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PREFACE 

The research reported herein represents the fruits of 

conscientious work by many people for a very long time. 

This field research program is unique not only for its 

duration spanning three and half decades but also for 

the excellent cc-operation of several research insti

tutions. 

In 1965, discussions were held among Dr. Bengt Broms, 

the past Director of the Swedish Geotechnical Institute, 

Professor Ralph B. Peck and the Author with regard to 

a ca-operative research program between the Swedish 

Geotechnical Institute (SGI) and the University of 

Illinois. It was decided that the two institutions 

should co-operate and that the Author should evaluate 

the accumulated raw data and continue to investigate 

a field loading test on soft ground in Sweden under the 

auspieces of the Institute. 

Beginning October 1966, the Author spent much of his 

one year stay in Sweden in searching records and piecing 

tagether the various fragments of information. The field 

studies carried out during that time were also planned 

and conducted by the Author. The general direction of 

the research was set by Professor Ralph Peck with the 

concurrence of Dr. Bengt Broms. The Institute provided 

the required field manpower and equipment. In 1968 the 

Author again spent three months in making field measure

ments to supplement the earlier program. 

Dr. L. Bjerrum, then the Director of the Norwegian Geo

technical Institute, at the suggestion of Professor 

Peck, kindly served as an adviser in matters of pore 

pressure measurement and interpretation of data. 

The Author's compilation of the old and collection of 

new data as well as his evaluation of them was presented 

in 1969 as his Doctoral dissertation (Chang, 1969). The 

Author further suggested the measurement should be kept 
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continuing. Toward the end of 1979, the Author was in

vited as visiting research engineer for a three month 

study in Sweden to re-evaluate the program taking inte 

consideration the additional settlement measurements 

made between 1968 and 1977 and to make additional pore 

pressure measurements if necessary. Such measurement 

and studies were carried out . The results further con

firmed earlier conclusions made in 1969. 

This report is thus a modification and reorganization 

of the dissertation of 1969 with the incorporation of 

the ,additional field data collected during 1979 in

vestigation. The earlier intended publication of 

SGI Proceedings No. 26 scheduled for 1972 was sup

pressed and superseded by this report. The data from 

1979-1980 investigation were added in the report 

during the author's two short visits of October 1980 

and June 1981. 

The Author is impressed by and indebted to the efforts 

of the generations of the Swedish engineers who have 

been persistent in keeping the research project going 

throughout this long period. The fine tradition of 

the Swedish geotechnical profession of keeping his

torical records should be complimented. 

The Author feels compelled to share the realization 

with his fellow researchers, that the best reward a 

researeher could hope for is perhaps a set of data 

collected without any kind of prejudice, which does 

not come easily. Collection of data as accurately and 

as completely as possible is, of course, only the 

initial step towards finding the right conclusion, 

but without them no amount of subsequent theoretical 

work could do justice to their efforts. 

Linköping, Sweden, June 12, 1981 
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SUMMARY 

Two large-scale test fills were established on soft 

Swedish clay, one in 1945 and one in 1947, to inves

tigate the long-time settlement characteristics of 

the subsoil. The gravel fills rest on 11.5 m of nor

mally loaded clay overlying 2.5 m of preloaded varved 

clay. The clay is separated from the underlying bed

rock by a thin layer of sand. 

settlement reference points were established at vari 

ous depths beneath the fills and have been observed 

periodically. Observations of pore pressures were made 

in the clay layer beneath the fills and in the natural 

clay beyond their influence; the undrained shear 

strength beneath and beyond the fills were measured 

by field vane tests; and the variation in natural 

water content throughout the clay deposit were measured 

at various times. 

The observational data may be surnrnarized as follows: 

1. 	In 1968, nearly 23 years after placement of the two 

principal fills, the pore pressure near mid- thick

ness of the consolidating layers was still only 

slightly diminshed. Again in 1979, 11 years later, 

pore pressure measurements made under the fills 

still indicated a similar existence of excess pore 

pressure. 

2. 	The undrained shear strengths near mid-thickness of 

the clay deposit showed no significant increase in 

1968 but by 1979, a remarkably significant increase 

was measured . 

3. 	The subsurface reference points beneath both fills 

indicate that significant vertical compression has 

taken place near mid- thickness of the consolidating 

layers. 

4. 	The water content of t he soil near mid-thickness o f 
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the consolidating layers has significantly decreased. 

Furthermore, the vertical compression calculated 

from the observed decrease in water content earre

sponds closely to that observed by means of the sub

surface settlement observations. 

5. 	The remolded shear strengths near mid-height of the 


consolidating layers showed an increase as of 1967; 


the intact undrained strengths as measured by field 


vane increased as of 1979. 


The presence of pore pressures almost equal to the 

stress eaused by the present weight of the fill and the 

lack of increase of undrained shear strength are com

patible observations. Similarly, the observed decrease 

in water content near mid-thickness of the deposit and 

the observed vertical compression which form the re

maining pair of observations are also in themselves 

.compatible. The two pairs of findings, however, are 

completely incompatible with each other on the basis 

of 	conventional concepts of the process of consoli 

dation. 

It is suggested that the small distortians of the sub

siding deposit have eaused a breakdown of the clay 

structure. Consequently, additional stress has been 

thrown onto the pore water. By this mechanism, a self 

induced pore water pressure is created that accounts 

for the lack of increase of shear strength for a lang 

time in spite of the decrease in volume of the soil. 

Near mid-thickness of the clay beneath the test fills, 

the rate of development of the self-induced pore 

pressure appears to be approximately equal to the rate 

of dissipation. 
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Tv time factor 

t time 

U degree of consolidation 

u excess pore pressure 

~u change of excess pore pressure 

w water content in percent of dry weight 

WL liquid limit 

wp plastic limit 

y unit weight 

Pw unit weight of water 

Ps unit weight of solid constituents 

~ increment 

Ei initial compression, Ec = consolidation com
pression, Es = secondary compression 

E normal strains in x,y,z direction or com
pression per unit thickness 

a normal stress 
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T shearing stress 
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1. INTRODUCTION 

Conventional methods of predieting the magnitude and 

rate of settlement based on Terzaghi's (1923) consoli

datian theory have been used for about half a century, 

but the validity of the theory has been checked only 

in the laboratory and in some short-term field leading 

tests. The true mechanism invalved in the process of 

consolidation, both primary and secondary, is difficult 

to follow in the field since the process sometimes 

takes longer than one individual's life span. Case 

history studies, therefore, are usually limited by 

lack of information concerning the conditions in the 

beginning. 

The Swedish Geotechnical Institute undertock a field 

leading test in 1945 near the village of Upplands 

Väsby, north of Stockholm, in connectionwith the 

selection of a site for an airport. The airport pro

ject was eventually abandoned but the leading test 

continued. The test began with the intention of ob

taining all pertinent data required for prediction of 

settlement behaviour on a long-term basis. Because of 

the long duration of the test, some individuals orig

inally in charge of the test shifted to other projects 

and the Director of the Swedish Geotechnical Institute 

has changed three times between 1945 and 1966. Measure

ments on the test fills were made from time to time 

but collection of data was intermittent. When interest 

in the project waned during the early fifties, the 

records became sernewhat incomplete and fell more or 

less inte disarray. Nevertheless, this test remains 

unique on account of its long duration and its reason

ably continuous records. 

In 1957 another load test was started on a site at Skå

Edeby, 25 km west of Stockholm, again in connection 

with searching for a new airfield near Skå- Edeby. The 

airfield was not built either. The leading tests at 

Skå-Edeby and Väsby, however, have since become two 
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parallel programs. The Skå-Edeby test however fasb

ioned extensively after the Väsby tests . Mr. Justus 

Osterman then head of SGI dir ected the Skå- Edeby test 

with Professor Sven Hansbo in charge of f i eld and 

laborator y work . Hansbo ' s work was r eporte d in hi s 

doctoral thesis published in SGI Proceeding 18 (1960) . 

Between October 1 966 and September 1968, t he author 

researehed through the historical records , reassembled 

the data and carr i ed out an intensive field investi

gation at the Väsby site. He spent an additional 

period between October and December 1979 in directing 

a follow- up program. This report presents the results 

of record research tagether with the new results of 

1966- 1979 investigation programs. The investigations 

between 1966 and 1968 were consider ably mor e extensive 

than those during any other period , hence the test 

results wi thin this period is most complete. 

A historical "first" has been made to campare the data 

of perhaps the longest field test in the world, with 

the classic Terzaghi consolidatian theory tagether 

with the conventional assumptions that are generally 

accepted in the engineering profession . As a resul t 

of these comparisons, it appears that for the type of 

clay tested some of the conclusions drawn from the 

conventional consolidatian theory are at variance with 

the observational data for the type of clay tested. 

A hypthesis is advanced in a preliminary form to ex

plain the incompatibility of the data with theory . 

1 . 1 A Brief History of the Test 

At the end of the seeond World War , the Swedish Air 

Author i ty was required to select a site near Stockholm 

to replace the existing airport at Bromma in suburban 

Stockholm , where the runways were expected to be too 

short for intercontinental flights . At that t i me two 

sites were being considered: The Väsby site and the 

Ha l msjön site, where the present Ar landa airport i s 
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located. The Väsby site is situated in a very flat area 

c l ose to the farm of Lilla Mellösa (Fig. 1 ). 

T 


Ballic Sea 

o 102030Unköpng 
St:a/e m Kilorn.l~r• 

Fig. 1. Loaation of Lilla Mellösa test site . 

It shou l d be emphasized that the "Väsby site " and t he 

"Lilla Mellösa site" are used interchangeably often in 

Swedish geotechnical circles. The Väsby site should not 

be construed as Skå- Edeby site which is located 20 

kilornetres to the west of stockhalm (see last paragraph 

of this chapter) . 
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The test site is located about 6.0 km northeast of the 

village of Upplands Väsby, which is roughly 30 km north 

of the city of Stockholm. For this reason, the site is 

called the "Väsby site" in this report. The Väsby site, 

being the closer of the two to Stockholm, received 

favourable consideration except for the doubtful settle

ment characteristics of the clay layer underlying the 

site. It was thought that the clay layer varying from 

10 to 15 metres thick over the bedrock could cause 

excessive settlements of the runways. The Halmsjön 

site was later judged to be more suitable; it will 

not be discussed here because it is beyond the scope 

of this study. 

In 1936, the Head of the Swedish Geotechnical Institute, 

Mr Walter Kjellman, invented a method of inserting card

board drains inta a clay stratum (PLATE IA) to speed up 

consolidatian (Kjellman, 1948). The method seeros to have 

been developed at the same ti1ne when Porter was re

introducing the concept of using sand drains (Porter, 

1936), which was developed earlier by Moran (1928). 

Kjellman suggested that with the aid of drains the time 

for consolidatian could be reduced to a matter of months 

under a temporary overloading, and thus the field under 

the runways could be successfully preconsolidated by 

loading and unloading. There were, however, at that time 

same doubts about the practicability of this method 

which was new at that time. It was therefore decided 

to conduct a large-scale loading test in the field 

intended for it to last only a few months with the 

understanding that Kjellman's paper drains would con

siderably shorten the time required to reach the final 

settlement. It was also thought wise to invite an in

ternational authority, such as the late Dr . Karl 

Terzaghi, to act as an adviser on the feasability of 

the airport site. 
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The decision of doing a field test was put in action 

during October 1945. The site was prepared for 

the leading test by scraping off the surficial humus 

layer over an area 30 x 30 m square a 15 m thick clay 

iayer was underlain by firm bedrock intervened by a 

thin layer of sand between the clay layer and the 

bedrock. The paper drains were then inserted, but only 

to a depth of 5 m due to the limitations of the driv

ing rnachine then available. After the drains were in

serted and a number of settlement markers installed, 

gravel was placed on the testing area starting on 

October 22, 1945. Twenty-five days later, a leading 

fill 2.5 m high, had been completed. This fill is now 

called the "Drained Fill", because of the fact that 

paper drains were inserted before the load was placed. 

In the meantime, in December 1945, Terzaghi accepted 

an invitation to come to Sweden. On January 10, 1946, 

Dr. Terzaghi arrived in stockhalm and had a number of 

meetings with people cancerned with the selection of 

the airport, including the Chief Director of the 

Special Airfield Commission, Mr Gunnar Johnsson. 

Terzaghi was asked if he could, from a geotechnical 

point of view, recommend the a ir field being located 

at Väsby. He inspected the site on January 15 (Plate IB) 

and made an examination of the upper soil profile in a 

trench about two metre deep prepared for this purpose. 

On January 16, 1946, Terzaghi submitted a report 

(Appendix 1) in which he predicted that the construc

tion of· runways on the Väsby site would be followed by 

progressive warping of the runways due t o long-term 

secondary consolidatian of the underlying clay. While 

Kjellman ' s method of preconsolidating the area by over

leading was sound in principle, Dr. Terzaghi commented, 

the initial overload, in relation to the final permanent 

load, that might be required to eliroinate all harmful 

secondary consolidatian effects could not be predicted 

by the state of knowledge at that time. 
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PZate lA . Maahine for inserting paper drains , 
designed by KjeZZman. 

PZate 18 . KarZ Terzaghi at the test site. 
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Terzaghi recommended, firstly, to reject the Väsby site 

as a feasible airport site, at least for the time being. 

In addition, he suggested that sooner or later Sweden 

would be forced to build airports on soft clays such as 

those at the Väsby site. If such a situation should 

arise in the future, there would be a definite need for 

adequate field data on the basis of which one would be 

able to design not only runways but any structure of 

considerable magnitude. 

Secondly, he recommended that the field leading test, 

which had already started, should be continued. 

Thirdly, he suggested that any new leading test should 

be conducted in such a manner that it would inform the 

professional community of all the factors influencing 

the behaviour of clay under temporary and permanent 

surcharges. Forernest among these factors would be the 

secondary time effect. 

In general, all his suggestions were accepted. Accord

ing to his first recommendation, the construction of 

an airport was started in 1946 at Halmsjön where the 

foundation conditions were considered better than that 

of the Väsby site. The Halmsjön site is now known as 

Arlanda Airport. According to his seeond recommendation, 

the load tests at Väsby was continued. 

According to Terzaghi's third recommendation to campare 

tests with and without the paper drains, another lead

ing test omitting the paper drains was started on 

October 27, 1947, at the Väsby site and the leading 

site was completed 25 days later. The new leading fill 

had the same 30 m x 30 m in size and 2.5 m height as 

the first one. Because the drains were omitted, it is 

called the "Undrained Fill" in this report. 

The Drained Fill was unloaded between June 12 and June 

26, 1946, according to Kjellman's original plan. The 

unloading consisted of the removal of 80 cm of gravel 
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from the top of the fill. The removed gravel was spread 

over another area to form a new loading fill 30 x 30 m 

square and 0.3 m high, a fill known as the "0.3-m Un

drained Fill". This was done before the Undrained Fill 

was started in October 1947. 

The Undrained Fill was not unloaded. It was, however, 

more carefully instrurnented than the Drained Fill in 

light of the experience from the Drained Fill. This re

port thus includes the history and the findings of al

together three fills, the relative locations of which 

are as shown in Fig. 2 a nd in the aerial photograph 

in Fig. 3. 

