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Active design of preloading in combination with vertical drains 

Conception active de la pr6charge en combinaison des drains verticaux

U. B. Eriksson - A B  Ja cobson & W idmark, Lidingo, S weden

ABSTRACT: The article describes design of preloading of soft clay, partly in combination with vertical drains, for the new third 

runway at Stockholm-Arlanda airport.

A preliminary design of drain spacing, and magnitude of preload is presented. This design, based on CPT results, pore pressure 

measurements, oedometer tests and full scale load tests, is accomplished primarily as tendering basis for construction.

A final design based on results from a monitoring system of settlement and pore pressure dissipation will be performed during the 

construction phase as more data becomes available. This active design takes into account that load increases are made at irregular inter

vals and that consolidation takes place between the times of load increase.

Acceptance criterias for the preloading are set at:

- 95 % consolidation of the applied load is obtained during the overload phase.

- Minimum 20 % overconsolidation is obtained, in comparison to the in-situ stress after completion.

RESUME: Cet article presente la conception du precharge de l’argile mou, partiellement combine avec des draines verticaux, pour la 

nouvelle route d’atterisage d’Arlanda aeroport.

La conception preliminaire de la distance draineuse et du lourdeur du surcharge se fond sur les resultats CPT, les mesures de la 

pression de l’eau interstitielle, des testes d’oedometre et des testes du charge en echelle 1:1. La conception preliminaire a ete utilise 

comme base pour l’offre de construction.

La conception finale sera base sur un systeme d’arpentage du tassement et sur la diminuation de la pression de l’eau interstitielle. 

La conception est revisee au fur et a mesure au moment que l’information devient disponible et elle prends en charge que le charge to- 

tale est applique au moments irregulieres et que la consolidation se passes entre les moments d’application.

Les critaires d’acceptance du precharge sont:

- 95 % degre de consolidation pendant le temps de la pression du precharge

- Au moins 20 % contrainte de consolidation plus que la contrainte normale apres completition.

1 INTRODUCTION

The new third runway at Stockholm-Arlanda airport will be 

constructed at a site with varying geological conditions. A large 

part of the 1,5 million square meter construction site area con

sists of sand and gravel in the form of an esker. Other parts con

sist of moraine from the latest glaciation or of bedrock. Two lar

ge areas however - Branntorvmossen and the north runway end - 

in the article called B- and N-site - are situated on very soft gro

und consisting of peat covering very compressible clay. In these 

areas embankments equivalent to applied pressure of 180 and 

145 kN/m2 respectively are to be constructed.

At the conseptual design phase different soil improvement 

and foundation methods were evaluated according to perfor

mance and cost. Amongst others lime-cement columns and dif

ferent types of piled foundations were evaluated. However a de

sign with preloading of the soft soil areas, partly in combination 

with vertical drains, was favoured much for the fact that the 

required time for consolidation was available.

Design methods for consolidation by use of preloading are 

based on the validity of Darcy’s law. When, as in this case, the 

soft clay is laminated to a higher or lower degree and interfoiled 

by silt- or sandlayers this will not be true and the acceptance 

criterias will be hard to define. Normal criterias, like x % conso

lidation or y m settlement obtained within z months, will be dif

ficult to verify. The settlement after a fixed time can be the sa

me with low modulus and slow consolidation as with high mo

dulus and rapid consolidation. However the settlements will

finally be larger in the first case than in the second. Different lo

ading rates will render the verification even more difficult.

In order to provide the necessary means for an active de

sign at the construction phase a monitoring system of settlement 

and pore pressure dissipation will be used. Based on results from 

the monitoring system the preliminary design will be gradually 

revised as more data becomes available taking into account that 

consolidation takes place during the loading phase. Necessary 

measures to hold completion time can then be taken in due cour

se, e.g. adjustments of the load.

As it happened the construction phase was delayed due to 

the legalisation process of environmental conditions for the new 

runway. This led to the postponement of construction start and 

therefore no comparisons between design values and measured 

values can be presented in this article.

2 DESIGN PARAMETERS

The preliminary design parameters were evaluated from CPT re

sults, pore pressure measurements, oedometer tests on undistur

bed (J) 50 mm clay specimens and full scale loading tests.

2 .1 P reconsolidation  pressure

Determinations of preconsolidation pressure, a ‘c for the B-site 

and the N-site are shown in figure 1. Each determination repre-
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Figure 1. Preconsolidation pressure as function of depth. The 

normal total pressure, a„ and effective pressure, ct‘c is shown 

with straight and dotted lines respectively.

sents one oedometer test on a clay specimen. The tests are eva

luated according to theories presented by Larsson and Sallfors 

(1981).

The results are very diverse partly because they are pre

sented as a function of depth with no consideration to overlying 

peat. The preconsolidation is also supposed to be affected by 

varying drainage conditions in different parts of the area giving 

rise to drying of the clay in some parts and not in others.

This diversity presents an obvious problem in cho- 

sing design values. However the low preconsolidation pressures, 

which are present in some parts of the area, must constitute the 

basis for design even if it will result in that obtained settlements 

in some parts will be smaller than calculated.

