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PREFACE 

One of the proposed sites in the 1950's for a new international airport 

for the Stockholm region was Ska-Edeby, located about 25 km west of 

the city. The soils at this site consist mainly of very soft, normally 

consolidated medium sensitive glacial and post-glacial clays with a 

thickness of 9 to 15 m. In order to study the expected settlements and 

the effect of vertical sand drains, it was decided in April 1957 that 

the Swedish Geotechnical Institute (SGI) should carry out large-scale 

field tests at Ska-Edeby. Four extensively instrumented circular 

gravel fills were constructed. The soil underlying three of the fills 

was provided with sand drains of varying spacings, while the fourth 

area was undrained. In addition to the measurement of pore pressures 

and settlements, the strength and deformation properties of the soils 

were determined by comprehensive laboratory investigations. 

Preliminary results of the investigations were published in September 

1957 in a report by a special committee which had been appointed to 

consider the airfield location question. No definite conclusions could 

be drawn at that time about the consolidation rates and the final settle

ment of the fills. The Ska-Edeby airport project was later abandoned 

for _economic reasons. However, it was decided that the field tests 

should be continued because of their importance to similar future 

projects including highway construction. 

In charge of the field tests were Dr Sven Hansbo and Mr Justus Osterman, 

Director of the Institute at that time. The results of the work were pre

sented by Hansbo in 1960 in SGI Proceedings No. 18: "Consolidation of 

Clay, with Special Reference to Influence of Vertical Sand Drains. 

A Study Made in Connection with Full-Scale Investigations at Ska-Edeby". 

In this report, which incidentally constituted Hansbo's doctors thesis, a 

complete description of the test site and of the results obtained up to mid-

1959 were presented, as well as a new consolidation theory for sand 

drains wherein non-Darcian flow was considered. 
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In 1961, one of the circular test fills at the Ska-Edeby test field was 

unloaded, and the surplus gravel fill was used to construct an additional 

loading test in the form of an embankment. The work was sponsored by 

the Swedish Road Board and the National Swedish Council for Building 

Research. Preliminary results from this test were presented at the 3rd 

European Conference on Soil Mechanics and Foundation Engineering, 

Wiesbaden (SGI Reprints and Preliminary Reports No. 7, 1964) by 

J. Osterman and G. Lindskog. 

The investigations at Ska-Edeby were continued in 1970 by Dr Robert D. 

Holtz, a visiting research engineer at the Institute. The study was 

supervised by Dr Bengt Broms and Mr Gote Lindskog, while Mr E. Schwab 

and Mr B.G. Holm assisted substantially with various phases of the work. 

The project was sponsored by the National Swedish Council for Building 

Research. 

The study involved primarily a summary and analysis of the measurements 

complemented with other laboratory and field investigations. The results 

have been reported in three papers which are included in this publication. 

The first two papers were presented at the ASCE Specialty Conference on 

Performance of Earth and Earth-Supported Structures at Purdue University 

in 1972 and the third at the 6th Nordic Geotechnical Meeting in Trondheim 

that same year. 

In view of the history of the Ska-Edeby test field, with its favourable soil 

conditions and with its comprehensive instrumentation, this field may be 

regarded as unique. It has, in fact, provided a better understanding of the 

consolidation process, including the behaviour and effect of vertical sand 

drains. The Institute fully intends to continue the consolidation studies at 

the test field as well as to use it for other geotechnical research projects. 

Stockholm, April 1973 

SWEDISH GEOTECHNICAL INSTITUTE 
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SOIL MOVEMENTS BELOW A TEST EMBANKMENT 

Robert D. Holtz, 1 A.M.ASCE, and Gote Lindskog 2 

ABSTRACT 

In 1961, the Swedish Geotechnical Institute started an 
additional loading test at the Ska-Edeby test field, 25 km 
west of Stockholm, Sweden. One of the original test fills 
was unloaded and the surplus gravel used to construct an 
embankment 40 m long, 1.5 m high, and with a crest width of 
4 m. In addition to the usual settlement meters and piezo
meters, inclinometer tubes were installed near the edge of 
the fill to detect horizontal movements in the subsurface 
soils. The soils at the site are typical of the test field: 
soft, normally consolidated, medium sensitive post-glacial 
and glacial varved clays, about 15 m deep. 

The settlement and pore pressure histories of the test 
are presented along with a record of the substantial hori
zontal movements that have occurred. It was found that the 
present rates of dissipation of pore pressure and settle
ments are occurring somewhat faster than predicted by one
dimensional consolidation theory with the cv determined 
from the oedometer test. If the contribution of lateral 
movement to vertical settlement is considered, then the 
field cv based on the observed settlements is about twice 
the laboratory value but about half the field settlement cv 
found in the other undrained test area at Ska-Edeby. 

A recent sampling and testing program showed that there 
has been essentially no change during the past 10 years in 
either the water content or the undrained shear strength of 
the clay below the embankment. 

DESCRIPTION OF TEST EMBANKMENT 

In 1961, one of the circular test fills at the Ska-Ede
by test field, 25 km west of Stockholm, Sweden, was unload
ed, and the surplus gravel fill was used to construct an 
additional loading test in the form of an embankment. Pre
liminary results of measurements of the test were reported 
by Osterman and Lindskog (1963) 

Research Engineer, Swedish Geotechnical Institute, 
Stockholm, Sweden 

Chief Engineer, Swedish Geotechnical Institute, 
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Information on the location of the test embankment and 
a general description of the geology of the site are given 
by Holtz and Broms (1972). The geotechnical profile fer the 
embankment is shown in Fig. l; results of routine laborato
ry and field investigations are presented for both tte ori
ginal conditions before loading and 10 years later jn 1971. 

The embankment is 40 m long, 1.5 m high and bas a crest 
width of 4 m; side slopes are 1.5:1. It was constructed in 
three stages as indicated on Fig. 2, and the embankment was 
completed in a little over one month. 

2The stress applied by the fill was about 27 kN/m and 
based on the original shear strengths of the clay (Fig. 1), 
the factor of safety against failure was about 1.5. Still, 
from elastic theory, the maximum shear stresses under the 
edge of the embankment were quite high and may have locally 
exceeded the shear strength. Consequently, the observed 
lateral movements, described later, have been rather signi
ficant. 

Instrumentation was installed near the middle of the em
bankment at the locations shown in Fig. 2. The piezometers, 
except P8 which is an open pipe, were the hydraulic SGI 
type II (Kallstenius and Wallgren, 1956). Settlements were 
measured by two types of gages. Those placed on the ground 
surface under the fill were simply steel rods welded to 
plates with settlement readings made by precise leveling. 
The gages for measuring settlements at depth consisted of a 
rod to firm bottom within a pipe welded to an earth screw. 
Relative movements were determined by a dial indicator. 

Horizontal movements at the sides of the embankment 
were measured in plastic tubes by the SGI inclinometer 
(Kallstenius and Bergau, 1961). 

RESULTS OF MEASUREMENTS 

Fig. 3 is a summary of the load, pore pressure, and 
settlement records for the past 10 years. The overload has 
decreased somewhat due to settlement of the fill into the 
rather high water table. The variation in piezometric head 
shown in Fig. 3 is typical of the long-term response of the 
SGI piezometers (Holtz and Broms, 1972). The short-term 
response of the piezometers was too slow for a meaningful 
analysis of the development of pore pressures during load
ing. 

The distribution of settlements was quite consistent, 
and thus only averages for some meters at corresponding lo
cations and depths are presented. For example, the average 
difference between the gages at the ground surface, SS, S6, 
and S7, was less than one cm. Gage Sl2:4.0 was installed 
over a year after start of loading and its initial settle
ment was assumed to be about 15 cm. Settlement measurements 
were also made at the ends of the embankment. They showed 
a maximum difference of 4.5 cm between the ends.and the 
center of the embankment after 10 years. 