FILL 

14/300 

/
' ORIGINAL SETTLEMENT MARKER$ 

o AT GROUNO SURFA(:l;: 
x 2 m DEEP 

O S m OEEP 

JQcm 	UNDRAINED FI LL 
(JUNE 1946) 14/250 

o o 
ID 
;;; 

O 5 	 10 15 20m 

14 / 200 

Fig. 2. Location of thPee Zoading fiZZs . 
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Fig. 3. Aerial photograph of Väsby test site. 

Measurements on all the fills were made. However, when 

interest in the project waned during the early fif 

t i es , the r ecords became samewhat incomplete and f el l 

i nta disarray. In 1957 a new test was start ed on a 

site at Skå- Edeby , 25 km west of Stockholm, hence the 

leading test at Lilla Mell ösa, Väsby had since be

come one of the two paral l el test programs under the 

direction of SGI. The planning of t he Skå-Edeby test, 

however , was benefit ed extens i vely by the experience 

gained at the Väsby tests. 

An intensive investigat i on at Väsby was re i ntroduced 

starting from October 1966 to September 1968 under t he 

d irection of the Author. The historical events of t h e 

test t aget her with the resul ts of recent i nvestigation 

programs incl uding those done in 1 979 are reported in 

detail in subsequent chapters. The results of the in

vesti gations made between 1966 and 1968 are presented 

in more detail than those obtained during any other 

period , since the progr am of investi gation carried 

out i n this particular period was more comprehensive. 
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The other load test at Skå-Edeby begun in 1957, similar 

but quite different in many respects from Väsby were 

described earlier by Hanbo (1960) and again by Holtz 

and Broms (1972). On account of the occasional con

fusion it must be emphasized that the Väsby and Skå

Edeby tests are two different load tests and are 

located at different sites. 

2. GENERAL GEOLOGY OF THE AREA 

Geographically, Sweden is a part of the Scandinavian 

peninsula bordered by the Baltic sea on the east and 

by the North sea of the Atlantic Ocean on the south

west. Geologically, the terrain has developed mostly 

on moraine and rock. Parts of it, however, are covered 

by soft sediments of both glacial and postglacial origin. 

The Väsby site is situated in the eastern part of Sweden 

(Fig. 1) where the history of the Baltic sea played a 

major role. During the glacial epoch the Baltic sea was 

alternately blocked and unblocked from the Atlantic. 

When the sea was blocked and the ice was melting, the 

Baltic Sea was, time and aga in, an inland fresh water 

lake (Fig. 4). Onl y when the blockage melted did the 

sea water from the Atlantic invade the lake and the 

salt content in the Baltic Sea increase to a point 

where sea life could begin to flourish. 

As the glaciers melted at the end of the Pleistocene 

epoch, the earth's crust began to rebound; even today 

Sweden is rising, and in the Stockholm area a rate of 

between 0.4 and 0.5 m per hundred years is reported. 

The melting water deposited mate rial as the glacier 

retreated northward . The soft deposit on the east coast 

of Sweden, overlying rock of Precarnbrian Age, is at an 

average of ten metres but depth of up to 30 m has been 

reported. 
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The Väsby load-test site at Lilla Mellösa, about 30 km 

north of Stockholm, is a very flat ground about 7 m 

above sea level. The area, in general, is a clay-filled 

basin in bedrock. The clay sediments were formed during 

the Quarternary glacial and post-glacial period. All 

around this basin, crystalline bedrock - granites and 

gneisses - rises in the form of small isolated out

crops; within the basin the bedrock falls to a maximum 

depth of about 20 m below the even surface of the soft 

Pleistocene sediments . High ridges and knobs of bed

rock have also been found, some almost reaching the 

surface. Apparently the rock surface is very uneven 

in the general area. Most probably, the basin in bed

rock is not a bowl closed on all sides, but contains 

a gap along fault which erosses the basin. 

NOTE:CONTOUR LINES INDICATE ISOBASE FOR THE HElGliT OF COASTLINE IN METERS ABOVE PRESENT DAY SEA LEVEL 

Fig . 4. GeoZogic history . 
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The bedrock in this general test area is covered with 

a thin layer of medium grey sand varying from a few 

centimeters to several meters in thickness. The lowest 

layer of the clay deposit, the glacial clay, is the 

accumulation of deposists from meltwater rivers during 

the retreat of Pleistocene land-ice. The upper part of 

the deposit, the post-glacial clay, is the redeposited 

product of the same clay as the lower deposit, when 

waves and stream waters eroded the former sea bottom 

after the upheaval of the land. 

The glacial clay situated in the lower part the deposit 

is typically varved with alternating brown and grey 

colours. The grey layers are probably the annual de

posits of material when oxygen was not available, where

as the brown layers are probably the deposits formed 

when the water was relatively fresh. The colour of the 

post-glacial clay gradually changes from grey at the 

bottom to green-black at the top. The darker the clay, 

the higher the content of sulfides. The sulfides are 

thought to be derived from protein-rich organisms which 

were present when the post-glacial sediments were de

posited and redeposited in stagnantoxygenfree water. 

The bottom layer of the glacial clay was deposited 

about 7900 B.C. The lower part of the post- glacial 

material with characteristic grey col~ur is thought 

to have been formed during the Ancylus Lake time. The 

upper part of the post-glacial material with its 

characteristic green-black appearance is thought to be 

a deposit of the Litorina sea time. 



27 

3. SITE CONDITIONS 

The general area of the test site is shown on the 

aerial photo in Fig. 3. The site was investigated ex

tensively as part of the feasibility study for the air

port. Soil borings were made before the befinning of 

the first long-term loading test in 1945. The general 

soil profile consists essentially of two formations, 

post-glacial and glacial. 

The post-glacial soil is principally a sulfide-rich 

deposit of plastic clay containing up to 5.4 % of or

ganic colloids . The glacial clay is generally varved. 

The post-glacial clay can be devided into three layers 

(Figs. 5 & 6). The division of layers cannot be exact 

and the soil profiles under the two last fills vary 

slightly as shown in the figures. 

In general, the uppermost layer, except the dry crust, 

has an extrernely high liquid lirnit (between 120 % and 

130%) and water content (between 110 % and 130 %) . On 

account of organic origin it has a characteristic 

brownish-grey colour . The upper half-metre of it is 

slightly crusty because of desiccation. The rniddle 

layer, between 2 and 7 m, is greenish-black (Plate II 

& III) with an extrernely high sulfide content occasion

ally containing rnany shells (Plate IV) . The bottorn 

layer of the post-glac ial clay, between the depths of 

7 and 10 m, is characterized by its uniform, pale grey 

colour. It has a lower liquid lirnit than either of the 

overlying layers. For the sake of sirnplicity, the three 

layers will be referred to as the brown clay, the black 

clay and the grey clay, or layers 1, 2 and 3, respect

ively. In fact, there are no distinct boundaries be

tween the layers. All three are very similar e x cept 

that the colours gradually shade from grey-brown, to 

grey-black, then to light-grey as the depth increases. 

The glacial clay which underlies the post-glacial 

deposits is rnainly a varved clay of grey and pale brown 

colour. 
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Plate 11A(Left) . Specimen from a 
foil sample split longi
tudinally . Note the blotahes 
of sulfide-rich clay. 

Plate 11B(Above) . Cross - seetian of a 
piston sample cut by a wire 
saw . Note the blotch of 
sulfide - rich clay. 

Plate 111(Left). Details of split 

open foil sample . 


Plate 1V(Above) . Typical shells pres 
ent in layer 11 in the pro
file in Figs . 5 and 6 . 
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A generalized summary of the soil properties of the 

soil profLle of Väsby clay is shown in Fig. 7 including 

organic contents obtained by a method described in 

Talme & Alm~ns 1975 manual. The Atterberg limits are 

as plotted on plasticity charts shown in Fig. 8. The 

typical permeabilities and the 	grain-size distributions 

of the several strata of the deposit are shown in Figs. 

9 & 10 respectively. 

A 	permanent benchmark was installed at the test site 

for levelling purpose by driving a steel rod to refusal 

into the bedrock. 

Groundwater levels were measured periodically in several 

bore holes outside the fills. 
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4. DESCRIPTION OF FIELD AND LABORATORY TESTS 

4.1 General 

As described in Chapter 1, the first load test , which 

consisted of 2.5 m of gravel begun on October 22, 1945, 

was made after the clay layer had been penetrated to 

5 m depth by paper drains; hence, it is called the 

Drained Fill. The seeond major load-test fill of the 

same height was begun two years later, on October 27, 

1947, without paper drains; hence it is called the 

Undrained Fill. In spite of this terminology, the ex

pression Undrained Fill does not in any way imply that 

the dissipation of pore pressure under this fill was 

prevented. 

On June 12, 1946, the load on the Drained Fill was re

duced to 1.7 m height by removing 80 cm of the gravel. 

The removed material was used to form a third fill, 

also without paper drains. The third fill was only 30 

cm high, hence called the 0.3 m Undrained Fill or the 

30-cm Fill. 

In the description of the field test procedures, events 

are presented chronologically. In other words, the 

Drained Fill is described first, the 30-cm Fi ll next, 

and the Undrained Fill l a st . 

In the study of the test results in subsequent chapters, 

however, chronological order is not necessarily followed. 

Since the Undrained Fill was the first to be investigated 

during recent years, it is frequently mentioned first. 

For this reason most of the figures are arranged accord

ing to the order: (1) Undrained Fill, (2) Drained Fill, 

(3) 30-cm Fill. 

4.2 The Drained Fill and the 30-cm Fill 

Work on the Drained Fill, which measured 30 x 30 x 2.5 m, 

was begun on October 22, 1945. The clay deposit under

lying this area was approximately 13 m (Fig. 5) thick . 
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Before the gravel fill was placed, three preparatory 

measures were carried out. First, the surficial humus 

material was scraped off to a depth of approximately 

10 cm. Second, Kjellman's rnachine in its first edition, 

as described in his paper (Kjellman, 1948), was used 

to insert cardboard paper drains to a depth of 5 m at 

a spacing of 0.7 m. Thirdly, settlement monitoring 

devices were established within the test area as well 

as in the ground outside of the test area. Within the 

test area, markers were set both at the surface of 

the scraped ground and at a depth of 5 m as shown in 

the plan and the profile in Fig. 11. The intention 

was that by placing the markers at the two levels the 

total amount of compression of the upper 5 m could be 

determined. Three types of settlement markers were 

used: 
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The first type of settlement markers was that placed 

on the ground surface. It consisted at the beginning 

essentially of a square steel plate with a vertical 

rod welded perpendicular to the plate. Later on (1951) 

a flexible, longitudinally cornpressible tube similar 

to those used for vacuurn cleaners was placed around 

the steel rod to reduce the friction of the surround

ing gravel on the rod. 

The seeond type of markers consisted of a broad

leafed screw with a small pitch connected by ene-milli

metre strainless piano wire to a systern of pulleys 

above the ground. The marker's rnovernent was indicated 

by gauges installed above the gravel fill. A protective 

pipe was placed around the steel wire to permit its 

free rnovernent without hindrance from the surrounding 

grave! and natural ground. This type of marker proved 

to be unsuccessful since the pulley and gauges rusted 

after a period of time; hence, rnonitoring of marker 

rnovernent by the wire and pulley systern was discontinued . 

The third type of markers consisted of a vertical steel 

rod, 19 mm in diameter, with a broad-leafed screw at 

its lower end similar to the enes reported by Hansbo 

(1960). The steel rod was protected by a corrugated 
and flexible sleeve. The sleeve was attached to the 

lower end of the steel rod. An outer rigid steel pipe 

which had been loosely fitted to the rod protected the 

flexible tube during driving of the marker. The outer 

steel pipe, connected at its lower end to the rod by 

a bayonet clutch for transmitting the torque from the 

top, a l so faci l itated driving the markers. When the 

assernbly was screwed to the desired depth, the outer 

rigid pipe was first disengaged from the rod and then 

withdrawn. The top of the rod protruded above the 

future gravel fill to facilitate settlement observa

tions. The outer sleeves appear to have been success

ful in preventing the settling soil from hanging onto 

the rod and dragging it downwards. 
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Additional markers of the third type were later in

serted down to elevation +3.10, i.e. approximately to 

the mid-depth of the paper drains. The arrangement of 

the new settlement markers is shown in Figs. 5 & 11. 

The settlement markers of the piano-wire type are 

omitted from the figure for the sake of clarity. 

Observation points for ground water levels were estab

lished both within and outside the test area. water 

levels were measured periodically in several bore

holes outside the fills. The average of ground water 

fluctuation are shown in Fig. 12. There are years 

when no measurements were made which are shown by 

dotted lines. 

Thirty metres away from this test fill the settlement 

of the natural ground or , in other words, the earn

pression of the clay stratum in its natural state with

out surcharge, was measured as a control by placing 

markers at the ground surface and at depths of one and 

three metres below the ground surface. The exposed 

parts of the rods connected to the markers below were 

protected against temperature variation by insulation. 
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The ground itself was also protected by thick insula

tion against frost action. The records of compression 

of the natural ground are sumrnarized in Fig. 13. Con

tinuous readings during the first few months demonstra

ted that the compression of the natural clay stratum 

without surcharge was insignificant and hence routine 

procedures for continuous readings were subsequently 

discontinued . 
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After the paper drains were inserted in the ground 

and the settlement markers placed at their desired 

locations, the gravel fill was placed . The western 

half of the fill was placed by free dumping without 

cornpaction, while the eastern half was cornpacted after 

dumping. As a result of the rnethod of placernent, the 

western half of the fill was slightly higher than the 

eastern half. However, the rnagnitude of the load on 

the whole area was believed to be the same. The unit 

weight of the gravel fill in its uncornpressed state 

was deterrnined to be 1 . 7 t/rn 3 • 

Half a year after cornpletion of the gravel fill on the 

Drained Fill (June 1946), 80 cm of gravel were rernoved 

from the top of the fill as Kjellman had originally in

tended. It was believed that the period of leading had 

been sufficient to overconsolidate the clay with respect 

to the rernaining leading fill and thus to eliroinate any 

further settlement, prirnary or secondary, that rnight be 

due to the rernaining leading fill. This belief proved 

to be incorrect (as will be described in subsequent 

chapters) inasrnuch as the settlement continued, albeit 

at a slightly reduce d rate. 

The material unlo aded from the Drained Fill was used 

to form the 30-cm Undra ined Fill, 30 x 3 0 x 0.3 m, 

located approxirnate ly 20 m away from the Drained Fill 

as shown in Fig. 2. Five settlement markers were placed 

at ~he ground surfa ce through the gravel fill and an 

additional marker of the rod and screw type was placed 

5.0 m below the ground surface at the center. Excess 

material rernoved from the Draine d Fill was discarded. 

The arrangement of the settlement markers for the 30

crn Undrained Fill is shown in Fig. 14. The rneasurernent 

on this fill started in June 1946 and ended in September 

1968. The fill had experienced no settlement during the 

life of the load t est. 
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On October 2, 1947, 710 daysafter the beginning of 

the load test, the settlement markers at the 5-m depth 

under the Drained Fill were replaced by new ones. On 

January 29, 1949, 11 95 days after the beginning, new 

markers were added at the 4-m depth as shown in arrange

ment of settlement markers in Fig. 11 and in soil pro

file in Fig. 5. 
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4.3 The Undrained Fill 

Two years after the beginning of the Drained Fill, the 

Undrained Fill, 30 x 30 x 2.5 m (Fig. 2), was construc
ted by loosely dumping gravel near the first two fills. 

It was identical to the Drained Fill except that it 
had no paper drains. The gravel was placed on the un

disturbed natural ground after scraping off approxi
mately 30 cm of the surficial hurnus layer. The depth 
of scraping was slightly deeper than that under the 

Drained Fill. 