2.2 O edom etric modulus o f  deformation, Ms

Clay is a strain hardening material which means that the modu

lus of deformation varies with the stress level. Determinations of 

the modulus, M for the B-site and the N-site, are shown in figure 

2. Each determination represents one oedometer test on a clay 

specimen and refer to a tangent modulus obtained at the precon

solidation stress level. The tests are evaluated according to theo

ries presented by Larsson and Sallfors (1981).

The stress dependency was taken into account by using the 

secant modulus, Ms. This moduls was evaluated from all of the 

tests at different stress levels. From these results an equation 

could be derived taking into account both the depth and the 

stress level in the form of applied load. Equation (1) below 

shows this equation based on tests at the B-site.

Ms= 100+ 22 x  D + 36 x  H + 5,4 x  D x  H (1)

where:

Ms = secant modulus (kPa)

D = depth from ground level (m)

H = height of fill (m) with unit weight 18 kN/m3

2.3 Coefficients o f  consolidation, cv and ch

The coefficient of consolidation also varies with the stress level. 

The mean of the vertical coefficient, cv at actual stresses is 3 x 

10'* m2/s at both the B-site and the N-site according to oedome-

DEPTh

(m)

SITE N

Figure 2. Oedometric modulus of deformation, M as a function 

of depth. The values correspond to tangent values at the precon

solidation stress level. Secant values for H equal to 0 m, 4 m, 

and 8 m according to equation (1) are shown with straight, tape- 

red and dotted lines as comparison.

ter tests. However vertical drainage, as in the oedometer test, 

will only have a minor influence on an actual preloading with 

vertical drains where the pore water dissipation takes place in 

the horisontal direction towards the drains. Also in the case whe

re the soil contains horisontal layers with higher permeability 

than the soil as a hole, the use of cv as a basis for design will le

ad to an underestimation of the speed of consolidation.

The horisontal coefficient of consolidation c,, is, accor

ding to empirical relations, equal to between 2 and 4 x cv. This 

empirical relation, combined with analysis of pore water dissi

pation curves from piezocone tests (CPT), formed a basis for de

sign giving ch = 3,2 x cv at the B-site.

At the N-site the frequency of silt and sand layers was 

higher than at the B-site so the mathematical modelling of the 

consolidation process was more uncertain. Therefore full scale 

load tests were performed at the N-site. See further below.

2.4 Coefficient o f  secondary com pression, a s

So called secondary compression or creep will occur in organic 

and cohesive soils after exess pore water pressure from the 

applied load has dissipated. The secondary compression is often 

approximated to a linear function of the logarithm of time and 

the coefficient of secondary compression, a, is defined as:

a s = es / log (t, / to)

where:

(2)

e , = linear strain during time of creep

t,j and t, = time of start and end of creep respectively

In order to investigate if creep will occur after the preloading has 

finished, five creep tests were performed in the laboratory, each 

with a duration of five weeks. The tests were performed on spe

cimens which prior to the test had been consolidated for 20 % 

higher pressure than the final creep test pressure. The results are 

summarized in table 1 below. It is obvious that organic clay with 

a high liquid limit, approximately over 150 %, will be subjected 

to creep even after a preloading resulting in an overconsolidation 

of 20%.
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Table 1. Laboratory tests on coefficient of secondary compres

sion.

Specimen

No

Liquid limit wL

(% )

Coefficient of secondary 

compression, a ,

10825 A 202 0,0074

10975 A 197 0,0079

10975 B 170 0,0012

10925 A 76 0,0000

10825 B 69 0,0000

3 FULL SCALE LOADING TESTS

Three full scale loading tests were performed at the N-site in or

der to study the consolidation process and to verify preliminary 

settlement calculations. A secondary aim with the load tests was 

to study if the peat could be left and preloaded with sufficiently 

good result.

Each loading test was made by a sand fill with 2,5 m 

height. The test areas were monitored with settlement gauges 

and in one area also with pore pressure gauges. The test areas 

were followed for 395 days and by that time the primary conso

lidation had finished at all three test areas. Results evaluated 

from the tests are presented in table 2 below.

Table 2. Results evaluated from full scale tests at the N-site. All 

figures (except peat thickness) refer to the clay.

TEST AREA

SUBJECT A B C

Peat thickness (m)

Clay thickness (m)

Full primary cons. PC (days) 

Settlement at PC (m) 

Secondary cons. SC (days) 

Settlement during SC (m) 

Evaluated modulus, Ms (kPa) 

Evaluated coefficient, a s

2,0

4,7

200

0,61

195

0,0177

298

0,0127

0,8

5,1

200

0,36

195

0,0129

535

0,0086

2,0

3,0

70

0,34

325

0,0057

369

0,0025
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Figure 3. Geometrical conditions and stress distribution in the 

soil from test fill.

The following conclusions were drawn from the full scale tests:

- Full primary consolidation can be achieved without vertical 

drains at the N-site within the specified time limit of one ye

ar. According to classical consolidation theories a primary 

consolidation within 200 days implies that the distance bet

ween continuous horisontal draining layers is less than 0,5 

meter.