Horizontal movements were determined from periodic in
clinometer surveys. In order to get a clearer picture of 
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these movements, only some representative measurements are 
shown in Fig. 4. The initial line was determined a few days 
prior to start of construction and the er.,Jxwi:ment was com
pleted on 1 June 1961. 

From the settlement gages and hori.zontal mcvement re
cords, the locus of a point 1.5 m below the surface and on 
the line of the inclinometer tubes can be plotted (Fig. 5). 
The loci shown in Fig. 5 are not exactly at the same points 
in space, because the settlement gages were located some 
2 m from the inclinometer tubes (Fig. 2). Some error also 
can be attributed to the fact that the inclinometer surveys 
were not made at exactly the same time as the other gages 
were read. 

The influence of the embankment load was felt some dis
tance from the edge of the embankment. Horizontal movements 
were observed in inclinometer tube Hl (Fig. 4), while the 
piezometers both at the edge and 8 m from the centerline 
showed increases in pore pressure right after loading. 

In 1969, most of the settlement gages showed a signifi
cant rise or heave relative to the previous readings. This 
was especially apparent in the surface gages at centerline. 
At the same time, a rather strong inward movement was ob
served in the horizontal movements. Since then, the settle
ments have tended to continue as before while the horizon
tal movements have reversed direction and have tended to 
move outward again. This anamolous behavior of 1969 shows 
especially well in Fig. 5 and the reason for it is not 
readily apparent. The movements in the clay suggest that 
the embankment load decreased as, for example, might occur 
if the ground water table rose significantly. There is no 
evidence that this occurred and it seems especially unlike
ly since 1969 was unusually dry in Sweden. The water table 
was apparently not appreciably affected either way, at 
least at the time the settlement and pore pressure measure
ments were made (2 June). The inclinometer surveys for that 
year were made almost exactly one month later on 3 July. 

DISCUSSION OF RESULTS 

Settlements.-- Based on oedometer tests conaucted during 
the original soils investigation before construction of the 
test embankment, the ultimate primary compression was pre
dicted to be about 1.5 m, if no consideration for load re
duction was made, and about 1.2 m if load reduction was 
taken into account. This analysis followed conventional 
procedures wherein classical one-dimensional consolidation 
theory was used. Since the pore pressures (Fig. 3) under 
the embankment have not yet dissipated, no check can be 
presently made as to the validity of the prediction of the 
ultimate primary consolidation. 

The rate of consolidation of the embankment was also 
predicted in 1961 using conventional settlement analysis 
procedures and the derived U-t relationship is shown in_

4Fig. 6. This curve is based on an average cv of 0.8 x 10 
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cm /sec. Also shown in Fig. 6 is the degree of consolida
tion calculated from the average pore pJ'."essure dissipation 
at the centeriine for the times indi.c0.t2:'i by the points. 
The agreement with the original th2oretical predict.ion is 
reasonably good for the first 7 years of loading, but after 
that, it is poor even when average ·;;:il ucs c1re used and pro-
bably reflects inaccurate pore pressure measurements. 

Finally, in Fig. 6, time-consolidation curves are given 
based on the observed rates of settlement ana the predic.~ed 
ultimate primary compressions given above. In these curves, 
no consideration is given to the contribution of lateral 
movement to vertical settlement. This contribution can be 
estimated, as was done by Osterman and Lindskog (1963), by 
calculating the volume of clay displaced from the observed 
lateral movements (Fig. 4) and by assuming a parabolic di
stribution of settlements under the embankment cross-sec
tion. Time-consolidation curves thus calculated would fall 
somewhat above but approximately parallel to those shown 
in Fig. 6. For example, in 1971 the average consolidation. 
was about 12 to 15 percent less if lateral movement was 
considered. 

From the average consolidation determined from settle
ment and pore pressure dissipation rates, a field coeffi
cient of consolidation, cv, can be calculated from classi
cal theory (Table I). It is interesting to compare these 
results with those obtained from the other undrained test 
fill, Area IV, at Ska-Edeby (Holtz and Broms, 1972). For 
that area the rate of the pore pressure dissipation was 
predicted reasonably well by the oedometer cv, and those 
values agree quite well with the laboratory value for the 
embankment. Depending on how the settlement rates were de
termined, the settlement cv's range from slightly above 
these values to as high as four times greater. The most 
reasonable settlement value probably considers both lateral 
movement and load reduction, and this is about half the 
value from settlements found for Area IV (Table I). 

If the excess pore pressure values measured under the 
embankment in 1970 and 1971 are· correct, then both the 
settlements and pore pressures are currently following 
classical theory quite well with a field Cv about 2 to 4 
times greater than would be predicted from the oedometer 
test. This is not unreasonable, considering the varved na
ture of the clay and the effect of sample disturbance on 
the oedometer test. However, it is not clear the piezometer 
values of the last two years are correct, and it would be 
fortuitous if one-dimensional theory would apply so accu
rately to such an obviously plane strain case. According to 
Schiffman, et.al. (1969), for some plane strain loadings, 
a coupled three-dimensional consolidation theory would pre
dict that the rate of dissipation of the excess pore pres
sure would be less than for conventional one-dimensional 
theory for soft clay, and greater for stiff clay. Another 
factor which must be considered is the possibility of se
condary compression going on during primary - a phenomenon 
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observed by Chang (1972) at a test field north of Stockholm 
and possibly an explanation for the discrepancy between 
pore pressure disJipation and settlement rates observed in 
the undrained Area IV (Holtz and Broms, 1972). 

TABLE I 

COMPARISON OF LABORATORY AND FIELD COEFFICIENTS OF CONSOLI
DATION 

-4 2Embankment: cv, xl0 cm /sec 

Laboratory (1961) 0.8 
Field 

a) from excess pore pressures 
1970 2.3 
1971 1.2 

b) from settlements (no lateral movement) 
with load reduction 3. 3 
no load reduction 2.0 

c) from settlements (incl. lateral movement) 
with load reduction l. 6 
no load reduction 1.0 

Area IV (Holtz and Broms, 1972): 

Laboratory (1957) 0.4-0.5 
Field 

a) from excess pore pressures (1971) 0.7 
b) from settlements 3.0 

Horizontal movements.-- As shown in Figs. 4 and 5, sig
nificant horizontal movements have occurred at the edge of 
the embankment. Maximum movement was at 1.5 m depth, and 
except for the reversal of 1969, the movements were quite 
consistent. There may have been some inward movement below 
8 m after 1962, and the inclinometer at Hl indicated a sim
ilar reversal after 1965, possibly due to frost action. 

The rate of lateral movement has obviously decreased 
significantly. During the early stages of the test, lateral 
movements were nearly 4 cm/yr, while presently, movement is 
about 0.2 cm/yr at 1.5 m.,depth. But they are still tending 
to go outward, even after 10 years. Osterman and Lindskog 
(1963) hypothesized that because of consolidation, the rate 
of lateral movement would eventually equal and/or become 
less than the rate of shrinkage, at which time, the hori
zontal movements would appear to reverse. From the present 
data, this point has apparently not been reached yet for 
this embankment. 