The settlement markers used in this fill were similar 

to those used earlier in the Drained Fill except that 

markers of the piano-wire type were omitted, since 
they had been proven to be unsatisfactory. Markers 
were set on the ground surface and at 2 . 0 m and 5.0 m 
depths (Fig. 15) when the Undrained Fill load test 

began on October 27, 1947. On April 12, 1949, or 533 

days after the beginning of the test, new settlement 

markers were added at depths of approximately 3, 4 and 
7 m. The exact depths of the center markers are shown 

in the profile in Fig. 6 and subsequently in Fig. 55. 

Two concrete sewer pipes 60 cm in diameter were placed 
vertically in the fill to create hales and to facili

tate future installation of piezometers, and sampling 

and vane borings in the clay beneath the gravel fill 
Later on, smaller concrete wells were added in this 
fill for sampling and vane boring purposes. 
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4.4 Field Investigations 

The main task of the field investigation consisted of 

observing the settlement of all three fills, measuring 

the pore pressures, and periodically sampling and 

testing the clay stratum, both in the natural ground 

outside the fill and in the ground under the fills. 

The investigation under the fills was done to determine 

the effect of loading the stratum, including the poss

ible increase of shear strength. 

The settlement observations were made frequently during 

the first few years following placement of both fills. 

The records were adequate for the purpose o f plotting 

the settlement curves shown in Figs. 16, 17, 18 and 19 . 

Sampling in the natural ground outside the fills was 

done with common Swedish piston samplers (Type SGI IV) 

in 1947, 1949, 1956 and 1959, and with the "standard" 

piston sampleras described by Kallstenius (1961) in 

1964 and 1967. Both sampling and vane boring were 

carried out in the clay stratum beneath the fill as 

well as in natural ground outside the fills during t he 

autumns of 1956, 1959, 1967, 1968 and 1979. The same 

vane boring equipment was used beneath and outside the 

fills to assure reliable comparisons. In the 1967 and 

1968 investigations, the equipment was calibrated every 

seeond day . Discussions of the field test results will 

be included in subsequent chapters. 
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4.5 Pore Water Pressure Measurements 

Following Terzaghi's recommendation, the Swedish Geo

technical Institute devised for the Väsby load test a 

piezometer capable of measuring the pore water pressure 

in clays of low permeability. Each piezometer consisted 

of a porous stone at the lower tip connected by an oil

filled copper pipe to a gauge placed on the ground sur

face. This type of piezometer, known as a Väsby meter, 

is described by Kallstenius and Wallgren (1956). A figure 

of it is reproduced in Appendix II. 

On June 7, 1948, two Väsby piezometers were placed be

neath the Drained Fill, one at approximately 3 m and 

one at approximately 5 m below the original natural 

ground level. Two more were established similarly under 

the Undrained Fill. They were inserted through the 

cylindrical openings created by placing the concrete 

sewer piles through the fill as described earlier. The 

two piezometers placed in the Drained Fill were label

led P1 and P2 (Fig. 20). P1 was placed at approximately 

the mid-depth of the paper drains or 2.7 m below ground 

surface, the original ground level being El. +7.11 

after scraping (Fig. 19) and P2 slightly below the lower 

tips of the paper drains or 5.4 m below the ground sur

face. The two piezometers in the Undrained Fill, P3 

and P4 (Fig. 20), were placed at depths or 3.0 and 6.0 

m, respectively below the ground surface at El. +6,84. 

Professor Terzaghi came to Sweden to inspect these 

piezometers on June 9, 1948, two days after their in

stallation (Plate IB) • 

In November 1956, the filter tips of the four Väsby 

piezometers had sunk to Elevations +4.00, +0.80, +3.60 

and +0.30 respectively, following settlement of the 

clay layer. On November 14, 1956, two shallow piezo

meters, PS and P6, were placed in the natural ground 

at 3 m depth between the Drained and the Undrained Fills. 
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Piezometer P5 was located at a distance of 4 m and P6 

at 8 m from the northwest corner of the Drained Fill 

(Fig. 20). These piezometers were of an improved type 

with rubber membrane and oil pick-up as described by 

Kallstenius and Wallgren (1956) and herein referred to 

the Swedish piezometer. A sketch of it is reproduced in 

Appendix II. On September 2, 1960, another so-called 

Swedish piezometer was added at a depth of 11 m beneath 

the Drained Fill and still another at 12.5 m beneath 

the Undrained Fill. These were labelled P7 and P8; re

spectively (Fig. 20). At the same time, the four old 

Väsby piezometers P1, P2, P3 and P4 were replaced by 

the Swedish piezometers at El. +3.61, -0.14, +3.64 and 

+0.45 m, respectively. 

In November 1964, a deep Swedish piezometer, labelled 

P9, was placed at a depth of approximately 15 m beneath 

the Undrained Fill to indicate the pore pressure vari

ation at the boundary between the clay stratum and the 

sand layer lying on the bedrock surface, location of 

which is shown in Fig. 20. 

The accuracy of the readings of the older types of 

piezometers has been subjected to careful scrutiny be

cause of the moisture-related variation of gauge read

ings and temperature effects on the copper pipes during 

reading which could all cause erroneuous results. Al

though the readings of the early Väsby-type piezometers 

on record were extremely difficult to interpret, they 

indicated a trend showing very little variation in the 

piezometric heads between June 1948 and September 1960. 

Variations of piezometric readings, particularly those 

of the newer Swedish piezometers P1 to P4 which replaced 

the old Väsby piezometers, will be discussed later in 

Chapter 5 together with change of shear strength and 

water contents. The results of the shallow piezometers, 

P5 and P6 placed outside of the fills, agree with those 
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of the other piezometers installed later to investigate 

t he variation of pore pressure with depth in t he natural 

ground. Their average readings are plotted in Figs. 21, 

22 and 23, tagether with readings from other piezometers 

installed during subsequent investigations. 
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Fig . 20. Location of SGI Piezometers . 
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The results of the Swedish piezometers at the deeper 

levels, P7, PB, P9 (Fig. 20), showed no substantial 

variati on of piezometric levels during the first year 

after their installation, therefore the readings were 

stopped after some time. The author resumed readings 

for these piezometers since 1966 and the results are 

indicated in Fi gs. 21, 22 and 23 together with other 

piezometer readings made during the 1967-68 investi

gations. 

In December 1966, additional Swedish piezometers were 

placed in the natural ground outside the Undrained Fill. 

In addition, Norwegian open-tube type piezometers (Type 

M206) were placed in and around the fill. Both the 

Swedish and Norwegian open-tube piezometers require a 

long time to stabilize after insertion, an effect comrnonly 

known as time-lag (Appendix III) . The former with its 

large porous stone tip creates a large zone of excess 

pore pressure during insertion. The latter requires the 

movement of a relatively large amount of water either 

into or out of the open plastic tube before equilibrium 

can be reached. Thus, a series of piezometric readings 

at various depths cannot be made within a limited time. 

For this reason these piezometers were then withdrawn 

and the Norwegian vibrating-wire piezometers were 

employed for their short time-lag characteristics, in 

an attempt to obtain a series of piezometric readings 

at various levels. 

In February 1967, a Norwegian vibrating-wire piezometer 

Type P600, designed by Geonor, was placed under the 

Undrained Fill 4.5 m south of its center , marked as NG 

in the plan in Appendix IV-1 . The Norwegian piezometer 

reached its stabilization in this test measurement 

within five days. Ten more Norwegian piezometers of the 

same type were therefore placed in and around the two 

fills after May 1967. These piezometers are designated 

by their serial numbers which range from 67-141 to 
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67-150, inclusive. The first two digits denote the year 

in which the piezometer was made and only the last 

three digits are shown on figures in this report. The 

locations of these piezometers are shown in Figs. 

21, 22 and 23 and Appendix IV. 

The pore pressure measurements in the seeond half of 

1967 were plagued by several difficulties . The results 

were inconclusive because, at the beginning, the piezo

meters suffered from bothersome temperature sensitivity 

resulting from the widely different coefficients of 

thermal expansion of the steel housing holding the vi

brating wire and the wire itself. Therefore , the ob

served values were functions of temperature variation 

rather than changes in pore pressure. Another diffi

culty incurred in the use of the Norwegian piezometers 

was the weakness of the pencil-shaped porous - stone tip 

which had been used to avoid creating disturbance during 

insertion. It was found that the tips were too weak to 

stand the force required to push the piezometers to the 

desired location in the clay stratum. All the tips were 

broken sooner or later. Furthermore, the piezometers 

tended to become stuck at a particular location if they 

were left in place for a week or longer and could not 

be removed without heavy equipment. 

The difficulties encountered in using vibrating-wire 

piezometers were later overcome by corrective work done 

at the Norwegian Geotechnical Institute. The temperature 

effect was reduced to a minimum by making the housings 

of another type of steel manufacture d by the Svens ka 

Metallverken (Swedish Metal Works) i n Stockholm. Break

age of the filter tips was avoided by using a filter 

tip 32 mm in diameter which was strong enough to with

stand the load required for insertion . The 32-mm tip 

created a relatively larger zone of disturbance than 

the porous pencil tip, but pore pressures created 

during insertion could usually be dissipated within a 

period of 3 to 5 days. A typical curve showing the 

dissipation of pore pressure with time after insert i on 
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is shown in Appendix III. The average installation time

lag is seen to have been four days. If a period of a 

week after insertian was allowed, the pore pressure 

created during insertian usually dissipated. For this 

reason, the Norwegian vibrating-wire piezometers were 

normally kept at one location for a week after inser

tian, before they were read and subsequently pushed to 

deeper levels. During the pore pressure measurements 

it was found that the use of a proper de-airing pro

cedure for both the Norwegian and Swedish piezometers 

was important in obtaining accurate results. 

The reason for measuring pore pressures simultaneausly 

inside and outside the fills was to provide direct earn

parison so that excess pore pressure under the fills 

could be computed by subtraction. In general, the pore 

pressures outside the fills appeared to vary hydrostat

ically with depth below the elevation of water table. 

In other words, no excess pore pressures were found in 

the virgin ground beyond the immediate vicinity of the 

fills. 

In addition, in order to monitor possible seasonal 

changes of pore pressure in natural ground, stationary 

vibrating-wire piezometers were placed at fixed elev

ations both inside and outside the fills and periodic 

readings were made. Meter (67)145 wasplacedunder the 

Drained Fillon April 30, 1968 at the location and 

elevation shown in Fig. 23 and remained until July 

1969. Meter (67)150 was placed 3m west of the Drained 

Fill and remained at Elevation -4.3 between March 13 

and June 11, 1969 (Appendix IV-3). Meter (67)147 re

mained in a stationary position 0.5 m west of the Un

drained Fill near the bottom of varved clay deposit 

(Appendix IV-2) from March to July 1969. These station

ary piezometers were read approximately biweekly 

since their installation but no detectable fluctuation 

of pore pressure was found. Thus, the pore pressures 

measured under the fills represent the true excess pore 

pressure unaffected by seasonal water table fluctuation. 
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Typical results of pore pressure measurements made for 

the three test fills during the period between 1967 

and 1969 are shown in Figs. 21, 22, 23 and 24 and 

others are included in Appendix IV. Each point re

presents one measurement at the elevation and the 

dates indicated. The elevations indicate the locations 

of the filter tips at the time the pore pressure 

measurements were made. Since each clay layer had 

been displaced downward by settlement, the elevations 

shown are not the original elevations before settle

ment. In the final evaluation of the pore pressure 

results, however, corrections were made to show the 

pore pressures of clay layers at their original 

elevations before settlements occurred. The summary 

of excess pore pressures under the Undrained and 

Drained Fills are shown in Figs. 25 and 26 respect

ively. The details of field data are either in Figs. 

21, 22, 23 and 24 or in Appendix IV. The discussion 

of the validity and meaning of the results of the 

pore pressure measurements will be included in later 

chapters. 
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4.6 Laboratory Investigations 

The soil samplestaken from boreholes made in 1947, 

1 949, 1956, 1959 and 1967, bothin the natural ground 

and under the fills, were tested in the laboratory to 

determine the Atterberg limits , water content, com

pressibility characteristics , sensitivity, and organic 

content. Prior to 1966, all samples were taken through 

the concrete sewer-pipe. Subsequent to 1966, f~esh bore 

holes were drilled to get new samples. Summaries of the 

results are shown in Figs. 7 and 8. The results of 

permeability and grain size analyses are shown in 

Figs. 9 and 10, respectively . 

The Swedish standard piston sampler (SGI 1961) was used 

for taking undisturbed samples both from the natural 

ground and from deposits under the fills. Continuous 

samples taken during 1968 by the Swedish foil sampler 

(Kjellman et al, 1950) were extremely valuable in the 

determination of the boundaries of various clay strata 

so that when the properties of clays from both inside 

and outside the fills were compared, exactly correspon

ing strata could be matched. In determining the water 

content at 2.5 cm intervals, the continuous foil sampler 

was also an effective tool. The locations of boreholes 

for both standard piston samples and continuous foil 

samples are shown in Fig. 27. 

Consolidemeter tests were made on standard piston sam

plestaken in 1967, bothinside and outside the fill 

areas. The samples were placed in a ceramic or porce

lain cederneter ring, 49.9 mm in inner diameter and 20 

mm in height, and t ested according to conventional pro

cedures. The ceramic rings were expected to experience 

less variation of dimension due to temperature changes 

than other materials. To reduce friction, the interiors 

of the rings were smeared with molybdenum sulfide 
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(Rocol Ltd., Leeds, England). At the beginning of the 

tests, load increments of ~o/o varying from 0.5 to 1.0 

were used. The arrangement of the cederneter is shown in 

Plate V A. 

N 06701 

SYMBOLS: 

o STANDARD PISTON SAMPlER 
@ CONTINUOUS FOIL SAMPLER 

THE RRST TWO FIGURES 
DENOTE YEAR OF SAMP 
LING. 

79)1 
o 0 6703 

O 5 10 15 20m 

Fig . 2?. 	 Loaation of boreholes (196?- 1969) . 
(The first two digits of the bore
hale number s indieate the year the 
borings were made) . 

The results of cederneter tests on clays from natural 

ground are shown in Figs. 28, 29 and 30. The solid line 

in Fig. 28 shows the plo t o n the ba sis o f e nd o f pri

mary consolidatian a s defined by log t plot, the middle 

dotted line shows the end points a f ter the load in

crement r e ma ined in the sample for a 24-hour period and 

the lowe st dotted line shows the rebound for e a ch load 

increment after 24 hours. 
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PZate VA . 	 TypicaZ arrangement of oedometers . 

PZate VB . 	 Oedometer with ring- frietian 

measuring device 
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Side frietian from the oedometer rings was determined 

by placing a transducer at the bottom of the oedometer 

to measure the actual load at the bottom of the oedo

meter filter stone. In the analysis the difference be~ 

tween the load applied at the top and the load measured 

at the bottom was considered to be the load taken up 

by ring friction. The fr i etian measurement assembly is 

shown in Plate V B. The frietian on the ring thus de

termined appeared to be significant and varied depen

ding on the shear strength of the material and the load 

increment applied at the top. Typical measurement re

sults are given in Appendix VI. If the pressure a was 

taken as the average of the pressures between the top 

and the bottom, the e -logo curves for materials at 

various depths after correction for ring frietian can 

be plotted as shown in Figs. 31a, 31b, 31c and 31d. 