- The measured settlements in the clay layer is 53 to 91 % of 

the calculated settlements using the modulus according to

equation (1). However the moduli determined at the N-site 

are generally higher than at the B-site from where equation

(1) is derived. The result is a confirmation of what was stated 

earlier in the article that obtained settlements in some parts 

will not become as large as calculated because of the diver

sity of the design values

- Overload must be used during preloading even if 100 % con

solidation can be acheived within the time limit. Otherwise 

secondary compression of the clay will become a problem. 

For example a, = 0,013 causes a creep settlement of 0,11 m 

in 30 years where the clay layer is 5 m thick.

- Secondary compression in the peat layer was too large to be 

acceptable as coefficients of secondary compression, a, round

0,03 were evaluated.

4 PRELIMINARY DESIGN

4.1 M a g n itu d e  o f  p r e lo a d

The maximun applied permanent load from earth fill will be 180 

kN/m2 and 145 kN/m2 at the B-site and N-site respectively. As 

both clay thickness and height of the fill varies independently a 

procedure for taking these variations into consideration was es

tablished.

According to figure 4 the aimed raising of ground level at 

a certain point is H (m). The thickness of the clay layer at that 

point is L (m). However raising the ground level H demands the 

height of fill F (m) as settlement s (m) will occur due to comp

ression of the clay. If the construction period is long enough and 

100 % consolidation occurs during that time s will be equal to 

the overload h m) and no adjustment of the surface will be nee

ded after the construction period.

However the full scale loading tests have shown that additional 

load, creating an overconsolidation of the clay, will be needed if 

secondary compression at an unacceptable level is to be avoided.

Figure 4. Definition of symbols for preloading

S„F

aF/U

aF

\

LOAD

SETTLEM ENT

Figure 5. Relationship between height of fill and corresponding 

settlement.
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It has been shown in the laboratory that 20 % overconsolidation 

will eliminate all secondary compression for clays whith less 

than 150 % liquid limit.

In order to achieve an overconsolidation of the clay the 

height of fill must be multiplied by a factor a > 1,25 to reach 20 

% overconsolidation. However the height of fill aF (m) must be 

even higher if the degree of consolidation, U, is less than 100 % 

at the end of the preloading. In that case aF must be divided by 

the degree of consolidation U. In this case h will become bigger 

than s and the remains of the overload has to be excavated at the 

end of preloading. See also figure 5.

The procedure for designing the magnitude of preload will be as 
follows:

1. Calculation of F

d = equivalent drain diameter

ds = diameter of zone of smear

kh = permeability in the horisontal direction os soil

kj = permeability of zone of smear

z = depth where degree of consolidation is calculated

L = length of drain if closed at bottom else half length

qw = specific discharge capacity of drain

The optimal drain spacing and degree of consolidation was cal

culated so that the cost of drain installation plus the cost of 

overload plus the cost of removal of the remains of the overload 

was as low as possible. This calculation concluded that 0,9 m 

drain spacing giving 95 % consolidation in one year was the op

timal solution.

According to figure 4 the height of fill after consolidation H is 

equal to F - h where h is the settlement caused by the load yF. 

That is; h = yF x L / MSF. This conjunction can be developed at:

F = H

where:

Mf

(m ,f -  y x l )
(3)

MSF = 100 + 11 xL + 36xF + 2 ,7 x L x F

which is the mean value of Ms over the total clay thickness

according to equation (1).

y = unit weight of the fill

2. Calculation of s„r

y x  aF x L 
s» f-  j^F

where:

M f =100 + 11 xL + 36xaF + 2 ,7xL xaF

3. Calculation of the remains of overload Ah

Ah = —  - s ^ - H  
U

note that fill should be made to the height aF/U.

(4)

(5)

5 FINAL ACTIVE DESIGN

Along with the construction a final active design will be perfor

med as more data becomes available. Based on results from a 

monitoring system of settlement and pore pressure dissipation, 

and coupled with registrations of time and magnitude of load in

creases, consolidation models will be successively refined. At 

certain intervals prognostication of final settlement and the time 

for 95 % consolidation will be made. Thus it is expected that ne

cessary adjustments of the overload can be decided at an early 

stage of construction and that the time limit of one year of prelo

ading can be kept.

Figure 6 shows the principle of adjusting the overload 

to correct a preload tending to give too slow consolidation. In 

areas where consolidation is faster than assumed the overload 

can be reduced (never applied) in the same manner.

TIME

ADJUSTMENT OF OVERLOAD

T

SETTLEMENT

Figure 6. Princip of overload adjustment.

4.2 D rain  spacing
6 REFERENCES

In areas where full primary consolidation not could be reaced 

within the expected preloading time of one year vertical drains 

were used to speed up consolidation. The average degree of con

solidation was obtained by the relation given by Hansbo (1994) 

pp 432-441:

U
, , 8 x c hxt

= 1 - e x p --------&-=-
1 fixD (6)

where.
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ch = coefficient of consolidation in horizontal pore water flow 

t = time of consolidation 

D = drain spacing

(i = In ^ - j  +  ^ - x l n f  ^  | - - ^  +  7 t x z ( 2 L - z ) x -
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