Settlements calculated from changes in water content.-
Chang (1972) found that settlements at the center of the 
undrained test area at the Vasby test field could be pre
dicted within about 15% from the change in water content 
which occurred at the centerline during the period of load· 
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ing. A similar analysis (Holtz & Brems, 1972) for the un
drained area at Ska-Edeby showed that vi.rhia.lly all the 
settlement at· the centerline could be o.ccount:ed fer by 
changes in water content. These analyses were not so suc
cessful for the drained areas, probably due to the hetero
geneity of the clay. Only a very crude averaging process 
can be attempted in any case, and perhaps close agreement 
is merely fortuitous. From Fig. 1, it is apparent that ·no 
significant change in water content has occurred during the 
past 10 years. Unfortunately, no detailed water content 
studies were made before loading, so this conclusion may 
not be exactly correct. In fact, if average water contents 
from four boreholes made outside but near the embankment in 
late 1961, are used, then a settlement of about 72 cm would 
be predicted for the centerline, and about 56 cm for a bore
hole made recently (1971) at the edge of the fill. Both 
these values would suggest that all the settlement of the 
embankment is due to classical consolidation. Still, we 
know that the clay did move out, especially in the top 5 m, 
and the contribution of this movement to vertical settle
ment cannot be discounted. 

Change in soil properties due to consolidation.-- From 
Fig. 1, it is quite obvious that no significant change in 
the undrained shear strength has occurred during the past 
10 years, and this tends to verify the observation that 
water content changes have been negligible, also no signi
ficant differences were observed in the classification pro
perties between 1961 and 1971. 

CONCLUSIONS 

Based on the observations of movements in the clay 
under the test embankment at the Ska-Edeby test field, the 
following conclusions can be made: 

1. In addition to large vertical settlements, substan
tial horizontal movements have occurred in the clays at the 
edge of the embankment, and the movement was observed at 
least as far as 8 m from the centerline. If the contribu
tion of lateral movement to vertical settlement is consider
ed, then the Cv from the present settlement rate is about 
half the corresponding cv found for the other undrained 
area at Ska-Edeby and about twice the oedometer cv. 

2. The rates of consolidation based on pore pressure 
dissipation and settlement rates today are somewhat faster 
than predicted by one-dimensional consolidation theory and 
the Cv from the oedometer test. This is qualitatively con
trary what might be expected from three-dimensional conso
lidation theory for soft clay. 

3. The values of the coefficient of consolidation de
termined from observed pore pressure dissipation and set
tlement rates ranged from two to four times greater than 
the Cv determined from the oedometer test. 

4. Even after over 10 years of settlement, no signifi
cant increase in the undrained shear strength or decrease 
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in the water content has occurred in the r,oft clays below 
the embankment. 
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SOIL MOVEMENTS BELOW A TEST EMBANKMENT 

Robert D. Holt~ 1 
, A.M. ASCE, and Gate Lindskog 2 

In the paper, we stated that the measurements of 
excess pore pressures remaining under the test embankment 
were questionable because of the rather wide scatter shown 
by the SGI type piezometers. The pore pressures were remeas-

ured using NGI vibrating wire piezometers during the spring 
of 1972 and an excess pore pressure profile was obtained 
which was similar to those found under the other undrained 
test area at Ska-Edeby (Holtz and Broms, 1972, Fig. 15). 

Based on the excess pore pressure remaining in the 
middle of the clay layer, the average degree of consolida
tion today is about 58 percent. This is e~uivalent to an 
one-dimensional c of about 3.8 x 10-4 cm /sec, or signi
ficantly greater fhan the c values found previously 
(Table I in the paper). v 

The effect of lateral movement on the degree of conso
lidation based on the settlement was discussed in the paper, 
but the curves were not shown on Fig. 6. A corrected version 
of that figure is reproduced below with the results from 
the 1972 measurements included. 

It is felt that the most reasonable model for the 
degree of consolidation based on settlements is the one 
wherein both lateral movements and load reduction are 
included. For this case, the average degree of consolida
tion is about 39 %, or much less than that based on the 
excess pore pressure remaining under the fill as of 1972. 
Both these rates are, however, significantly greater than 
predicted by one-dimensional theory and the oedometer test, 
which is shown as the "theoretical" curve in Fig. 6. 
Contrary to what was stated in the paper, the difference 
is reasonable for plane strain, and work is currently in 
progress to develop the correct theoretical consolidation 
curve for this embankment. 

Research Engineer, Swedish Geotechnical Institute, 
Stockholm, Sweden. 

2 Chief Engineer, Swedish Geotechnical Institute, 
Stockholm, Sweden. 
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ABSTRACT 

The paper presents a review of observations and test 
results from the full-scale loading tests at the Ska-Edeby 
test field, located about 25 km west of Stockholm, Sweden. 
The field, constructed in 1957 by the Swedish Geotechnical 
Institute, consists of four extensively instrumented circu
lar test fills up to 70 m in diameter, three of which are 
provided with sand drains of varying spacings (Hansbo,1960). 
The soils are soft, normally consolidated, medium sensitive 
post-glacial and glacial varved clays, 9 to 15 m thick. 

The summaries of 14 years of settlement and pore pres
sure observations are presented and analyzed. Hansbo's(1960) 
theory of consolidation for sand drains, wherein non-Darcian 
flow is considered, predicted the observed rates of settle
ment and pore pressure dissipation somewhat better than 
classical theory. Field values of eh for the drained areas 
were about the same as the cv-value from oedometer tests, 
probably due to remolding during driving of the drains. 

For the undrained area, the oedometer cv quite accurate
ly predicted the dissipation of excess pore pressure, while 
cv determined from the observed settlement rate was much 
larger and suggests that considerable secondary compression 
has gone on during the primary phase. Yet, all of the settle
ment at the center can be accounted for by observed changes 
in water content during consolidation. 

Hansbo's predictions of final primary settlement based 
on the oedometer test were within 5 to 20 percent for the 
drained areas. No evidence was found that remolding due to 
driving of the drains affected the rates and amounts of 
primary and secondary compression. 

Because of consolidation, the average water contents 
have decreased 5 to 20 percent, the average undrained shear 
strength has increased about 5 kN/m2 , and the su/a~0 ratio 
has decreased slightly. 

Research Engineer, Swedish Geotechnical Institute, 
Stockholm, Sweden. 

Director, Swedish Geotechnical Institute, Stockholm, 
Sweden 
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DESCRIPTION OF TEST FIELD 

In 1957, in connection with the planning for a new air
port, the Swedish Geotechnical Institute, in cooperation 
with the Swedish Road Board, designed and constructed a 
test field 25 km west of Stockholm, Sweden. The field con
sisted of four circular loaded areas, three of which were 
provided with 18 cm diameter sand drains at various spacing& 
Hansbo (1960) described in detail the installation of the 
drains, the construction of the test fills, and the instru
mentation installed at the test site; thus, only a summary 
is given in this paper. 

Geological Description and Geotechnical Properties.-
The general geologic conditions at the site are rather typ
ical of the very recent glacial and post glacial clay de
posits of central Sweden. The site probably emerged from 
the sea only 400 to 500 years ago; today the ground surface 
is only about 2.5 m above the mean level of the Baltic sea. 
The deepest sediments are less than 10,000 years old and, 
as discussed in detail by Pusch (1970), both the glacial 
and the post-glacial sediments were formed in oxygen-poor 
environments and thus are rich in iron sulfide. A dry, 
weathered crust, typically about 1 m thick, overlies 3 to 5 
m of post glacial, slightly organic and rather homogeneous 
clays. 

The ground water table is usually located 0.5 to 1.0 m 
below the ground surface. The deeper glacial sediments are 
thinly varved and dipping near the top and become thicker 
(1 to 2 cm) and more horizontal with depth. Sulfide bands 
are common, and near the bottom occasional seams of sand 
and silt are found. Bedrock or dense glacial moraine is 
found typically at a depth of 9 to 15 m (Fig. 1). The gla
cial clay is usually 4 to 10 m thick. Salinity measurements 
show that some leaching has occurred because both the upper 
post glacial clays and the deeper glacial clays contain 
today about 0.5 percent salt in the pore water. Predominate 
cations are Fe, Na, and Kin the post-glacial clays, while 
in the glacial clays, Na is the most abundant cation but 
significant amounts of Mg, Kand Ca also are present. The 
organic content is about 0.4 percent for both clay types. 