It was found that ring frietian correction does 

not materially change the basic parameters derived from 

oedometer test carried out according to convent ional 

procedures. 
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In every consolidatian test henceforth the load in

crements were left on the sample for 24 hours. Typical 

results without ring correction are shown in Figs. 

32 and 33. Compression dial readings were plotted 

against log time, (Fig. 34) but it was found to be 

difficult to ascertain the end point for 100% primary 

consolidatian from these curves. For this reason, the 

point marking the end of primary consolidatian was 

sometimes deduced from the square-root-of-time plot 

(Fig. 35) which appear to give better-defined points 

for the end of primary consolidation. The e-logo 

curves based on primary consolidatian were thus ob

tained. (A typical square-root-of-time plot is shown 

in Fig. 35.) Sometimes, however, even the time-con

solidatian curves plotted on a square-root-of-time 

scale did not display well-defined demareatian points 

between primary and secondary stages. Hence, for all 

consolidatian tests the e-logo curves were plotted on 

the basis of both the end points of primary consoli

datian and the end points after an arbitrary time 

interval of 24 hours, the former by solid lines and 

the latter by dotted lines. They are shown in Appendix 

V. It appears that, for all tests reported, the pri

mary consolidation, as conventionally defined, were 

completed in the oedometer within 24 hours. The pre

consolidatian loads (ocl derived from e-logo curves 

plotted both on the basis of primary consolidatian 

and on the basis of 24 hour tests are surnrnarized in 

Fig. 36. It appears that the difference between the 

two values is not very large. 

The cv values, computed on the basis of the end of pri

mary consolidatian as determined from the square-root 

time-compression curves, are shown in Fig. 37. The pre

consolidatian loads derived from the conventional e-logo 

curves are surnrnarized and plotted tagether with the soil 

and natural pore pressure profiles in Fig. 38. The small 

preconsolidation loads shown by the black post-glacial 

clay might be what Bjerrum called "Quasi preconsolidation 

loads" resulted from ''Delayed consolidation" (1967). 

The term "Delay consolidation" was used to denote the 

final phase of the settlement or void reduction in clay 

which occurs under eonstant effective stress. 
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In 1967, a series of oedometer tests for samples from 

the centers of both Drained and Undrained Fills was 

carried out to determine the change in preconsolidation 

loads before and after the 22 years (1945-1967) of 

loading. The void ratio-log pressure curves for these 

samples from both preloaded and natural clay deposits 

when plotted together (Appendix V) clearly showed that 

the samples from the clays beneath both fills were 

preloaded, especially the samples from the upper 

layers under the Drained Fill. 

A large sample (80 mm diameter) was taken earlier in 

1967, approximately 20m north of the Undrained Fill 

at a depth of 3.5 m. The sample was hand-carried to 

the Norwegian Geotechnical Institute where it was 

tested in the Institute's (80 mm diameter) oedometer 

specially equipped for pore pressure and ring friction 

measurements. The results are shown by graphs in Figs. 

39a, 39b and 39c. It is seen from the graphs that cv 

values obtained from the small (50 mm diameter) oedo

meter tests and those from the large (80 mm diameter) 

tests differ, but they are probably close enough for 

practical engineering purposes. Larger samples are 

obviously more representative of the field conditions 

for r e search purpose. 
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S. 	 STUDY OF TEST RESULTS 

S.1 	 A General Comparison of the Behaviour of the 


Undrained and Drained Fills 


As of 1 968, both the Undrained and Drained Fills were 

still settling at appreciable rates: the Undrained at 

2 cm per year and the Drained at 1.S cm per year. This 

trend is continuing as of 1979. During the first year 

after leading, the Drained Fill settled much more 

rapidly than the Undrained Fill because of the paper 

drains. After the first year, however, the Drained Fill 

was unloaded by removing 80 cm of gravel and the rate 

of settlement of the ground surface reduced somewhat, 

although it did not come to a stop as Kjellman had 

expected (Fig. 17). Subsequent to the unloading, the 

settlement rate of the Drained Fill has become less 

than that of the Undrained Fill for a comparable period 

of time. But the reduction of the settlement rate is 

due not only to unloading but also to the expedition 

of consolidatian by the use of paper drains. The upper 

S m of the clay layer under the Drained Fill, inta 

which the paper drains penetrated, have never indicated 

any excess pore pressure as far as could be detected 

by the pioneering type of Swedish piezometer here-in 

called Väsby pore pressure meter, labelled as P1. Thus, 

there is no evidence that the paper drains did not 

work; it is probable that they performed the primary 

functions of dissipating pore pressure as they were 

designed to perform in accordance with the inventor's 

expectations. 

The total settlements of the ground surface beneath 

the two fills as of 1977 are approximately of the same 

order despite the unloading of the Drained Fill . From 

the pressure diagrams corresponding to the load today 

(1980), it is difficult to say whether the Drained Fill 

is in a more advanced stage of consolidatian than the 

Undrained Fill. Since the Drained Fill has a smaller 

load at present, it may settle less than the Undrained 

Fill when all consolidatian is completed. On the other 

hand, the paper drains may cause an increase in total 
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settlement of the Drained Fill eaused by the disturb

ance of the clay structure associated with the insertian 

of the drains. 

The degree of disturbance of the clay structure from 

the i nsertian of the paper drains cannot be evaluated 

because the experience is complicated by the removal 

of 80 cm of the Drained Fill after the first year. Even 

if the settlement of both major fills should cease, it 

would still be difficult to tell how much additional 

settlement the paper drains had caused. The only de

finite conclusion that can be drawn from a comparison 

of the Drained and Undrained Fill is that the paper 

drains did hasten consolidatian during the first year 

of leading. The paper drains seem to have performed 

their expected role of carrying water away from the 

clay deposits. 

A comparison of the water contents, compressions and 

shear strengths of the comparable layers of clays unde: 

the two fills for the first eight years (Figs. 40a, 

40b and 40c) provides some evidence that the clay under 

the Drained Fill may have gained strength at early 

stages faster than that under the Undrained Fill until 

the shear strengths reached certain magnitudes. Then 

the strengths of the clay layers under the Undrained 

Fill either have caught up with those under the Drained 

Fill or still is in the process of doing so. The earn

parisons of two shear strength profiles before and 

after load tests are shown in Figs. 41 and 42. Vane 

shear test results at earl y stages and during inter

mediate years were too scanty to p r ovide definite 

proof. However , as far as can be determine d from what

ever vane shear strengths available, there is little 

evidence that the paper drains had destroyed the struc

ture or reduced the s hear strength of the clay stratum 

below the Drained Fill. 
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For the two major fills, time-settlement curves have 

been plotted on arithmetic time scales (Figs. 16 and 

17) as well as on log time scales (Figs. 18 and 

19). Each of the major fills was constructed with-

in a period of 25 days. In other words, it took 25 

days to build up the required uniform intensity of load 

and, during this period, the load was neither uniform 

nor constant. It is not possible, therefore, to assign 

an exact date to the beginning of the consolidatian 

process. However, since the Drained Fill was substan

tially completed by the 20th day and the Undrained Fill 

by the 25th day, counting from the beginning of the 

filling operation, these days were arbitrarily desig

nated as the zero days or the beginning of the load 

tests. Thus, in the log time-settlement plots, the 

settlements occurring before the 20th day for the 

Drained Fill and 25th day for the Undrained Fill are 

considered as initial compressions and those occurring 

afterwards as the consolidatian settlement. 

Unit compression (Compression in centimetre per metre) 

is plotted against a log time scale in Figs. 43 and 44. 

Since some of the settlement markers were added a few 

years after the load tests were begun, such as the 

marker at depth 7.29 m (Fig. 43), the earlier portions 

of the compression curves had to be reconstructed. 

The reconstructed portions are shown by dotted lines 

and crosses. The reconstructions probably represent 

fairly well what actually went on in the clay layers 

since the curves are not only extrapolated backward 

toward the beginning from actual measurements, but are 

also pieced tagether in such a way that the unit earn

pression curves and absolute settlement curves (Figs. 

16, 17) bear a logical relationship to each other. 
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5.2 	 settlement Analysis 

5.2.1 	 ~es~!t~~~-Qi_§~tt1~~~~t-~~e1Y~~~-~~~Q~~!~g_tQ 


gQ~Y~~!!Q~e!_~~!hQ~§ 


Conventionally, settlement in clay is considered to be 

camposed of three parts: 

~ = ~. 	 + ~ + ~ 
l c s 

where the subscripts i, c and s denote initial, consoli 

datian and secondary compressions, respectively. The 

initial compression can be estimated from empirical 

relationships by assuming that no dissipation of pore 

pressure occurs and that the clay behaves as if it were 

an elastic medium. The consolidatian compression is 

usually predicted on the basis of oedometer tests. No 

reliable procedure is available for predieting second

ary compression, No one single mechanism can represent 

secondary compression and its behaviour is not yet 

clearly understood although many theories are being 

discussed. 

5.2.1.1 Initial settlement 

As described in Section 5.1, it took 20 and 25 days 

respectively to construct the Drained and Undrained 

Fills. During this period, the ground surface beneath 

the Drained Fill settled 12 cm and that beneath the 

Undrained Fill, 6.5 cm. 

The 12-cm settlement beneath the Drained Fill could 

have been eaused by consolidation, lateral yield, or 

both. Probably only a small portion can be properly 

attributed to initial settlement. The Drained Fill 

settled faster during construction than did the Un

drained, mainly on account of the presence of the 

paper wicks including the disturbance resulting from 

their insertion. 

In the case of Undrained Fill, although the 6.5-cm 

settlement occurred during this first 25 day period 

was similarly not necessarily all initial settlement, 

certainly only a very small part could be due to 
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consolidatian because of the absence of any drainage 

provisions. If 1.5 cm of the 6.5 cm total settlement 

is assumed to be the amount due to consolidatian and 

is arbitrarily deducted from the total settlement, the 

remaining 5.0 cm can be dealt with as if the clay layers 

were elastic. On the basis of this reasoning , the value 

of foundation modulus can be roughly estimated by 

Newmark's (1942) chart which was derived from Boussinesq's 

solution (1885). For an assumed Poisson's ratio of 0.5, 

the computed foundation modulus E would then be of the 

order of 7000 kPa. This is fairly close to the value 

given by Janbu et al (1956) for clays similar to those 

at Väsby. It is rarely possible to reproduce the field 

E-values in the laboratory since the disturbance in 

sampling, even under the most ideal conditions, eauses 

a reduction in the laboratory values. 

The Norwegian Geotechnical Institute (NGI) has developed 

an empirical relationship between field vane shear 

strength Tfu and E (Janbu et al, 1956) 

E = K T
f u 

in which Tfu and E are undrained shear strength and 

modulus of elasticity respectively, and K is a eonstant 

varying from 250 to 500, depending on the type of clay. 

For an assumed K = 400 and a vane shear strength as 

shown in Figs . 41 and 42, the E-values for various 

l ayers can be obtained (Tables 1 and 2). The initial 

elastic settlement of a l ayered system with these E

values has been calculated by the courtesy of Pro

fessor Schiffman using his computer program. The calcu

lated surface settlement at the center is 3 cm . This 

value compares closely with the observed initial 

settlement for the Undrained Fill of 5 cm. 

5.2.1.2 Consolidatian settlement 

Consolidatian settlement is usually predicted from the 

results of oedometer tests. The prediction is based on 

the concept that the time-dependent stress-strain 
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Table 1. Consolidation data of Undrained Fill 

INITIAL ( 194 7) STATE - load intensity 40 . 6 kPa 

Layer Thicl<ness El) c m c 2) e p A~) 
c v v o

No. H l<P a m2 /t cm2 /sec t/m3 
(m) 

3I 2 . 2 7000 2.19 .050 1.7·10- 2.85 1.40 1.1 

Ila 1.6 5600 2.53 .050 6 . 5·10-4 
3.06 1.34 1.1 

4
IIb 1.9 6000 2.27 .037 2 ·10- 2.95 1.39 1.1 

IIc 1.6 6300 2.24 .035 2·10-4 2 . 45 1.43 1.1 
4III 3.8 7600 1.27 .032 5 "10 - 2.20 1.54 0.8 

oc3lI Va 0.7 10000 .026 9•10-4 2.00 1.56 0 . 3 
ocl> 9·10 4IVb 1.7 9500 .028 1.50 1.72 0.3 

l)Notes: E deduced from vane shear strength 
2) c deduced from cederneter test results (Weighted average 

ev = 7.0·10-4 cm /see.)v 
3) Overconsolidated material 
~) Pore pressure coefficient as defined by Sl<empton (1954) 

Table 2. Consolidation data of Undrained Fill 

1968 STATE - load 	intensity = 27.5 l<Pa 

El) 	 2) A~)Layer H 	 c e pcc m v v oNo. (m) l< P a t/m3 

I 2.01 11000 	 2.5 
.-l .-l 
10.-<IIa l. 36 	 ·~ 10300 ·~ 2.5 1.37 'O...,"' ..., Q) 	 Q) 
·~.-l ·~ 	 s::IIb 1.62 8000 s:: Q) 2.2 1.44 ·~ ...,.s~ ·~ 	 s

E-< 	 kIIc 1.32 	 s:: 7800 s:: z o 2.2 l. 50 Q) 
·~ s:: ·~ ..., 

·~ 	 Q) Q)III 3.45 	 Ul 8000 Ul Q) 1.7 1.56 o 
10 .. 10 .. (l) 

Q) 	 ...,...,IV a 0 . 68 10000 Q) 1.9 1.56 o~ ~ ~ 10 	 z10 ..., 	 ...,
IVb 1.64 	 (l) Ul 9500 (l) Ul 1.2 1.72"' 
Notes: Same as Table 1 except weighted average Cv 1.2 ·10-4 

cm 2/sec. 

http:1.7�10-2.85
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relationships of the soil under load can be reproduced 

in the laboratory. If all the characteristics of the 

water-expelling behaviour of clay could be reproduced 

in an oedometer, then the final settlement under a cer

tain load intensity in the field should be predietable 

on the basis of laboratory test results. 

Oedometer tests were made on clay samples taken at ene

metre intervals. The methods of testing are described 

in seetian 4.6. The Cc values obtained on the basis of 

both 100% primary compression and 24-hour time inter

vals (Appendix V) were used to campute the final settle

ments. The load intensities of both fills were not eon

stant throughout the load tests since both the fills 

and the natural ground under the fills were gradually 

sinking below the ground water table as the settlement pro

gressed. Fig.45 shows the computed final settlement at 100% 

consolidatian for various load intensities (the solid line AB). 

It also shows the rate of reduction of the intensity of 

load for the Undrained Fill as the settlement progressed. 

The final settlement was computed on the basis of the 

series of Cc values derived from cederneter tests (Figs. 

28-33 incl. and the figures in Appendix V). The distri

bution of vertical stress shown in Fig. 46 was calculated 

from Boussinesq's solution as graphically expressed in 

NGI Publication 16 by Janbu et al (1956). A slight 

correction based on Biot's procedure (1935) was applied 

to the stress distribution at the bottom of the layer 

to account for the presence of bedrock. The final 

settlements, indicated by the solid line in Fig. 45, 

were computed for each indicated load intensity as if 

the load was kept constant. 
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However, the load intensity has been reducing over the 

years because of the settlement of the fills inte water 

table. Had the c lay completed its full consolidation as 

of 1968 for example, the load which eaused this full 

consolidation would have been not only the 1968 load, 

but also the cumulative effect of various load inten

sities over the previous years. Thus, the clay has been 

overconsolidated to a small degree under a varying load 

larger than the one it supports today. The effect of 

overconsolidation by a previous load that has decreased 

with time can be computed if the degree of consolidation 

under various previous loads can be assumed. The results 

of such a computation for the Undrained Fill are shown 

in Fig.45 by the dotted line above the solid line AB. This 

line shows the theoretically computed settlements for the 

load intensit ies indicated taking into consideration the 

previous higher loads. 

