundation Engi-
neering, Hamburg, 3, 1581-1584.

Hawnsso 5. (1960) Comsolidation of Clay, with Special Reference b0
Influence of Vertical Drains, Swedish Geotechnjcal Institute,
Proceeding MNo. 18. Doctoral thesis, Chalmers University of
Technology, Cothenburg-

Hawsso 5. (1979) Consolidation of clay by band-shaped prefabri-
cated draing. Ground Engineering, 12, No. 5, 16-25.

Hansso 5. (1981) Congolidation of fine-grained soils by prefabri-
cated drains. Proceedings of the 10th International Conference on
S0il Mechanics and Foundation Engineering, Stockholm, 3, 677-682.

Hansuo 5, (1994) Foundation Engineering. Elsevier, Amsterdam.

Hansee S. (1997) Aspects of vertical drain design—Dardian or nan-
Darcian flow. Géotechmgue, 47, Mo. 5, 983-992.

Higp €. €. and MoseLey V. J. (1997) Model Study of Smear Around
Vertical Dirains in Layerad Soil. Departinent of Civil and Stouetur-
al Engineering, University of Sheffield,

Hovrz B D, and Howm G. (1973) Excavation and sampling around
some drains at Ski-Edeby. Proceedings of the Nordic Geotechnival
Maeting. Norwegian Geotechnical Institute, Oslo, pp. 79-85.

Onous A, TING N., Gersarng . T. and Wermman R V. (1991}
Permaeability of disturbed zone and around vertical drains.
American Society of Civil Engineers, New York, Geotechnical
Special Publication 27, pp. 879-690.

Skemphon (1954) The pore pressure coefficients A and B, Géotechni-
gue, 4, No. 4

TorsTENSsON B-A. (1973) Kohesionspdlar i lis lera [Behaviour of
friction piles in soft clay]. Doctoral thesis, Chalmers University
of Technelogy, Gothenburg,

Discussion contributions on this paper should reach the
secretary by 31 Aungmst 2000