Geotechnical soil profiles are presented in Figs. 2 
through 7. Shown are botn the properties as determined in 
1957 prior to loading and the results of recent (1971) 
sampling and testing beneath the loaded areas. Generalized 
soil descriptions based on a visual classification of the 
specimens are also given. The subsurface investigations 
are typical of those commonly conducted in Sweden and in
clude field tests with the SGI vane as well as standard 
50 mm Swedish piston sampling. 

The water contents, especially in the upper layers just 
below the dry crust, are high, and often 'significantly 
above the liquid limit. The undrained shear strength as de
termined by the several methods is very low even by Swedish 
experience. Sensitivity is normal for such deposits in cen-
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FIG. 1. PLAN OF THE SKA-EDEBY TEST FIELD. CONTOUR LINES 
INDICATE DEPTH TO FIRM BOTTOM, IN m. 
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tral Sweden. 
The clay is not perfectly homogeneous throughout the 

test field or below the test areas, and some generaliza
tions are necessary in the interpretation of the test re
sults. However average values from samples taken 35 m from 
the center of Area IV (Fig. 7) agree quite closely with the 
properties published by Hansbo (1960). 

Average values from oedometer tests given by Hansbo 
(1960), TablesI and II, were verified in a limited testing 
program on samples taken outside Area IV. Because of sample 
disturbance, the determination of the preconsolidation 
pressure from the 1957 oedometer tests is difficult, but 
generally the results indicate a normally consolidated ma
terial. Oedometer tests on SO mm standard piston samples 
from outside Area IV verified this conclusion, but scatter 
and the large increments used in the standard test made a 
precise determination difficult. An additional series of 
tests were conducted on samples taken with a 124 mm piston 
sampler between Areas I and II. Duplicate 50 mm and 80 mm 
diameter oedometer specimens were loaded with small incre
ments, 2.5 to 5 kN/m2, in order to accurately determine 
the preconsolidation pressure. The tests from the same 
depths agreed within 2 kN/m2. Below about 5 m the clay was 
essentially hormally consolidated assuming reasonable ef
fective overburden stresses, and it did not exhibit any 
of the quasi-preconsolidation pressure found on some Nor
wegian marine clays (Bjerrum, 1967). 

Test Areas.-- Originally, four circular tests fills 
were constructed, of which three were provided with sand 
drains. Fig. 1 shows the location of each area as well as 
pertinent dimensions, load magnitude and history, drain 
spacing, etc. Details of the installation of the sand drairn 
are given by Hansbo (1960). Briefly, a 16 cm steel pipe, 
closed by an 18 cm diameter hinged lid, was driven to firm 
bottom by a pile driver. The pipe was filled with sand and 
then withdrawn. The drains were arranged in essentially a 
triangular pattern and more than 3,500 drains were instalJEd 
with an average length of about 12 m. 

Construction of the fills followed the following se
quence. First, about 25 cm of the organic top soil was re
moved and a working platform of sand 50 to 70 cm thick was 
laid down. The drains were then installed, and two succes
sive lifts of a clean sand-gravel fill were placed over 
each area. Final loads are shown in Fig. 1. 

The factor of safety against bearing capacity failure 
was about 1.5 for the three areas loaded to 27 kN/m2. For 
the heavily loaded area, Area III, the factor of safety 
was only slightly greater than one. Berms were thus used 
to prevent local slides (Figs. 1 and 10). Even in the areas 
with a high factor of safety, the theoretically calculated 
shear stresses below the edge of the loaded areas are quite 
high and are probably equal to or even slightly larger than 
the shear strength of the soil below the dry crust. Conse
quently, lateral yielding of the soil has undoubtedly oc-
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curred under the edges of the fills. 
Instrumentation.-- Considerable instrumentation for the 

measurement of pore water pressures and settlements were 
installed under each test area as indicated in Figs. 8 
through 11. In the drained areas, the piezometers were in
stalled approximately halfway between the sand drains; also 
some settlement meters were placed in some drains below 
Area I (Fig. 8). The piezometers were the SGI hydraulic 
type (Kallstenius and Wallgren, 1956). The settlement gages 
were simple rods welded to earth screws (Kjellman, et.al., 
1955). The settlement gages were read with a precise level 
from a bench mark on a nearby bedrock outcrop. Attempts 
were made to measure the horizontal movements both at the 
surface and at some depth, but after a few years, the in
struments were abandoned because of obvious errors in the 
readings. Initial surface movements caused by the driving 
of the drains were, however, measured successfully (Hansbo, 
1960). 

RESULTS OF MEASUREMENTS OF PORE WATER PRESSURES AND VERTICAL 
SETTLEMENTS 

The load, pore pressure, and settlement records are 
summarized in Figs. 12, 13, and 14 for the four test areas. 

The net applied load decreased with time due to the 
settlement of the fill into the high water table. The indi
cated pore pressures were measured by piezometers located 
at the center of each area and at a depth of 5 m (Figs. 8 
through 11). The indicated settlements correspond to the 
compression of the 5 m thick clay layer located between 
2.5 m and 7.5 m below the ground surface. The behavior of 
this layer was analyzed by Hansbo (1960) because the clays 
above 2.5 mare undoubtedly overconsolidated due to dessi
cation, and the depth to firm bottom varied throughout the 
test field from 9 m to almost 15 m (Fig. 1). Complete 
settlement and pore pressure records are available at the 
Swedish Geotechnical Institute for all the gages shown in 
Figs. 8 through 11. 

The distribution of settlements under the fills was es
sentially consistent for all test areas. The settlements 
10 m from the center were about the same as those at the 
center, while the gages located 2 to 3 m from the edge typ
ically showed settlements about 30 to 40 percent of those 
at the center of the areas. The gages located outside the 
loaded areas at a distance of one diameter away from the 
center have settled at the most 3 to 4 cm. 

The SGI piezometers showed considerable annual variation 
after a few years, and the scatter given in Figs. 12, 13, 
14 for the piezometers located at 5 m depth are typical for 
almost all piezometers. Some gages are obviously malfunc
tioning today. However, it is interesting to note that the 
gages in Area IV, which showed a similar scatter (Fig. 14) 
on a year to year basis, all agreed within 0.2 m in piezo-
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metric head with measurements by the NGI vibrating wire 
piezometers in early 1971, as shown in Fig. 15. The water 
table in the natural ground as of March, 1971, was deter
mined by three additional piezometers located 35 m from the 
center of the area (Fig. 11). The three agreed quite well 
with each other, and within 0.2 m of that level given by 
the nearby SGI piezometers. The observed difference of 0.2 
m in head was less than the difference due to temperature 
sensitivity and atmospheric pressure changes between adja
cent NGI piezometers which were left in place more than a 
few days. 

DISCUSSION OF RESULTS 

Ultimate Primary Settlement.-- It is interesting to com
pare the predictions of settl~ment made by Hansbo (1960) 
with observed settlements during the past 14 years. Table I 
is a summary of observed and calculated ultimate primary 
settlements for the investigated 5 m thick layer. 