If Cc values derived from cederneter tests represent the 

true compression indices from which final settlement can 

be computed, then the field settlement as of 1968 is about 

equal to the computed final settlement under the present 

intensity of load. However, the Cc values depend very 

much on the methods of testing and sampling. Bjerrum 

(1969) proposedanother method of evaluating Cc' appli

cable to uniform , normally loaded deposits. In this 

method, Cc is derived from the relationship between void 

ratio and effective overburden pressure in the natural 

ground. The void ratios are computed from the water con

tents at various depths , and the effective overburden 

pressures at t he corresponding depths a re computed from 

the measured densities. The void ratios are plotted 

against the logarithms of the computed overburden press

ures. In this manner, a series of e-logcr curves for the 

natural clay deposit at various depths was obtained from 

the water contents of samples from borehole 6701 as 

located in plan on Fig. 27. The curves are shown in Fig. 

36. The slope of the curve is designated as the Field 
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Cc value of the natural ground. The values of Field Cc 

thus obtained are usually slightly different from the 

ones obtained from oedometer tests as shown in the 

figure. 

By using the Field Cc values shown in Fig. 36, the 

expected final settlement for various layers can be 

computed for any effective stress increments. As shown 

in Fig. 46 if the total stress as it existed in 1968, 

represented areas A + B + B', together with the maximum 

vertical effective stress during the period 1947 to 

1968, represented by areas C + C', are used to compute 

the final settlement for various layers, the accumu

lation of these computed settlements is remarkably 

similar to the measured settlements of the markers 

(1968) as shown in Fig. 47 indicating the apparent 

approaching towards the final settlement as of 1968, 

at least for the upper five metres. 

TOTAL ADDITIONAL STRESS b.Oz (1947) 

o 
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4 
6U 1968) 

6 
E 

A I 
f

e a_ 
UJ 
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~~~~~~~~~~~~~~~~--~~~14 
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VERTICAL STRESS AND EXCESS PORE PRESSURE kPa 

Fig . 46 . 	 Undrained FiZZ : Stress and pore pressure distribution 
as of 1968 . 
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and deduced settZements from water content decrease . 

Under the Undrained Fill, settlement markers were set 

at depths of O m, 2.04 m and 5.0 1 m in the beginning of 

the load test; additional markers were added later . The 

compression of the clay deposit between each two original 

levels of markers as plotted in Fig. 47 appears to be 

very close to the compression computed from water content 

reductions. The water content reductions were considered 

to be the difference between the water contents of the 

clays under the fill and those in virgin ground outside 
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the fill. (More discussion in this respect is included 

in Section 5.3.) The similarity of the measured settle

ments to those derived from the water contentsseems to 

indicate that most of the settlements are due to con

solidatian i.e. the squeezing out of water. In other 

words, lateral yielding probably did not contribute 

appreciably toward the measured settlement. For the 

Drained Fill, similar analysis also shows a close re

lationship between the measured settlements and the 

settlements computed from water content reductions as 

shown in Figs. 48 and 49. Figure 48 shows the rate of 

reduction of the load intensity as the settlement pro

gressed; Figure 49 shows the camparisen between 

measured and computed settlements from water content 

changes. 

LOAD INTENSITY A T CENTER OF THE FJLL kPa 
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The computation of final settlement at 100% consoli

datian for the Drained Fill i s more complicated than 

for the Undrained Fill because the clay had been sub

jected to a much larger load prior to J une 1946, at 

which time the fill was partially unloaded. It is dif

ficult to estimate the degree of consolidatian that had 

already occurred by the time of the unloading. For this 

reason, the effect of overconsolidation due to previous 

larger loads is als o difficult to estimate. However, 

reasonable assumptions can be made for the sake of 

illustration. Since, at the time of unloading , the fill 

had settled 70 cm whereas the computed final settlement 

is 1 95 cm if the load had maintained its or i g i nal inten

sity , it can be reasoned that the average degree of con

solidatian had reached 33% which was derived by the 

following reasoning: (70-5)/195 = 33 %, on the assumption 

that 5 of the 70 cm of settlement are elastic , as in 

the case of the Undrained Fi ll. On this basis, the com

puted correction for overconsolidation due to previous 

larger loads i s as shown by the dotted line in Fig . 48. 

The computed final settlement , according to this ap

proach , is approximately 30 cm smaller than the actual 

measured settlement as of August 1 977 . 

Hence, the c l ay deposit under both the Undrained Fill 

and the Drained Fill have settled approximately 30 cm 

more than what the theoretical computation would give. 

Thus , the agreement between t he settlement computed on 

the bas i s of Field Cc values and the settlements actu

ally observed is not bad , alt hough not exact . 

If the data on settlements alone are considered, one 

might be led to be lieve that the consolidatian settle

ment of the clay of this t y pe could be predicted fairly 

accurately from Cc values derived from cederneter tests 

or, better ye t , from Field Cc values der ived ~rom natu

r al e - logo relationships as proposed by Bjerrum (1967). 

This conclusion , however, is obviously at variance with 

the presence of pore pressure under both the Undrained 

and Drained Fills. The existence of any detectable 
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excess pore pressure indicates that the consolidatian 

process has not yet cornpleted its primary stage as con

ventionally defined. Moreover, the shape of the curves 

of time- rate of unit cornpression, plotted on a log- time 

scale, for the clays under the Undrained as well as 

under the Drained Fill also suggest that primary earn

pression as conventionelly defined is still going on. 

Those curves for the Undrained Fill (Fig. 43) in

dicate that most of the clay layer is still under

going primary consolidatian with the excepti on of the 

uppermost layer to a depth of approxirnately 4 m; the 

curves for this layer have shown a tendency toward 

flattening off . Sirnilarly, the unit cornpression curves 

for the Drained Fill (Fig. 44) indicate the same be 

haviour except that the upper few rnetres show a marked 

change of the slope of the curve coinciding with the 

time of unloading (June 1946). Thus, the pore pressure 

rneasurements and the compression vs. log-time plats 

both suggest that the clay is far from being completely 

consolidated. 

5.2.2 ~~9S~~§§_9~_g9~§9!~~~~~9~-~~!Y~~~-~gg9~~!~g 
to Conventional Methods 

The basic differential equation governing conso l i 

datian due to excess hydrastatic pressure in ene-dimen

sianal flow was developed by Terzaghi over half a cen

tury ago and it remains the backbene of all available 

solutions : 

In addition to the well - known assumptions used in the 

original Terzaghi theory, most widely used methods for 

computing the progress of settlement involve implied 

intuitive assumptions, including : 

(1) 	 The initial excess pore pressure distri bution 

eaused by the imposed load is equal to or bears 

some simple relationship to the induced additional 

stress eaused by the superiroposed load, and the 
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stress distribution can be computed on the basis 

of the elastic theory. 

(2) 	 The progress of settlement is directly proportional 

to the rate of dissipation of the excess stress

induced pore pressure until the hydrodynamic im

balance created by the imposed load and the sur

rounding natural ground is rectified. In other 

words, the percentage of settlement at a given time 

is equal to the degree of dissipation of the excess 

pore pressure at that time. This assumption stems 

from the usual concept of one-dimensional geometry 

in which the lateral strains are presurned to be 

zero, as well as from the concept that compressi

bility does not vary throughout the various stages 

of consolidation. 

Under these assumptions, a conventional analysis on the 

basis of the one-dimensional theory , if the clay stratum 

under the Undrained Fill is treated as a single layer 

7 m thick, drained one side only, yields: 

c t H L vT 	 t T v 	 vH2 	 ev 

7.0 2 m2 	 7.0 2 
t 	 T T (yea rs)

v 	 v4·10-4 cm 2/sec 4·0 . 315 

39 Tv (ye a rs) 

where 1 cm 2/sec = 0.315 x 10 4 m2/year. For e xample, for 

30% consolidation, = 39(0.071) = 2. 75 ye ars. Thet 30 -4 2value of c is taken as 4 x 10 cm /see as an average
v 

for the corresponding load-increment in the field. This 

value of ev is derived partially from the summary of 

oedometer c values as shown in Fig. 37 and partiallyv 
by selecting ev in such a way that the resulting rate 

of settlement fits the actua l f i e ld curve as will be 

discussed in seetian 5.2.3. 
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Calculations such as the example shown above give the 

required time in years to reach the various degrees of 

consolidatian for the Undrained Fill as shown in Table 3 . 

Table 3. 	Undrained Pill: Rate of consolidation by conventional 

one- dimensional analysis. 


Consol i
dation Degree 10 20 30 40 50 60 70 80 90 

' 
T 0. 008 0.031 0.071 0. 126 o.1 96 0 .283 0 . 403 0 .567 0.848 

v 
t in years 0.31 1.22 2 . 75 4.87 7.60 11.0 15.65 22 .00 31.85 

S(m) when 
. 18 . 36 .54 o. 72 .90 1.08 1.26 1.44 1.62

&!=40.6 kPa 


S(m) when 

.14 0.27 0 .41 o. 54 . 68 .81 0 . 95 1.08 l. 21

&!=27.5 kPa 

Note: Computations were based on c 4·10-4 cm 2 /sec . 
v 

The magnitudes of settlement at various stages have 

been computed by assuming that the final total settle

ment (S ) is equal to 1.80 m for the initial load and 
00 

1.35 for the load of 1968. Two time-settlement curves 

have been computed for each of the three assumed con

ditians in Fig. 50. The A curves are for the initial 

load of 40 . 6 kPa and the B curves for the load of 

1968 (27.5 kPa). It can be seen that none of the 

assumed conditions fits the observed settlement curve 

as shown in the figures . 

If the clay deposit is treated as a layered sys tem with 

a different value of ev for eaeh layer , and the thiek

ness for eaeh layer is as shown in Table 1 for the 

initial conditions and in Table 2 for the eonditions of 

1968, the time rate of settlement of the Undrained Fill 

eomputed by Sehiffman's program would earrespond to 

that shown in Fig. 51. 
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Fig . 51 . Computed rate of settlement - muZti- Zayer system. 

In this layered-systern analysis, the initial excess 

pore pressure in the overconsolidated glacial clay at 

the bottorn of the deposit is considered to be zero. 

In the single-layer analysis the initial pore pressure 

is assurned equal to the vertical stress incrernent for 

each of the layers in the clay deposit. The com

puted vertical stress distributions for the Undrained 

Fill based on Boussinesq's elastic theory , for both the 

initial load of 40.6 kPa in 1947 and the 1968 load of 

27.5 kPa, assuming a Poisson ' s ratio of 0.45, are shown 

in Fig. 46. The lower portion of the distribution has 

been corrected by Biot's theory (1935) to take into 

account the presence of a hard rock surface at the 

bottorn . The rate of decrease of the load intensity due 

to the gradual sinking of the fill is shown in Fig. 45. 

The uppermost and the lowerrnost layers of the clay 

strata were undergoing consolidatian under a load of 
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40.6 kPa even before the middle layer had begun to eon

selidate under a load that had already decreased. When 

this report was written (1981), the load was still de

creasing but the rate of load reduction had slowed 

considerabl y since 1978. This is, of course, because 

the rate of settlement was slowing. 

Thus, from the single-layer analysis, the observed 

settlement curve shown in Figs. 50a, b & c should start, 

according to theory, along the computed curve A and 

gradually depart from it by moving closer to the com

puted curve B. This behaviour would be expected because 

the consolidation stress is reducing with time and the 

ev values are reducing from the initial values (Table 

1) to the 1968 values (Table 2). The observed settle

ment curve (Figs. 50a, b & c), on the contrary, in

dicated more rapid settlement than curve A would pre

diet, despite the gradual reduction of load . Similar 

discrepancy between the theoretical and the observed 

rates of settlement can be seen from the multi-layer 

analysisas shown in Fig. 51. The difference in shape 

between the actual rate-of-settlement curve and the 

theoretical one, whether the latter is obtained by 

single-layer (Figs. 50a, b & c), or multi-layer (Fig. 

51) analysis, appears to indicate the simultaneous 

occurrence of primary, secondary, and what will be 

called "self-induced" primary consolidation. A full 

discussion of this possibility will be included in 

Chapters 7 and 8. 

The shortcomings of the conventional concept of primary 

consolidation can also be illustrated by comparing the 

final settlements computed on the basis of theory with 

those based on other evidence. For example , if it is 

assumed that the load of the Undrained Fill has always 

been 27.5 kPa, and that the pore pressur e has been 

eaused only by a load of this intensity, the degree 

of consolidation taking the clay layer as a whole can 

be computed. 
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Note : Pore pressur e point s have been r es tar ed to 
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The measure d pore pressure as of 1968 is shown in Figs. 

46 and 52. The elevations shown in the se figures are 

those where each of the pore pressure measurement 

points originally located before any settlement oc

curred . Fig. 46 shows schematically the pore pressure 

under the Undrained Fill as of September 1968. The 

ratio between the cross-hatched area (B+B') and the 

total stress area (B+B ' +A) represents the average 

degree of consolidatian as conventionally defined, if 

only primary consolidatian is invalved at this stage . 

The degree of consolidatian as of 1968, under this 

approach, would be roughly equal to 15 %. 
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The st i ppled area (C+C') , l ying between the lines in

dicating the vertica l total stresses in 1947 and 1968 , 

represents the amount of overconsolidation due to load 

levels h i gherthan 27.5 kPa . I f the cross- hatched and 

the sti ppl ed areas were added together , t he total of 

these two areas (B+B ' +C+C') would represent the total 

consolidation . Since the total stress has been reduced 

from 40.6 to 27 . 5 kPa, the significant total stress 

can be considered to be the areas (A+B+B ' +C+C'). The 

average degree of consolidatian as of 1968 under this 

seeond approach would be the ratio between (B+B'+C+C') 

and (A+B+B'+C+C'), or approximately equal to 25%. 

Similarly for the Drained Fill, the pore pressure dis

tribution of 1968 as shown in Fig. 53 can be used to 

compute the average degrees of consolidatian also using 

the two above approximate methods. The computed degrees 

of consolidatian under the two approaches would be 33 % 

and 50%, respectively. 

The 1979 pore pressure measurement under both fills 

are shown in profiles in Figs. 52 and 53. The dissi

pation of pore pressure between 1968 and 1979 is not 

large enough to cause a substantial change in the com

puted degrees of consolidation. Thus, if the progress 

of settlement is equal to the average degree of con

solidation, it would follow that large settlements are 

yet to occur for both fills. This concl usion is clearly 

at variance with the computed settlements based on Cc 

values from either oedometer tests or a natural void 

ratio-effective overburden relationship . The compu

tations shown in Section 5.2 . 1 as well as the field 

settlement measurements indicate that the settlements 

for both fills are approaching their final stages. 

Field settlements as of 1977 also indicate that the 

upper five meters of clay under both fills are in a 

state of delayed consolidatian (Figs . 43 & 44). 
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5.2.3 Y~!~~§_Q~-~v-~EQ~-~~~§~E~9_g~t~-Q~-~~tt!~~~~t 

The rates of settlement computed in Section 5.2.2 and 

shown in Fig. 50 are based not only on the conventional 

method of obtaining ev values from oedometer tests, but 

also on a trial-and-error curve-fitting approach to 

find the ev that best fits the observed rate of settle

ment in the field. The ev values obtained from oedo

meter tests are usually different from those deduced 

from field observations. Not only do eraeks and strati 

fications lead to different ev values in the field, 

but the secondary compression which is inevitably con

current with the primary tends to modify the rate of 

consolidation. An equivalent ev value that best fits 

the field settlement data can be determined as follows: 

(1) 	 Compute the final settlement at the center of 

the Undrained Fill, assurning that the load 

has been eonstant and is equal to the initial 

load of 40.6 kPa, and using the Field Cc values 

for the various strata derived from the void 

ratio and effective overburden relationship 

shown in Fig. 36. 

(2) 	 Compute settlement vs. time curves using vari 

ous 	plausible ev values (for instance , ev 
-4 2 -4 2equal to 1·10 cm /see., 2•10 cm /see., etc 

for all layers). 

(3) 	 Plot actual settlement vs. log time and deter

mine the particular ev curves which the actua l 

field curves most resemble. 

As shown in Fig. 50a, the actual field consolidatian 

curve derived from measured settlements indicates that 

ev is close to 4.0·10-4 cm 2 /sec. This value is desig

natedthe "equivalent field ev" because: (1) it is an 

average value of all ev values of various layers, and 

(2) it is influenced by many unknown factors affecting 

the rate of consolidatian including concurrent progress 

of primary and secondary consolidation. 
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Mesri (1969) presented a solution for the primary con

calidatian of a clay layer under a constantly reducing 

vertical stress. His work (Fig. 54) indicates that if 

ev is of the order of 10-4 cm2 /sec. the dissipation of 

excess pore pressure at mid-layer can be represented 

fairly closely by a constant-load analysis even though 

the loads are actually reducing with time. 

luNDRA/NED F/LL l
'
Uj t. Oo 
fu Cv= 7 x /o·"m~day 
C) or 8 x I0-5cm2/sec 
;:.... 
<:( 
-.J 30 
(..) 

~ 
'

o ~ 20 
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~ ~ l ~ ~\C) "' "' ~ JO ~-1 ~ 
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,._ 
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Lu '----~· \ 
Q:: ..,"'t::r:t,days '-<::::> 

~ 
±O 1----- o· 2.75 

1t 
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o- 8000 t, day s 


Lu 
Q:: - lO ~-t-=r=.---~---~----
o 
Q 4000 l, days 

-20 
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Fig . 54 . Theo r etical por e pressure diss ipat ion at mid- layer. (after 
R. Uesri -1969). 

However, as shown in the figure, if ev is as large as 
47·10 - cm2 /sec., the effect of load reduction on the 

pore pressure dissipat ion becomes appreciable. Accord

ing toTabel 1, the weighted average ev is equal to 

7·10-4 cm 2 /sec. for the initial stage , and to Table 2, 
-4 2the average ev is equal to 1.2·10 cm /see. in 19 68 . 

The average of the initial and the present ev values 
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-4 2is roughly 4·10 cm /see. At this magnitude of ev' 

the effect of reduction of consolidatian stress on 

pore pressure dissipation and consequently on the rate 

of settlement is not important in camparisen with the 

uncertainty in selecting ev values which would very 

well lie between 1·10-4 and 7·10-4 cm 2 /sec. Thus, the 

departure of the actual field rate of settlement from 

the theoretical rate of settlement cannot be attributed 

to the reduction of consolidatian stress with time. 

As shown in Pig. 50a, the actual settlement curve should 

move from computed curve A to computed curve B as con

solidatian advances inta later stages if the consoli

datian stress is reducing. Since the actual settlement 

curves move in the opposite fashion, an alternative 

explanation must be sought. 

Computation of the equivalent field ev under the Drained 

Pill was not made because the field conditions for ana

lysis were especially complicated with the paper drains 

in the upper 5 m layer. Therefore, the discussions that 

follow are cancerned only with the Undrained Pill. 

-4 2On the basis of the equivalent field ev of 4.0·10 cm l 
see. and an assumed eonstant load of 40.6 kPa, campu

tatian shows that at the end of 21 years after appli

cation of the load (1968), 80 % average consolidatian of 

the Undrained Pill should have been achieved. On the 

bas i s of the observed pore pressure (Pig. 46) the clay 

under the Undrained Pill appears to be at approximately 

50% average consolidatian (areas B, B', C, C' and D, 

F i g. 46) with reference to the 1947 total consolidatian 

stress due to the load of 40.6 kPa. In reality, t he 

load as of 1968 if only 27.5 kPa. If the 1968 pore 

pressure is campared with the 1968 con solidatian stress, 

the average degree of consoli datian is seen to be in 

the order of only 15 %. Pigures 40a, b and c indicate 

that, except for the uppermost and lowermost layers, 

the pore pressure variation reflects the load reduction 

due to sinking of the fill inta the water table more 

than true d i ssipation. 
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An hypothesis will be advanced in Chapter 7 to explai n 

the difference between theory and facts . 

5. 3 Measured settlements and lilater Contents 

As mentioned earlier, the measured settlements have been 

verified by comparison of the water contents under the 

fill with those in natural ground unaffected by the fill . 

The bore hole locations from which water contents were 

determined are shown in Fig. 27. The first two digits 

of the bore hole numbers indicate the year when the 

borings were made. The comparision involved two steps: 

(1) 	 Continuous foil sampler borings were made 

both beneath the fill and outside of the fill 

beyond the zones of influence of the fill, 

and water content determinations were made at 

2.5 cm intervals on the extracted cores. 

(2) 	 Before a comparison could be made of the water 

contents of the same strata inside and outside 

the fills, i t was necessary to construct cross 

sections showing all clay strata under the 

fills at their original elevations before 

settlement. Figures 55 and 56 show the summar

ized water contents at the elevations shown 

for the 1 967 and 1968 investigation. 

Figures 57 and 58 show these water contents together 

with the vane shear strengths at corresponding ele 

vat i ons. Detai l ed water content profiles after t he 

settled strata had been restered to their original ele 

vations and are shown in Appendix VII. The rest oration 

was done by using information derived from settlement 

records and by matching corresponding layers according 

to colour, index properties, shear strength, and some 

times presence of shells. 
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Since the clay in t he ground was originally saturated 

and since volume change of saturated clay is primarily 

due to the expulsion of water, the settlements for all 

strata can be computed directly from water content 

changes in various strata by means of the farmula 

Ps 
s = tJ.w 

Where s= settlement, tJ.w = change in water content, 

Ps = unit weight of solids, and w = original water con

tent. 

The results of such computations are shown in Fig. 47 

for the Undrained Fill and in Fig. 49 for the Drained 

Fill. 

The settlement computed from the water contents was 

campared with the estimated settlement based on the 

Field Cc values. It is seen in Fig. 59 that the settle

ments measured by settlement markers , those computed 

by water contents, and those computed from Field Cc 

values fal l into a consistent pattern indicating that 

the measured settlements are fairly correct and the 

sett l ements computed from natural Cc values are fair l y 

reliable . These results further indicate that most of 

the settlements are due to void reduction and that 

lateral yield has not in this case contributed sub

stantially towards the apparent vertical compression . 

5.4 Computat i on of settlement at Ground Surface 

Traditionally, the vertical stress distribution is com

puted on the basis of elastic t heory . It has been thought 

that this approach fairly closely represents the real 

stress distribut i on in the field . The Undrained Fi ll 

presents an opportunity to investigate whether this 

traditional assumption is in agreement with actual con

ditions . 

Figure 60 shows the actual settlement contour of the 

Undrained Fill and Figure 61 gives a comparison between 
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the actual and the theoretical dish shape resulting 

from settlements. 

The theoretical shape is computed with Schiffman's earn

putor program on the basis of mv values from oedometer 

tests and E values, shown in Table 1, under a eonstant 

load of 40.6 kPa without reduction with time. The actual 

settlements were eaused by a load gradually reducing 

from 40.6 kPa (1947) to 27.5 kPa (1 968 ) . The magnitudes 

of the actual and the theoretical settlements are under

standably different. However, the shape of the ground

surface profiles of the actual settlement appears to be 

fairly similar to that from the theoretical consider

ations. The similarity is probably not coincidental. 

The implication is that the assumption of elasticity, 

made in computing the distribution of total stress in 

the soil at the beginning of, and during the whole 

process of consoidation, is essentially correct, or at 

least that the errors in the various assumptions, stated 

or implied have campensating effects. 

Similar computations for the Drained Fill have not been 

made because the test was complicated by the unloading 

of the upper 80 cm thickness of gravel and by the in

sertion of the paper drains. 



------

120 

( A) INITIAL SETTLEMENTS NOV 6 TO NOV 28,1947 

""' 	
/ 

... ---... 
,, / 

/ ' \ 
~ l 

ll ' 
' 0.2 m 

l 

\0.3m
l ' 	 ,,..--.., N?,' l 

' l l 
l l ' l 
l 
l 	 : ... -~... ~ l 

l / ~ : l 
l 
l 	 \ f01m/ / l 

l 

l l 
l \ \_/ / l 
\ 	 ' l l

? ', ' ..... ~ ....... / 
 \~........ ___ ..../ 


1/ 	 ~ 

(Bl CONSOLDATION SETTLEMENTS AUG 11,1977 

1\ 	 / 
....... -............. 


,'/ 0 ... ---....... ', 


l 1-+ ~' \ 

/ ,' / ....- ........., ', \1 .95 m 

l : / ', \ ll 1 1 1/ - -,, \1.85 m l N 

l -J- 1 l \ \ \ \: ! 
1 0 

l i ?ds m\ ~ \ ~ 
1 

l l 	 : : : ; ~ : lf 
1 1 \ \ 1 65 mi l 1 1 
l \ \ \ l , l l 
' \ \ \, l / : l 
\ l~ ' -- -~ l l l 

\ \\ ' ......__...... " / / \ 
\ ' l l 

' ' ' ...... _____ , .,/ .../ l 

.............. _____-..... "' 

v 	 ~ 

NO TE: ~ 	 SETTLE MENT MARKERS ON GROUND SURFACE 

BELOW THE FILL 

Fig. 60 . Undrained Fi~~ : Sett~ement aontours . 



2.0 

121 

Load 40.6 kPa {1947) 
o 1 	 ~811/WhiWJ>Ifllt

Original ground surface 

· Actual(t968) settlement at f!round surface • 
under actual load decreasmg // 
from 40.6 to 275 kPa ~ / • 

_'\.-o/ 	 / 
~ 	 nneters----o-o-- __.. /•./· o 1 2 3 4 

-·-·-·- Harizontal sca/e 

-·-lc~~·ute~~:~ce settlement on the basis of eonstant 
load of 40.6 kPa (including initial elastic settlement 
and consolidatian settlement using mv J 
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Courtesy of R. Sahiffman (1969). 
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5.5 	 Vane Shear Strengths in Relation to Other 


Observations 


Shear strength measurements were made by field vane 

equipment both beneath and beyond the limits of in

fluence 	of the fil l s. The locations of the shear tests 

during the 1966 program are shown in Figs. 57 and 58. 

Again, the first two digits of the identifying numbers 

indicate the year of the bore holes. The vane-shear 

observations were usually carried out at 0.5 m inter

vals. The reason for making tests both inside and out

side of 	the fills was to eliroinate the effects of in

strumentation error and those of seasonal variations 

of ground water levels. 

The summarized results of the vane t ests are shown in 

Figs. 41 and 42. The strength increase should be the 

difference between the soil strengths under the fills 

and those in the natural ground. Before the figures 

were plotted, the elevations of the strata were ad

justed to allow for settlement, in the manner described 

in Section 5.3. The shear strength profiles measured 

in 1959, 1964 and 1968 inside and outside of the Un

drained Fill are shown in Fig. 62. Only one single 

profile of shear strengths under the fill and another 

one outside of the fill were made during the 1959 and 

1964 investigation. The results can be considered as 

an indication but not as exact values. On the other 

hand, several strength profiles were measured during 

the 1966 investigation. The r esults in 1966 must be 

considered as more reliable than the earlier measure

ments. 
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In order to obtain some information as to how the 

clay strength varies from the center to the edges of 

the fill , a profile under the center and another under 

the edge of the Undrained Fill were measured in 1968. 

The shear strengths measured beneath the edges and be

neath the center of the fill are nearly equal. The 

comparison is shown in Fig. 63 for the Undrained Fill 

at mid-thickness. 
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Fig. 63 . 	 Undrained FiZZ: Gomparison of shear strengths at center 
and at edge . 
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The water contents and the shear strengths under the 

Undrained Fill were plotted with depth as shown in 

Fig. 57. The water contents were shownon a conven

tional abscissa from left to right, whereas the shear 

strengths were plotted on a reverse abscissa from 

right to left so that the decrease in water contents 

on the left could be easily cornpared with the corre

sponding increase in shear strengths on the right in 

a mirror-image fashion. A similar plot of the profiles 

of water contents and shear strengths under the 

Drained Fill is shown in Fig. 58. From Figs. 57 and 

58, it is seen that an increase in shear strength 

and a corresponding decrease in water content are 

very evident within the upper layers. On the other 

hand, there is no indication of a significant change 

in either shear strengths or water contents in the 

bottorn layer, perhaps because the lowest layer is 

slightly overconsolidated. At rnid-layer, however, the 

data of 1966 strongly indicate that water content 

reductions under the Undrained Fill are not accornpanied 

by shear-strength increases but that under the Drained 

Fill are. The decrease in water content is not very 

evident in Figs. 57 and 58 because of the scale 

chosen. Readers should refer to Appendix VII for the 

detailed water content profiles. Subsequently in 1979 

substantial strength increases were observed in clays 

below both fills even where pore pressures were almost 

equal to the irnposed loads. 

From the reduction of water contents the cornpression 

for various layers can be cornputed. The curnulative 

curves of such cornputed cornpressions are shown in Figs. 

47 and 49. It can be seen that, at the rnid-thickness 

of the clay layer, the curnulative curves exhibit a 

definite slope indicating water content reductions 

at this level. Parallel to the curnulative cornpression 

curves are the curves of vertical cornpression obtained 

from the actual settlement observations. These curves 

also indicate vertical cornpression at or near the 

rniddle of the clay layer under the fills where shear 

strength increases in each case were discussed in the 

preceeding paragraph. 
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Figure 64 shows that the fall - cone derived sensitivity 

of the clay under the Undrained Fill has decreased 

significantly as of 1967 even at the mid- thickness of 

the deposit. Since the intact strengths as measured 

by vanes showed little or no increase at mid- thickness 

(Fig. 41), one can infer that the r emolded shear 

strengths must have increased. The magnitude of the 

increase is approximately equal to that computed in 

accordance with the hypothesis that the rate of in

crease of strength for a given decrease in void ratio 

corresponds in a semi- logarithmic plot to the slope 

Cc of the e-logo curve (Rutledge, 1947). The increase 

in remolded strength without corresponding increase 

in undisturbed strength following water- content re

duction strongly points to a possible change in clay 

structure which has reduced the peak of the stress 

strain curve of the clay . This possibility will be 

considered in the hypothesis presented in Chapter 7. 