Hansbo based his calculations on an average value of 
the compression index as determined by oedometer tests on 
samples taken with an older model piston sampler. In addi
tion, the analysis included an estimate of the settlement 
of the fills into the water table. The predictions were in 
error by about 10 percent as of 1971. It should be noted 
that the effective overburden stress, which depends on the 
elevation of the ground water table, has fluctuated con
siderably, both annually and throughout the years. Shown 
in Table I are recalculated values of ultimate primary com
pression using slightly different overburden pressures and 
location of the ground water table, as well as the actual 
settlement of the ground surface as of 1971. 

Also included in Table I are predictions of ultimate 
primary settlement based on the actual dissipation of pore 
pressure as of the middle of 1959. Hansbo estimated the 
lateral movement of the clay from the pore pressure and 
settlement behavior as of 1959 of the undrained area and 
from his own measurements of surface movements subsequent 
to loading. The estimated movements and the dissipation 
rates were admittedly crude, but the calculated ultimate 
settlements agreed reasonably well with the values predicted 
from oedometer tests. 

How well do these predictions check with the observed 
settlements at the end of primary consolidation phase? In 
general, the agreement is quite good. The only exception is 
the sector in Area I with the 0.9 m drain spacing where 
either the laboratory data-are significantly in error or 
there is some stiffening effect of the drains, which tends 
to reduce the actual settlements. The 0.9 m sector of Area 
I is the only one where the modified settlement computa
tions-of Table I more closely predict the actual settlement. 

It is interesting that the average settlement calculated 
by the two methods predict exactly the observed settlement 
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OBSERVED AND PREDICTED PRIMARY 
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2. 2 
1.5 
1.5 

no drains 

Estimated aver-
age Cc from oe-
dometer 
(Hansbo, 

tests 
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C 
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1.85 
1. 95 
1.50 
1.45-1.55 
1.25-1.45 
1.30-1.50 

Using Hansbo's assumptions 

.i,. 
LI\ 
0 

TABLE I 

SETTLEMENT OF THE 5 m CLAY LAYER BETWEEN 2.5 AND 7.5 m 

Predicted Settlement, cm 

Oedo
From 

meter tests 

From Pore pres-
sure Dissipation 

as of 1959 

:iansbo 1 

(1960) 
Slightly 2 

modified 
No 
Outflow 

With 
Outflow 

63 
70 
50 
54-57 
65-75 
47-54 

54 
61 
46 
50-53 
58-67 
41-48 

48 
78 
51 
63 
81 

-

46 
78 
50 
60 
75 
-

of ultimate settlement of ground surface, yt = 1.5 t/m at 5 m 

Observed settlement 
cm 

!rotal tTl 

End of primary after 14 ;J> 

Consolidation 'ears ~ 
::i:: 
Cl'.l5650(1960) >-38074 (1962) :::0 
C:6159 (1969) 3 

n6561 (1962) >-3 
78 (1961- unloadedi 78 C: 

:::0Still in Primarv 36 
tTl 
Cl'.l2 

depth and an average location of the ground water table at 25 cm below the ground surface. 

2
2 Using observed settlement of ground surface in 1971, yt = 1.55 t/m , and an average loca

tion of the ground water table at 50 cm below ground surface. 

3 Pore pressure data inconclusive for this sector (Fig. 12). End of primary consolidation 
assumed when the settlement rate became approximately equal to the rates of secondary 
for the other two sections of Area I. 

http:1.30-1.50
http:1.25-1.45
http:1.45-1.55
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of the 1.5 m sector of Area I. This is probably a coinci
dence, since the settlement measurements for the settlement 
gage located at 7.5 m depth are questionable. The gage in
dicated unusually small settlements in comparison with 
other gages placed at the same depth. Hansbo (1960) attri
buted this effect to a possible local rise of the bedrock 
surface of perhaps the presence of a glacial erratic block. 
Both conditions have been found at other localities in the 
test field. The small measured settlements resulted in a 
large compression of the 5 m thick layer (Fig. 12). Yet,had 
the compression of the 5 m layer been significantly less, 
then the predictions would have been way off. 

The agreement for the 2.2 m sector of Area I is not so 
good, but the determination of the primary settlement is 
far from exact. If the highest predicted values from the 
oedometer test are used the differences are only 3 to 4 cm 
for Areas II and III, and the prediction based on dissipa
tion of excess pore pressure lS excellent. 

It can be concluded that the original predictions by 
Hansbo (1960) are reasonably correct, within about 5 to 20 
percent of measured values in most areas. The evidence here
in suggests that the remolding of the clays due to the 
drain driving has not increased the total settlement. The 
computations of the ultimate primary settlement were made 
in the usual manner with no allowance for remolding of the 
clay. Also, the performance of the undrained area so far 
tends to verify this conclusion, as described later. 

Rate of Consolidation from Dissipation of Excess Pore 
Pressure.-- Using the pore pressure observations in the 
drained areas (Figs. 12 and 13), the degree of consolida
tion, or consolidation ratio, Uh, at a given time and a 
given elevation can be calculated from 

uh= 100 (1 - ~l % ( 1)
uio 

where ui is the initial excess pore pressure after com
pletion 8f loading. The results, shown as points for the 
average of the piezometers at 5 m depths, are given in Fig. 
16. Not all the points followed smoothcurves because of the 
piezometer fluctuations discussed previously. 

The first item of interest is the calculation of the 
parameter n, which Hansbo (1960) used to describe the de
viation from Oarcy's Law. He found experimentally for the 
Ska-Edeby clay, that n was approximately equal to 1.5. From 
his consolidation theory which considers the non-linearity 
of flow, he developed certain relationships which allow the 
computation of the parameter n from the field data. He 
found from the field pore pressure dissipation as of 1959 
that the average value of n was about 1.5 to 1.6. Acom
parison was made of the times for equal degrees of consoli
dation between Areas II and III. These two areas had the 
same drain spacing but the. initial applied load was differ
ent. Hansbo's theory predicted that the rate of consolida
tion should decrease with increasing applied load and thus 
with increasing initial excess pore pressures. When the 
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same calculations for n were made from the data after 1959, 
it was found that n increased to about 1.8 when the degree 
of consolidation reached 80 to 90 percent. Calculations were 
made to determine the effect of a higher value of non the 
theoretical time curves derived from Hansbo's theory, and it 
was found that the curves using a constant n = 1.5 appeared 
to fit the observed pore pressure dissipation rates somewhat 
better than if n = 1.7 or 1.8 was used for higher degrees 
of consolidation. Thus, in the following theoretical work a 
value of 1.5 is used. 

From equations derived by Hansbo (1960), and from clas
sical consolidation theory applied to vertical drain wells 
(Barron, 1948; Kjellman, 1948, 1949), the theoretical U-t 
relationships can be calculated for different values of the 
coefficients of consolidation. It should be noted that the 
degree of consolidation in this case is the average consol
idation for the 5 m layer considered. These curves are 
shown in Fig. 16, and the table {n the figure indicates the 
values of eh and A utilized in the calculations. These co
efficients, which differ slightly from those originally 
given by Hansbo, correspond better to the long-term respmse 
of the clays under the loaded areas. The consolidation co
efficients were determined from the obs§rved pore pressure 
dissipation times at several values of U. Then a reasonable 
average was chosen for the calculation of the curves shown 
in Fig. 16. For the A-theory, a constant value of n = 1.5 
was used for reasons described previously. The differences 
between the classical and Hansbo's theories are not large 
but the latter theory appears to fit the observed pore pres
sure dissipation rates somewhat better. Of course, addition
al corrections of eh end A could be made to achieve a slight
ly better fit, but such adjustments are not warrented con
sidering the variations of the pore pressure measurements. 
Comparison will be made later between laboratory and field 
values of the consolidation coefficients. 

Rates of Consolidation from Settlement Rates.-- The av
erage rate of consolidation can also be determined from 

OU (2)= op 

where o is the settlement at a given time and op is the ul
timate primary consolidation as determined by either oedo
meter tests, or in this case, from observed settlements 
when the excess pore pressures in the field are completely 
dissipated (Table I). The results are given in Fig. 17. The 
curves are slightly different from those in Fig. 16 based 
on the pore pressure dissipation. For the 0.9 m sector in 
Area I the curves are almost identical; they also agree 
quite well in the 2.2 m sector of Area I until D = 65 per
cent. After this, the pore pressure measurements are unre
liable. In the other areas, the rates from the settlement 
observations were always greater than the rates determined 
from the pore pressure dissipation. The difference was evi
dent but not large. There are many assumptions involved in 
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the settlement calculations that it may be fortuitous that 
the agreement is so good. 

The calculation of the curves in Fig. 17 followed Hans
bo (1960) wherein the total consolidation ratio or percent 
consolidation was obtained from the equation (Carrillo,1942) 

( 3) 

where the subscripts refer to the direction of consolida
tion. The rates of average vertical consolidation, U, were 
determined from the settlement response of Area IV u¥ing 
Eq. 2 and the average ultimate primary consolidation pre
dicted from the oedometer test (Table I). The settlement of 
this area was assumed to be due to vertical consolidation, 
and lateral displacement of the clay was not considered. 

As shown by Hansbo (1960), the effect of this assump
tion on U was not large up to the middle of 1959, but after 
that timevthe effect was appreciable on the behavior of Area 
IV. Since all the areas except the 2.2m sector of Area I 
essentially were fully consolidated by 1962, the effect of 
lateral movement on the consolidation rates in Fig. 17 is 
not considered significant. Also, the water content changes, 
presented later, suggests that the effect of lateral dis
placement on the vertical settlement is not as large as 
originally thought. 

Analyses of the settlement rates indicate that the area 
with the closest drain spacing had the highest settlement 
rate and thus achieved 100 percent primary consolidation the 
fastest. The second highest rates were observed in Area III, 
the area with an initial overload. In addition, these curves 
appear to agree somewhat better with the theoretical conso
lidation curves from the A-theory (Fig. 16). This theory 
also predicted that the rate of consolidation increases with 
increasing load, observed in Area III in contrast to Area 
II in contradiction to the classical theory. At least, for 
the Ska-Edeby clays, the remolding due to the close drain 
spacing does not appear to have had a detrimental effect on 
the settlement rate. Average response of the 1.5 m sector 
in Area I and of Area II is about midway between the curves 
for the 0.9 m and 2.2 m spacing of the drains for 
Area I. Drains are commonly installed in Sweden with a spac
ing less than 1.5 m, and the results so far at Ska-Edeby 
support the generally favorable results achieved with sand 
drains. The effect of drain spacing on secondary compression 
rates will be discussed later. 

Settlement Response of the Undrained Area.-- It is in
teresting to analyze the behavior of the undrained Area IV 
in terms of the two types of analyses just presented. The 
scatter in the piezometer readings, even when averages of 
several piezometers at the same depth were used, was so 
large that a presentation of results similar to Fig. 16 was 
considered meaningless. From the measurement program in 
March 1971 (Fig. 15), however, some conclusions can be drawn 
as to the degree of consolidation at that time. Using the 
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initial excess pore pressures (Hansbo 1960), the degree of 
consolidation U, from Eq. 2 was found to be only 35 per
cent at both 5 ~ and 9 m depth. If the settlements (Fig. 14) 
and Hansbo's predicted values of the ultimate primary con
solidation (Table I) are used in Eq. 2, the calculated de
gree of consolidation is 67 to 77 percent or an average of 
72 percent. This value is significantly higher than that in
dicated by the measured pore pressures. 

This discrepancy is strange, especially considering the 
rather normal, almost classical behavior of the drained 
areas. Furthermore, as will be described later, the observ
ed vertical settlement at the center of the area corresponds 
almost exactly to the settlement calculated from the changes 
in water content between 1957 and 1971. This suggests that 
the observed settlement at least at the center of the area 
should correspond to the classical case. 

One explanation for this apparently anomalous behavior 
is that the so called "secondary" compression has been 
going on during the "primary'' consolidation phase, as first 
was suggested by Bjerrum (1967). Chang (1972) has observed 
similar, but more extreme, behavior at the Vasby test field 
north of Stockholm. The division into a "primary" and a 
''secondary'' phase is rather artificial, and the separation 
is merely a convenient explanation of the discrepancies 
from the classical consolidation theory. In most clays the 
amount of secondary consolidation which occurs during the 
primary phase is small and can safely be neglected. This 
is not the case at Ska-Edeby or at Vasby. There are, how
ever, some additional aspects at Ska-Edeby with respect to 
the Bjerrum-Chang idea. Because of the ongoing secondary 
consolidation, an increase of the apparent preconsolidation 
stress to values larger than present or past overburden 
pressures will occur,according to the hypothesis proposed 
by Bjerrum. Such an increase has been observed for some 
Norwegian clays (Bjerrum, 1967). No such quasi-preconsoli
dation was found at Ska-Edeby even with careful sampling 
and testing. The material appeared to be essentially nor
mally consolidated. One explanation could be the youth of 
the clays at Ska-Edeby. They emerged about 500 years ago 
above the sea level,as mentioned previously. The present 
rate of uplift is about 5 mm/year. Further research is ne
cessary to clarify the importance of quasi-preconsolidation 
for these clays. 

It was suggested earlier that the ultimate primary set
tlement was not increased by the remolding due to the driv
ing of the drains, and it is interesting to compare the 
response of the drained areas with what may be the ultimate 
settlement of Area IV. The remaining pore pressure indi
cates that the ultimate primary settlement of Area IV will 
exceed 100 cm, or twice the settlement predicted from the 
oedometer test results (Table I). Thus, there is no evi
dence from either predictions from the oedometer test or 
from the measured excess pore pressure that driving of the 
drains has increased the ultimate primary settlement. 
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Laboratory and Field Determination of the Coefficients 
of Consolidation.-- Theoretical values of the coefficients 
of consolidation, A and eh, were calculated from the best 
fit curves to the pore pressure dissipation data (Fig. 16). 
From the classical theory, Cv can be calculated from the 
measured degree of consolidation for Area IV. The calculat
ed values of the coefficients are compared with the results 
from oedometer tests (Hansbo, 1960) in Table II. First, it 
will be noted that the values of eh are about four times 
larger than the cv-values probably due to the sedimentary 
and varved nature of the clay. Yet, the field values of eh 
are about half the laboratory eh-values, and not much larger 
than the laboratory cv-values, which verifies an observat:ion 
by S. Johnson (Riordan, et.al., 1971). This difference must 
be due to remolding of the clays during the driving of the 
sand drains. The calculated cv-values differed for the un
drained area, because of the difference in degree of conso1:
idation from the two approaches·mentioned above. The value 
based on the settlement rates is not far from the laborato
ry eh-value, which suggests that horizontal consolidation 
was predominant in Area IV. Yet, on the other hand, the 
value of Cv from the remaining excess pore pressure is very 
close to that determined by oedometer tests. Thus, the cv
value determined from oedometer tests, quite accurately 
predicts the excess pore pressure which remained in the 
clay as of 1971. But the rates of settlement of the undrain
ed area, as discussed previously, are apparently poorly pre
dicted from oedometer tests, even though the test apparent
ly is satisfactory for the drained areas. 

Settlements in Drains vs. Settlements Near Drains.-- In 
order to study the distribution of settlements in and around 
the drains, settlement gages were installed at three depths 
within some drains in all the sectors of Area I (Fig. 8). 
Table III presents the total settlements as of 1971 of those 
gages and the adjacent gages in the same sector. It can be 
seen that there is no consistent pattern of the settlements 
which indicates that the drains essentially have settled 
along with the surrounding clay. 