Values of the ratio between vane shear strengths and 

preconsolidation loads ( T fu/o~) for Väsby clay are 

plotted against plasticity index (Fig. 65). 
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They are in general agreement with, but slightly greater 

than those predicted by the statistical relations of 

Skempton and Bjerrum (1954). The a~ values were obtained 

from 24 - hr cederneter tests with ring-frietian correc

tions. The detailed cederneter test results after ring

frietian correction are shown in Appendix VI. 

6. 	 SETTLEMENT ANALYSIS BY MODIFIED THEORIES 

6.1 	 settlement Analysis Using Adjusted Initial 

Pore Pressure Parameters 

Skempton and Bjerrum (1957) introduced inta settlement 

analysis the use of pore pressure parameters to esti 

mate the initial pore pressure distribution. The settle

ments and their rate of progress are computed from the 

estimated initial pore pressures on the basis of a 

laboratory relationship between pore pressure and the 

computed major and minor principal stress increments 

given by elastic theory. 

According to this method of analyzing the settlements, 

a set of pore pressure coefficients must be obtained 

by means of laboratory triaxial tests. Such tests have 

been performed for this purpose on the Väsby clays by 

SGI. The B-coefficient as defined by Skempton is equal 

to 1.0 for all the layers. The A-coefficients corre

sponding to field load increments are as follows : for 

the brown andblackclays A= 1.1, for the grey clay 

A = 0.8, and for the glacial varved clay A = 0.3. For 

these pore pressure coefficients and assuming a eonstant 

load intensity, the settlements at the ground surface 

computed by Schiffman's computer program are as s hown 

in Fig. 66. 
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Fig. 66 . 	 Undrained Fill : Settlement profile using pore 

pressure coefficients . 


The dish- shaped settlement profile computed by this 

rnodified approach reserobles rnore closely the actual 

settlement profile than that computed by methods with

out using pore pressure coefficients. The irnplication 

of the comparison is that estimating initial pore 

pressures by laboratory-determined coefficients may 

be a better approach than that of the older methods. 

The actual ma~nitude of s ettlement should not be cam

pared with the computed magnitude, since the compu

tation is based on a eonstant load whereas the actual 

load is 	a reducing one on account of the gradual 

sinking 	of the fil l below the water table. This ap

proach is, however, valuable as a qualitative earn

parison 	between computation methods with and without 

taking initial pore pressure coefficients into con

sideration. 
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6.2 Three-Dimensional Analysis 

The conventional one-dimensional analysis has been used 

during the past 50 years. The conventional method has 

been fairly successful in predieting magnitudes of 

settlement but not quite so s uccessful in predieting 

the settlement rates. The difficulties in predieting 

the rate of consolidatian appear to be due to (1) de

ficiences in the laboratory technique for measuring 

consol idatian coefficients, (2) the non-homogeneous 

and non-isotropic nature of field deposits such as 

varves and cracks, and (3) the discrepancy between 

the one-dimensional theory and the actual three-dimen

sional drainage conditions in the field. A more re

alistic estimation of settlement rate, therefore, might 

be anticipated from three-dimensional analysis. 

The Terzaghi-Rendulic approach (19 3 6) and the Helenelund 

(1951) method of analysis represent some of the attempts. 

These methods keep the conventional assumptio n that the 

total stress increments in the soil layer are assumed 

to be eonstant throughout the drainage process, but 

take inte consideration the dissipation of pore pressure 

in lateral directions. 

studies by Schiffman and Gibson (1969) we nt further 

than the mere addition of lateral drainage. They deve l 

oped a new me thod taking inte consideration the change 

of total stress during drainage. The Väsby settlement 

data under the Undrained Fill were analysed by Pro

fessor Schiffman using his computer program. The 

various layers under the Undrained Fill were assumed 

to have constituted a single layer with an average 

permeability of 5 x 10- 8 cm/ see, an elastic modulus 

of 600 t/m 2 , and a Poisson's rat io of 0 . 45 . The com

puted rate of settlement in terms of adjusted time 

factors for a three - dime nsional analysis is shown in 

Fig. 67. 
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The general relationship between the results of one

dimensional and three- dimensional analysis appears to 

be significant. It is seen in this case that the three 

dimensional analysis gives a rate of settlement roughly 

ten times faster than the one-dimensional analysis done 

earlier (Table 3). According to the one- dimensional 
- 4 	 2

analysis on the basis of ev = 4 x 10 cm /see, 50% 

average consolidatian would occur after 1720 days, and 

90% 	 after 7150 days. In contrast, according to three

dimensional analysis, 50% consolidatian would occu r 

after 130 days and 90% after 730 days. As it can be 

seen, the agreement between the three-dimensional 

theory and the field measurement is poor in this par

ticular connection. The sophistication of three

dimensional dissipation gives even a higher rate of 

consolidatian than that would be predicated by con

ventional one-dimensional analysis. Thus, the delayed 

consolidatian process must be explained by a mechanism 

that 	is included in the following sections. 

7. HYPOTHESIS 

7.1 The Facts and Deductions 

The test results and analyses described in Chapters 5 

and 6 depict a paradox that cannot be explained by 

conceptions of simple consolidatian mechanism. 

The facts that lead to the foregoing conclusion can be 

summarized as follows: 

(1) 	 In 1979, nearly 32 years after placement of 

the two principal fills , a substantial amount 

of pore pressure remained within the consoli 

dating layers. In fact, the pore pressures 

observed in 1968 and 1979 at the mid- thickness 

were almost equal to the intensity of the load 

exerted by the fills in 1968 and 1979 (Figs. 

52, 53). 
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(2) 	 The undrained shear strengths near mid-thick

ness of the clay deposit had shown no signifi 

cant increase as of 1967 under the Undrained 

Fill (Fig. 41). On the other hand, the shear 

strengths at the corresponding level under the 

Drained Fill showed a noticeable increase during 

the 1967 investigation (Fig. 42). Subsequently, 

in 1979, substantial strength increases were 

measured in clays below both fills even where 

pore pressures were still close to the imposed 

loads. 

(3) 	 The subsurface reference points or settlement 

markers beneath both fills indicated that sig

nificant vertical compression took place near 

mid-thickness of the consolidating layers 

(Figs. 43, 44, 47 and 49). However the vertical 

compression did not produce the unexpected 

strength increase under the Undrained Fill as 

of 1967 (Fig. 68). 

(4) 	 The water content of the soil near mid-thick

ness of the consolidating layers has signifi 

cantly decreased. Furthermore, the vertical 

compression calculated from the observed de

crease in water content earresponds closely to 

that observed by means of the subsurface 

settlement observations (Figs. 47 and 49). 

(5) 	 Although the undrained shear strengths near 

mid-height of the consolidating layers had 

not increased as of 1967, the remolded strengths, 

as evidenced by sensitivity measurements by 

fall-cone method, appeared to have increased 

as of that year (Fig. 64). This increase of 

remolded strength was followed by an increase 

in intact shear strength as of 1979. This 

observation is compatible with the continuous 

decrease in water contents. 
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The presence of pore pressures almost equal to the 

stress eaused by the present weight of the fill and 

the delay in increase of undrained shear strength un

til 1979 can be explained by conventional theories and 

are compatible observations. The observed decrease in 

water content near mid-thickness of the deposit and 

the observed vertical compression are also in them

selves compatible. The two sets of findings, however, 

are completely incompatible with each other on the 

basis of concepts of simple consolidatian process. 

The lack of increase of intact shear strength as of 

1967 even where settlement has occurred is shown 

strikingly in Fig. 68. The lack of increase of shear 

strength near mid-thickness of the deposit as of 

1967 and the accompanying decrease in water content 

are shown in Figs. 57 and 58. 

The 1967 increase in remolded strength and the sub

sequent 1979 increase in intact shear strength are 

compatible with the observed decrease in water con

tent and the observed vertical compression. Hence, 

the behaviour of the remolded material appears to be 

in accordance with present concepts, whereas that of 

the in-place soil beneath the fills does not exactly 

follow the simple consolidatian concepts. 

The foregoing evidence consists of observational data 

with a minimum of interpretation. It may be supplemented 

by studies of the average degree of consolidatian of the 

deposit as observed in 1968 and 1979 in comparison to 

that anticipated on the basis of conventional theoreti

cal conceptions. Inasmuch as the camparisen requires an 

estimate of the ultimate primary settlement of the con

solidating layers, the conclusions cannot be stated with 

complete assurance. Nevertheless, the studies are per

tinent and supplement the direct observational data. 

They are summarized in the following two paragraphs. 
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Three types of evidence indicate that the actual settle

ment has probably reached between 75% and 95% of the 

ultimate settlement to be expected. (1) The plausi ble 

range of ultimate settlements, from 1.45 to 1.80 m for 

the Undrained Fill, can be deduced from oedometer (Fig. 

45) and field (Fig. 47) Cc values by means of compu

tation procedures that take into account the reduction 

of load with time (Fig. 47) and the fact that represen

tation of the secondary effect inanoedometer test is 

poor. (2) The approximate degree of consolidation can 

be judged from the unit compression curves plotted on 

a log-time basis (Figs. 43a, b and 44). These curves 

suggest that the upper five metres of the clay deposit 

under both principal fills have passed the end of pri

mary consolidation. This condition is indicated by the 

changes in the direction of the curves . (3) The ultimate 

settlement can be deduced from a comparison between the 

actual rate and various theoretical rates of settlement 

plotted for various assumed magnitudes of final settle

ments and ev values . It can be seen from Figs. 50a, b 

that the theoretical rate of settlement base d on the 

assumption of 1.8 m of final settlement for an initial 
-4 2load of 40.6 kPa and for ev = 4 x 10 cm /see appears 

to give the best fit to the observed rate of settle

ment at least for the Undrained Fill 1other trials are 

not shown in the figures). The theoretical rates of 

settlement were compute d on the basis of one-dimensional 

analysis. If anal ysis according to three-dimensional 

theory is used (Section 6 . 2), the rate of settlement or, 

more exactly, the rate of consolidation, should be even 

more rapid. 

Since an ultimate settlement of 1.8 m for the initial 

load of 40 . 6 kPa appears to be a good estimate, the 

actually measured settlement would indicate that the 

clay deposit is in a state of advanced consolidation. 

The conclusion is even more strongly supported when 

the reduction of load due to submergence is considered. 
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7.2 Hypothesis 

An hypothesis that appears to explain all the obser

vations in a consistent manner envisages a collapsible 

clay structure. When the collodial clay particles in 

nature are consolidating from a semi-liquid, they are 

almost suspended in the liquid that surrounds them and 

are themselves incapable of carrying any load. After 

bonds between the clay particles have formed, but during 

the early stages after their formation, they can be 

broken by shear stresses that exceed a certain threshold 

value. If some of the bonds are broken the clay reverts, 

at least locally, to its earlier unbonded state. Part of 

the broken bonds repair and heal themselves, however, 

simultaneously as other bonds are still being broken. 

For this reason, a total collapse may not occur unless 

the equilibrium becomes greatly distorted. 

The post-glacial clay (the upper 7 m) of the Väsby clay 

stratum is in a state such that the bonds are, geologi

cally speaking, relatively young. Before the test loading, 

the clay stratum in the undisturbed ground had arrived 

at a state of equilibrium. When the test load was placed 

on the clay stratum, excess pore pressure was induced. 

This excess pore pressure sustained the load increment 

irnrnediately after the load was applied. As soon as it 

began to dissipate, small relative movements began to 

occur and to induce local shearing stresses between the 

clay particles. When these stresses exceeded the strength 

of some of the bonds, the bonds slipped. The rate of 

slipping probably depended on the plastic yielding 

characteristics, the clay structure, the flow properties 

of the pore water, and the boundary conditions of the 

clay stratum. The slippage of the bonds eaused a re

duction of the voids which in turn eaused excess pore 

pressure as if additional loads had been placed on the 

clay system. Some of the broken bonds healed as others 

were being broken. This process is likely to continue 

until the clay structure re-establishes itself. 
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By intuition, Terzaghi (1946) predicted that the viscous 

component of conso l idatian at Väsby might progress in

definitely at a eonstant time rate. This conclusion is 

evidenced in the figure attached to Terzaghi's report 

to the Special Airfield Commission (Appendix I). 

Indeed, the rate of settlement of the Drained Fill has 

not significantly changes between the surveys of 

January 25, 1962 and December 11, 1979. It has remained 

eonstant at 6.04 mm per 100 days . The eonstant rate 

of settlement was as of 1968 evident only beneath the 

Drained Fill, but a similar trend began to establish 

itself beneath the Undrained Fill after that time . 

The difference in behaviour may perhaps be ascribed 

to the fact that, the paper drains had sped up the 

process in the Drained Fill at least in the beginning. 

The almost eonstant rate of settlement of the Drained 

Fill and subsequently that of the Undrained Fill may 

be a consequence of nearly equal rates of dissipation 

and generation of pore pressure, as suggested here-in. 

Structural slippage is suggested by the excess pore 

pre ssure be low the pape r drains under t he Draine d 

Fill as shown in Fi g s . 26 and 5 3 as we ll as by t he 

pore pressures under the Undrained Fill a s s hown in 

Figs. 25 and 52. 
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7.3 Generalization of Hypothesis 

Since, like any other excess pore pressure, the pore 

pressure produced internally by the breakdown of clay 

structure has to be dissipated according to the laws 

of hydrodynamics, its dissipation might properly be 

classified as primary consolidation. In addition to the 

well-known terminology of primary and secondary con

solidation, a new term, "self-induced primary consoli 

dation", is introduced to denote the process of simul 

taneous creation and dissipation of the internally pro

duced pore pressure. 

What happens within the clay structure during the self

induced primary consolidation can be considered to 

involve the following: 

(1) 	 When the load is added on a clay layer, it is taken 

up by excess pore water pressure according to con

ventional theory. 

(2) 	 After an initial small amount of consolidation, 

such as 10 or 15 %, has occurred, the soil skeleton 

is subjected to enough additional shear stress to 

proveke slippage of clay-particle contacts; this 

slippage, in turn, eauses reduction of voids. 

(3) 	 The newly created excess pore pressure eaused by 

reduction of voids must also undergo dissipation. 

An approximate balance between creation and dis 

sipation may thus prevail and give the appearance 

of an excess pore pressure that constantly sustains 

the added load. 

(4) 	 As some broken bonds heal and begin to take up 

loads anew, other intact bonds break and again 

throw stress into the pore water. The process of 

simultaneous breaking and healing, dissipation and 

creation, persists until the number of bonds healing 

becomes greater than the number of bonds breaking. 

Then the self-induced consolidation declines and 

ceases. 
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Although the self- induced portion of the consolidation 

is, because of the excess pore pressures, designated as 

a primary phase , it might equally well be considered to 

r epr esent delayed secondar y compression. It may be 

reasoned that the same str uctural breakdown would occur 

even if by some means the excess pore water pressure 

could be drained off as rapidly as it developed; under 

these circumstances the settlement would develop i n 

accordance with the conventional conceptions. In mo st 

clays the structural breakdown has a minor or even 

negligible influence on the behaviour, and the secondary 

settlement is associated with a relatively slow slip of 

the grains into more stable positions. On the other 

hand, when the slip eauses structural breakdown rapidly 

enough to permit the accumulation of excess pore pre ss

ures , the magnitude of the secondary compression is 

l ikely to be large, as compared to that for ordinary 

clays , and the development of a more stable, denser 

configurati on is likely to be delayed. 