TABLE III 

SETTLEMENTS, cm, IN AND AROUND THE DRAINS IN AREA I, AS OF 1971 

Drain Snacino, m 
0.9 

Depth of 
2.2 

qaqes, m 
1.5 

V2' V3 
Ground 
surface 

Vl2' VlVl3V7' V8 VllV6 

112 115 
1.5 

109107124 130 
111 

2.5 
122 108 

103 103 
5.0 

97 94125 117 
76 

7.5 
62 72 716082 82 80 54 

431361 

· 1 Gage located in drains 



TABLE II 

COMPARISON OF LABORATORY AND FIELD COEFFICIENTS OF CONSOLIDATION 
-4 2

xl0 cm /sec 

C 
V eh >. eh CV 

Minimum value From special From excess Average from 
from oedo-
meter test, 
Hansbo(l960) 

oedometer 
test, Hans-
bo (1960) Fiq.16 Fiq. 16 

pore pres-
sure 
3/71 

settlement 
measurements 

1\rea 
Drain 
Spacinq 

I 0.9 m 0.7 2.0-2.2 0.25 0.6 
I 1.5 0.5 (Sample 0.3-0.4 0. 7 - -
I 2. 2 0.5 from be- 0.6 0.9-1.2 

tween Areas 
II 1.5 0.4-0.7 I and II 0.5 1. 2 - -. 

III 1.5 0.4-0.6 0.6 1.2 - -

IV No drains 0.4-0.5 - - 0.7 3.0 

8 
~ 
J., 

i 
8 

a ~ 

Note: Laboratory cv-values were determined by the It-fitting method. 

.i,,. 
u, 
--.J 
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Secondary Compression.-- As indicated in Table I, the 
magnitude of the secondary compression in the drained areas 
has been small since the complete dissipation of the excess 
pore pressures. Table IV gives average rates of secondary 
compression for all settlement gages in the drained areas. 
Several important observations can be made. 

From Table IVa it can be seen that there is a signifi
cant difference in rates of secondary compression between 
Areas I and II where the drain spacing is the same. The dif
ference is likely due to the increased disturbance of Area 
I over Area II during the driving of the drains. The records 
from the driving indicate that the 1.5 m sector of Area I 
was the last to be completed after all drains had been in
stalled in the other sectors. It is possible that thedriving 
o f drains in the O. 9 m sector could have affected the con
ditions in the adjacent 1.5 m sector. Measurements by Hans
bo (1960) indicate that the heave outside Area II due to 
the drain driving was much less than for Area I, although 
the displaced volume of clay was less for Area II than for 
Area I. It is interesting to note, too, that for Area II, 
the rates of secondary observed for the gages located 10 m 
from the center agree better with rates from Area I for com
parable depths. When settlement rates from Area III, which 
was unloaded, are compared with the other areas, it can be 
seen that the secondary compression was definitely reduced 
by the unloading. And further, the rates for this unloaded 
area have been relatively constant for the past seven years 
(1964-71). 

From Table IVb, it can be seen that the rate of secon
dary compression is definitely less for the small drain 
spacing, a somewhat expected result. It was thought that 
the secondary compression will increase with increasing 
disturbance due to the decreasing drain spacing. This com
parison may be questioned because the rate of secondary 
compression could not clearly be established for the 2.2 m 
spacing sector in Area I (rates in Table IVb are averages 
for the past three years), and the sector only recently has 
reached 100 percent primary consolidation. Further, if the 
rates of Area II with 1.5 m spacing of the drains are com
pared, then the sector with the closer drain spacing did 
indeed have the greater rates, probably due to disturbance. 

The rather small amounts and rates of secondary com
pression in the drained areas suggest that the reduction 
of the excess pore pressures reduces also the secondary 
settlement, both the part that goes on during the primary 
(e.g. Area IV) and the part after completion of primary 
compression. 

The field rates have also been compared with rates of 
secondary compression from conventional 24-hr oedometer 
tests. The laboratory rates were on the average about 25 
times faster than the field rates at comparable depths. 
One, therefore, must be very careful about predicting field 
rates of secondary compression from conventional oedometer 
tests. 
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TABLE IV 

AVERAGE RATES OF SECONDARY COMPRESSION IN mm/yr AFTER THE END OF PRIMARY CONSOLIDATION 

a. Constant Drain Spacing (1.5 m) 

Depth m of 
settlement 
gage 

Ground surface 
1.0 
1.5 
2.5 
5.0 
7.5 
2.5-7.5 

Same Load. 27 kN/m~ 
Area I 
Center 

7.8 
5.9 1 

7.9 
6.0 
3. 3, 4.9 
0.7 
4. 7 

New settlement gages; 

Area II 
Center 10 m from 

Center 

3.3 
3.2 1 

3. 3 6. 5 
2. 8, 4. 2 I 
2.0 
1. 0, 0. 1 I 4.7 
2.6 -
one year's measurements. 

Higher Initial Load, 39 kN/m~; 
then unloaded to 27 kN/m2 after 4 vears 

Area III after unloadinq 

1. 8, 3.0 2 

0.8 
4.0 (61-65) 0. 0 (66-71) 
1. 4 
1. 6, 1.01 
-0.8 (rebound) 

~ 
2-, 
m 

s 
~ 

Gage installed in 1961 when area was unloaded; average rate has been constant for six years. ~ 
b. Variable Drain Spacing - Area I 

>-< z 
Q 

Depth m of Drain Soacina 
settlement 
aaae 0.9 m 1. 5 m 2. 2 m 

Ground surface 4.8 7.8 12.8 
1.5 4.8 7.9 12.0 
2.5 4.9 6. 0 10.7 
5.0 (average of 2. 9 4.1 6.2 

b...::> gages) 
7.5 2.6 0.7 3.2 
2.5-7.5 3.8 4. 7 5.8 .i,. 

V1 
\0 
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Change in soil properties due to consolidation.-- Shown 
on the geotechnical profiles (Figs. 2 to 7) are the results 
of a recent sampling and testing program wherein the soil 
properties were determined on samples taken from under the 
loaded areas. The test results indicate a marked decrease 
(5 to20 percent) in water content and a significant increase 
in undrained shear strength (about 5 kN/m2) for all areas. 
Changes of the Atterberg limits noted by Hansbo (1960) were 
not clearly established, although there is a tendency for 
the liquid limit to decrease in some areas after consolida
tion. Definite changes of the sensitivity as measured by 
the Swedish fall cone test could not be determined, because 
the sensitivity of samples taken from outside the loaded 
area (Fig. 7) was higher than that reported by Hansbo (1960), 
even though there were no significant differences in all tre 
other classification properties. Consequently, the sensiti
vities reported by Hansbo and shown in Figs. 2 to 6 are sub
ject to question. If the values from the 1971 testing pro
gram (Fig. 7) are compared, then there apparently is a 
slight decrease in sensitivity due to the consolidation. 
Chang (1972) observed a similar decrease in the sensitivi
ties from vane tests at the Vasby test field near Stockholm. 

Table V gives the changes of the ratio su/crvo due to 
consolidation. The calculations are based on a water table 
located about 0.5 m below the ground surface, an average 
unit weight of the clay, and the average vane strengths of 
the clay from 5 to 10 m below the ground surface. Above 5 m, 
the influence of surface drying (dry crust) can be seen in 
the strength-depth relationship. Effective overburden pres
sures were used in the computations because the material is 
essentially normally consolidated as described previously. 
For the ratios calculated for 1971, the stress at depth was 
taken as the overload less the decrease in load due to sett
lement of the fill into the water table. For Area III, the 
second figure in Table Vis based on the lower overload 
after unloading in 1961 (Fig. 13). 