Hence, the three phases of consolidation implied by t he 

hypothesis may be summarized in the f o llowing way: 

Conventional Fr i mary Consolidation: That portion follo w

ing the hydrodynamic laws, predietable on the basis of 

excess pore pressures corresponding to the applied 

stresses and to values of ev and Cc from good labera 

tory or field tests. 

Self- Induced Frimary Consolidation: That portion associ

ated with breakdown of the structure of the soil and 

delayed by the hydrodynamic lag of the escaping pore 

wate r i n which excess pressures have been created by 

the structural breakdown. Unless the soil has a meta

stable structure , it is unlikely that great enough 

excess pore water pressures will develop to produce 

more than a negligible effect. Although self- induced 

primary consolidation seeros not yet to have been ob

served in the laboratory, it should be detectable i n 

the very best undisturbed samples of certain clays. 
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Secondary Consolidation: That portion associated with 

insignificant or no excess pore pressures. When sig

nificant structural breakdown occurs, the early part 

of the conventional secondary consolidation may be 

replaced or masked by self-induced primary consoli

dation. 

Although the two types of primary consolidation are 

hydrodynamic in nature, the laws governing the be

haviour of the self-induced type are dependent on the 

rate of bond breakage, which cannot be described 

theoretically until more data are gathered. 

The three phases of consolidation probably progress 

concurrently. The settlement curve therefore cannot 

be separated into three clear-cut portions of primary, 

self-induced primary and secondary. Bjerrum's new 

terms "instant and delayed compressions" (1967) better 

describe the process of consolidation than the con

ventional theory, but his arbitrary separation of the 

process into two stages is still an oversimplification. 

The two types of primary consolidation may very well 

occur in many other clays than the Väsby clay but the 

self-induced primary consolidation may be an insignifi

cant fraction of the whole. In the post-glacial Väsby 

clay or other similar types such as the Canadian Leda 

clay, the self-induced primary consolidation may become 

dominant when the consolidation stress is large enough 

to proveke a structural breakdown. 

7.4 A Modified Model 

The original model of consolidation as envisaged by 

Terzaghi can be slightly modified to represent the 

collapsible clay structure. Some of the linear, ad

equately strong springs in the Terzaghi model can be 

replaced by springs with defects (Fig. 69). 
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Pressure u per unit 
a r ea 

-Springs with potential 

defects 

Fig. 69 . Mechanical Device demonstrating process of consolidatian 
(modified Terzaghi modd). 

When a load is placed on the system, i t i s first taken 

up by the pore water and then by the springs. When de

fective springs break and permit a sudden sett l ement , 

load is thrown back to the pore water. Such simultaneous 

dissipation and creation of excess pore pressure simu

lates the present stage of the Väsby test . Finally, 

when a ll the defective spr i ngs have broken , the non 

breakab l e springs begin to take up the load and t he 

dissipation of por e pressure again follows the no rmal 

process of t he Terzaghi theory . 
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8. CONCLUSIONS 

8.1 General Application of the New Concept Derived 

from the Väsby Test 

The concept of the "self-induction ofpore pressure" may 

provide an explanation for several instances of appar

ently anomalous behaviour of consolidatian of clays. 

For example, the pore pressure beneath the approcah 

fills at Kars Bridge may represent a similar phenomenon. 

Eden and Poorooshasb (1968) have reported that the pore 

pressure under this fill maintains a steady level even 

though settlements are continuing. Crawford (1967) has 

suggested for Leda clay a rnechanisrn according to which 

simultaneous dissipation and creation of excess pore 

pressure can occur. 

Bjerrurn (1967) observed that the time rate of settlement 

of certain Norwegian clays plotted on a log basis appears 

to continue indefinitely alamost from the very beginning 

along a straight line. This behaviour could be the earn

bined effect of the self-induced prirnary consolidatian 

and the secondary (or "delayed", as he calls it) con

solidatian when the normal primary consolidatian has 

ceased. No excess pore pressure was reported, however. 

A similar phenornenon has been noted in Danish clay by 

Brinch-Hansen (1965). Thus, the behvaiour of the Väsby 

clay appears not to be an isolated instance. 

8.2 Surnrnary of Results 

The major information derived from this study of the 

Väsby load tests can be surnrnarized as follows: 

(1) 	 The t ests did not yield an answer to the original 

Terzaghi q uestion (Appendi x I ) as to the true 

rnechanisrn of secondary consolidation. 

(2) 	 The technique of preleading that Kjellman orig

inally intended to use for this site would have 

taken rnuch longer time (1945-1979) to achieve the 

desired results than oedorneter test results would 

have predicted. 
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(3) 	 Besides the well-known factors such as eraeks and 

fissures that cause disagreement between oedo

meter ev and field ev values, one more factor, 

namely structural breakdown eausing self- induced 

pore pressure, is found to complicate the ev pre

dictions. 

(4) 	 The present method of computing final settlement 

using field-Cc and oedometer-Cc values appears to 

be the best available for normally loaded clays. 

However, the likelihoad of predieting the self

induced primary consolidatian is rather small. 

It is doubtful if this phenomenon can be simulated 

in the oedometer or even in triaxial tests, since 

sampling disturbances are in most cases far more 

destructive than those due to the in-situ s hear 

stress increases. 

(5) 	 Since pore pressure can be self-induced and settle

ment can occur even without accompanying pore 

pressure decrease, the percentage of ultimate 

settlement is not necessarily equal to the degree 

of consolidatian on the basis of pore pressure 

measurement. Accordingly, because of the intern

ally generated pore pressure, settlements with or 

without lateral yield are not necessarily followed 

by increase in effective stress. 

8.3 Continuation of Research 

It would be desirable to continue the observation of 

settlements and to measure pore pressure at the end 

of every decade, say 1990 , 2000 , etc. until such time 

when l ong- term settlement of this type of clay can 

be predicted by labor atory means with reasonable accu

racy. More field data should be collected and studies 

made on such data so that a simple index property 

could be found to identify clays such as Väsby clay 

in Sweden or other clays likely to have similar be

haviour. 
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TERZAGHI REPORT 
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REPORT CONCERNING THE SUBSOIL CONDITIONS AT THE SITE 

OF THE PROPOSED FLYING FIELD AT VÄSBY BY KARL TERZAGHI 

M.Arn. Soc. C.E., Inst. C.E., 1946 

On Janary 11, överdirektör Gunnar Jonsson requested the 

writer to answer the following questions: 

1. 	 Can you recornrnend the flying-field to be located 

in the proposed territory at Väsby on the presump

tian of a wheel pressure of 35 tons and with regard 

to the soil condition and the irnportance of even 

landing runways? 

2. 	 If you can answer that question positively: 

a) 	 is there a soil-strengthening advisable according 

to the rnethod porposed by Chief Engineer Kjellrnan, 

b) 	 in this case during which length of time has the 


overload to be applied, and 


c) 	which other or furthe r rneasures do you recornrnend 


in order to avoid future settlements? 


ANSWERS TO MR. JONSSON~S QUESTIONS 

In order to answer Mr. Jonsson~s questions the writer 

studied all the relevant data and cornputations con

cerning the flying fie l d and on January 15 he also 

visited the site. On the basis of this information he 

subrnits the following answers: 

1 . 	 The construction of the runways at the site of the 

flying field in Väsby rnay be followed by a slow but 

progressive warping of the a rea covered by the run

ways. The eauses and the probable rate of this pro

cess of warping are discussed in an Appendix to this 

report, under the title " Secondary Tirneeffect ". If 

secondary time effects develop it would be necessary 

to design the runways and the drainage systern in 

such a manner that they would not be adversely 
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affected by the unequal settlements. If this condition 

is satisfied there would be no objection against con

strueting a flying field in Väsby in spite of moderate 

secondary time effects. 

2. 	 a) The writer exaroined the method proposed by chief 

engineer Kjellman for consolidating the soft clay 

located beneath the flying field. The theory on 

which the method is based is scientifically sound. 

Whereas the errors in the older theories of drainage 

by means of filterwells were on the unsafe side, 

those in Kjellman-s are on the safe side. This is a 

distinct advantage. The principle of the method has 

been used successfully in the United states since 

more than ten years for consolidatian soft clay 

strata located beneath highway fills. Therefore 

the method has passed the experimental stage. If an 

airdrome is to be constructed on very soft clay the 

technique for installing the drains, proposed by 

Mr. Kjellman, appears to be both more economical 

and more effective than the method used in the United 

States. Hence Mr. Kjellman-s plan can be considered 

perfectly satisfactory, as far as the elimination 

of the settlements due to normal consolidatian is 

concerned. The influence of the procedure on the 

secondary time-effects remains to be determined by 

further investigations in the field . 

2. 	 b) At the present state of our knowledge it seems 

reasonable to assume, that the initial load shou l d 

exceed the permanent l oad by at least fifty percent. 

It also appears that the overload should not be 

removed until at least seventyfive percent of the 

normal consolidatian produced by the initial load 

has occurred. According to the results of the soil 

tests and field experiments this time will be 

considerably less than two years. Hence an allowance 

of two years for the consolidatian of the clay 

appears to be ampl e, but not excessive . 
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2. 	 c) It is very probable but not certain that the 


settlement due to secondary time effects can be 


eliminated by appropriate selection of the ratio 


between initial and permanent surcharge. However 


at the present state of the field investigations 


at Väsby this optimum ratio cannot even be guessed 


at. 


CONCLUSIONS AND RECOMMENDATIONS 

On account of the prevailing uncertainties regarding 

the secondary time effects it would be hazardous to 

proceed with the construction of a flying field in 

Väsby without investigations on a much larger scale 

than those which have been performed to date. These 

supplementary investigations may require several years. 

They would delay the construction of a flying field 

at the Väsby site to such an extent, that this site 

can be disregarded as far as the present airdrome 

program is concerned. However considering the geological 

conditions in Sweden in general, the Swedish govern

ment will be compelled, sooner or later, to construct 

airdrames on very soft clay either in Väsby or at 

similar sites in other parts of the country. Once the 

construction of such an airdrome is decided upon it is 

too late to acquire the scientific knowledge required 

for appropriate design. This fact is being dernonstrated 

by the present situation regarding the Väsby field. 

Design on the basis of inadequate data may be the cause 

of excessive expenditure for rnaintenance or even of 

accidents and failure . Therefore the writer suggests 

the following procedure . 

Instead of constructing the flying field in Väsby it 

should be built in Halmsjön. At the same time the in

vestigations in Väsby should be continued in such a 

manner and on such a scale that they will inform us on 

all the factors which determine the behaviour of soft 

clay under the influence of temporary and permanent 
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surcharges. Forernest among them is the secondary time 

effect. Once this knowledge is available the preliminary 

investigations for the construction of a flying field 

on soft clay in any part of the country can be reduced 

to routine soil tests which can be performed for a 

short time. 

Respectfully submitted 

Stockholm, January 16, 1946 Karl Terzaghi 
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APPENDIX TO TERZAGHI~S REPORT 

CAUSES AND RATE OF SECONDARY SETTLEMENT 

The computation of the settlement of the runways pro

posed by Mr. Kjellman is based on the general theory of 

consolidatian of clays. The same theory is used since 

many years for the computation of the settlement of 

buildings and other surcharges resting on clay. Accord

ing to this theory the settlement increases at a de

creasing rate and finally it ~tops. When plotting the 

settlement against time a curve is obtained similar to 

that shown in Fig. 1 . With increasing time the slope 

of the curve steadily decreases and finally it beoomes 

equal to zero. In other words the theoretical time

settlement curve approaches a horisontal asymptote. 

By camparing the theoretical settlement curves with 

those obtained from settlement observations on build

ings resting on clay it was found that the agreement 

between theory and reality is perfectly satisfactory 

until the settlement becomes roughly equal to 80 

percent of the ultimate value. This state is referred 

to as 80 percent consolidation. It is attained at a 

certain time tn. From then on , the real rate of settle

ment becomes practically eonstant whereas the theore

tical rate of settlement steadily decreases and finally 

becomes zero. The difference between the real and the 

theoretical settlement is known as secondary time effect 

or secondary settlement. 

settlement observations on buildings indicate that the 

secondary settlement ranges between about 0.5 and 3 

centimeters per year. So far the observations cover 

periods up to 30 years. Within these periods no signi

ficant decrease of the rate of the secondary settle

ment can be noticed. Considering the importance of these 

secondary settlements we are compelled to investigate 

their possible influence on the method which is pro

posed for strengthing the subsoil of the runways. 
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If there were no secondary settlement the process would 

go on as shown in Fig. 2. In this figure the ordinates 

of the broken line above the horisontal axis represent 

the surcharge per unit of area of the runways. The 

initial surcharge is q 1 • At time this initial surt 1 
charge is reduced by excavation to q 2 which is about 

equal to two thirds of q 1 and the runways are construc

ted. The corresponding settlements are represented by 

the ordinates of the curve l ocated beneath the horison

tal axis. Curve C1 shows the relation between time and 

theoretical settlement under a surcharge q 1 and curve 

C2 shows the corresponding relation for a surcharge 

which, from the very start, is equal to the ultimate 

load q 2 . Under the influence of the surcharge q 1 the 

settlement steadily increases and when the degree of 

settlement becomes about equal to 75% , at time t 1 , it 

is already greater than the ultimate settlement s2 under 

load q2. Hence if, at time t1, the surcharge is reduced 

from q 1 to q2 the surface of the ground rises slightly 

due to swelling and then it remains stationary. In 

other words the settlement would stop. 

On account of secondary time effects, the process may 

take place as shown in Fig. 3. The curves c, and C2 

have inclined tangents instead of horizontal ones. Up 

to time the settlement which would have occurredt 2 
if no overload had been applied (curve C2l is smaller 

than s 1 . However at time t2 it becomes greater. Hence 

at time t 2 the settlement of the base of the runway 

may start again and increase at a rate equal to the 

s l ope of curve c2 . 

If the eonstant rate of the secondary settlement does 

not exceed, at the worst spot, 0.5 cm per year, the 

runways and the drainage system could most likely be 

designed in such a manner that the progressive warping 

of the surface of the flying field may not cause any 

inconvenience for a period of 20 or 30 years . Even 

after this period the undesirable consequences of the 

secondary time effects could be eliminated periodically 
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at a reasonable expense. On the other hand, if the rate 

of secondary settlement is equal to 2 or 3 centimeters 

per year troubles would start very soon after the 

flying field is put into service and the costs of main

taining the field may be prohibitive. 

At the present state of our knowledge it is not possible 

to estimate the rate of secondary settlement on the 

basis of the results of soil tests performed in the 

laboratory. It is not even possible to prediet whether 

the runways will begin to settle äfter time t2 (Fig. 3) 

as described before or whether they will remain sta

tionary. Hence a flying field cannot safely be construct

ed at the Väsby site or at similar sites on soft clay 

until this gap in our present knowledge of the behaviour 

of soft clay under load is closed by large scale tests 

covering a lang period of time. 
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VÄSBY AND SGI PORE PRESSURE METER 
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'· ~ ~~ o 
.~ 

1.8 

\\ ' ~ :-... 
a:: 1.6 l ~ 
o t~ 
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> VARVED CLAY(LAYER Hl \\ -~ 
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TYPICAL OEDOMETER FRICTION DETERMINATION 
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DETAILED ~lATER CONTENT PROFILE 
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C•ploncJt,on or '"rn bof., 
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e: \ 
(670,}

:t t-------------o-------:-:-1 
..... 
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LOCATION OF BORE HOLES <PRIOR TO 1966) 
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