From Table V, the increase in strength relative to the 
increase in effective stress at depth was less than the 
initial su/crvo-ratios, and thus the ratios in 1971 are ge
nerally somewhat less than the ratios before consolidation. 
This implies that further changes in water content, for 
example,due to secondary compression may cause a further 
increase of s /crv. 

Vertical ~ett~ements and changes in water content.-
Previous attempts at Ska-Edeby to relate the observed 
changes in water content to vertical settlement have been 
somewhat unsuccessful due to scatter in the test data (Hans
bo, 1960; Osterman and Lindskog, 1963). However, Chang 
(1972) showed that the vertical settlement at Vasby test 
field after 23 years of loading could be predicted within 
about 15 percent from the changes in water content. A simi-
1.ar study was thus undertaken· at Ska-Edeby. The soil pro
file was divided into convenient layers of initial thick
ness H , and the change in thickness or settlement, 6H, of

0 
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TABLE V 

CHANGE IN s /cr' DUE TO CONSOLIDATION FROM 1957 TO 1971 
U VO 

Area 

Drain 

Spacinq 

Surface 

Load 

s /cr'
U VO 

1957 

t:is /t:icr'
U VO 

1957-1971 

s /cr'
U VO 

1971 

I 
I 
I 

0.9 m 
1.5 
2.2 

27 
27 
27 

2kN/m 0.22 
0.28 
0.24 

0.21 
0.13 
0.19 

0.21 
0.22 
0.22 

II 1.5 27 0.27 0.21 0.25 

III 1.5 39/27 0.26 0.15/0.20 0.21/0.24 

IV - 27 0.28 0.13 0.23 

each layer was calculated by 

( 4)t:iH = 

where Gs is the specific gravity of the solids, and isw0 
the initial natural water content prior to loading. The 
average changes in water content, t:iw, were estimated from 
Figs. 2 to 7. The calculated total surface settlements are 
given in Table VI. Also given for Area II is a calculated 
settlement which is within about 10 percent of the measur
ed value based on water contents determined just after 
loading, but which were not given by Hansbo (1960) nor are 
shown in Fig. 5. 

It can be seen that the water content changes over
estimate the settlements by about 25 to 30 percent in all 
sectors of Area I, while they underestimate by about the 
same amount in Areas II and III. The reason for the dis
crepancy is probably the rather large natural variation in 
water content and the lack of detailed water content in
formation in 1957. The good agreement between calculated 
and observed settlements for Area IV is because the com
parison was made with a detailed water content profile made 
outside the area in 1971 (Fig. 7); these average values 
agreed reasonably well with those given by Hansbo (1960). 

For the undrained Area IV, it was assumed that rather 
large lateral movements in the clay contributed to the ver
tical settlement, especially at the edge of the fill. This 
contribution can be determined by deducting the theoretical 
settlement due to the change in water content from the ob
served settlement at the edge of the fill. The changes in 
water content gave an unexpected settlement of 84 cm below 
the edge of the fill while the interpolated measured settle
ments were only about 50 cm. (There were no settlement 
gages at the edge of the fill). Apparently, lateral or ho-
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TABLE VI 

SURFACE SETTLEMENT OBSERVED AND CALCULATED FROM THE OBSERV
ED CHANGES IN WATER CONTENT 

Settlements, cm 
Area Drain Soacino Observed Calculated 

I 0.9 m 130 161 
I 1.5 109 143 
I 2.2 115 153 

II 1.5 113 84-102 1 

III 1.5 152 123 

IV none 72 74 

See text. 

rizontal consolidation has occurred below the edge of the 
fill, which has caused a significant reduction in water 
content. Initial measurements by Hansbo (1960) indicated 
signigicant lateral movements, and later measurements at 
Ska-Edeby on an embankment (Osterman and Lindskog, 1963; 
Holtz and Lindskog, 1972) verified that relatively large 
lateral movements indeed do occur under the edges of fills 
and embankments. Because of the large rotation of principal 
stresses which occurs at the edge of the fill, relatively 
high lateral stresses exist which cause lateral consolida
tion of the soil and a decrease of the water content. 

CONCLUSIONS 

Based on the long-term performance of the test fills at 
Ska-Edeby, the following conclusions are drawn: 

1. Hansbo's (1960) predictions for final primary conso
lidation were within 5 to 20 percent of the observed final 
primary compression in the drained areas. 

2. Remolding of the clay due to driving of the drains 
did not appreciably increase the ultimate primary compres
sion or had any detrimental effects on the primary settle
ment rates. The value of the field coefficient of horizon
tal consolidation, eh, was about the same as or only slight
ly greater than the Cv determined from conventional oedo
meter tests, apparently due to remolding. 

3. The area with the closest drain spacing, 0.9 m, had 
the highest consolidation rate and achieved 100 percent 
primary consolidation first. The second highest rate was 
for the area with the heaviest load and with 1.5 m drain 
spacing. 

4. Hansbo's (1960) theory of consolidation for sand 
drainswherein the deviation of flow from Darcy's Law is 
considered, predicted the observed settlement and pore 
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pressure dissipation rates somewhat better than the classi
cal consolidation theory. The best value of n, which ex
presses the deviation of flow from Darcy's Law, was found 
to be 1.5 from the rates of consolidation determined from 
observed pore pressure dissipation rates. 

5. In the undrained area, the. average consolidation 
based on the dissipated pore pressure after 14 years is 
about half that based on the observed rates of settlement. 
Apparently, some of the settlement is due to secondary com
pression going on during the primary phase, since the rates 
of pore pressure dissipation follow closely those predicted 
by classical theory and valves of cv determined from con
ventional oedometer tests. Rates of settlement are very 
poorly predicted from oedometer tests, even though the test 
values are apparently satisfactory for the drained areas. 

6. Measurements from settlement gages located in the 
sand drains indicate that the drains have essentially set
tled along with the surrounding clay. No apparent stiffen
ing effect was detected. 

7. Rates of secondary compression in the drained areas 
were quite small, and it is not clearly established whether 
remolding due to driving of the drains increased the rate. 
The field rates were on the average about l/25th the rates 
determined from conventional 24-hr oedometer tests. These 
low field rates, coupled with the anamolous behavior of the 
undrained area, suggest that reduction of the initial ex
cess pore pressure also reduces the secondary settlement, 
especially that part which goes on during primary consoli
dation. 

8. On the average, consolidation for 14 years has de
creased the water content from 5 to 20 percent, increased 
the undrained shear strength by about 5 kN/m2, and slight
ly decreased the s /crvo ratio. 

9. Vertical se~tlements at the center of the drained 
areas could be accounted for by changes in water content 
within about 25 to 30 percent; the same prediction for the 
center of the undrained area was almost exact. At the edge 
of the undrained area, the measured settlements were less 
than indicated by the changes in water content. Apparently, 
horizontal consolidation has occurred at the edge of the 
fill. 
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LONG-TERM LOADING TESTS AT SKA-EDEBY, SWEDEN 

Robert D. Holtz 1 
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The theoretical degree of consolidation curves given 
in Fig. 16 in the paper were in error for Uh greater than 
90 percent. The corrected figure is presented below. 
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Excavation and Sampling around some Sand 
Drains at Ska-Edeby, Sweden 

ABSTRACT 

Recent investigations into the long~term performance of 
the test fills at the Skii-Edeby test field included a study 
of the effects of disturbance during driving of the sand 
drains and some of the changes in the clays that have 
taken place after almost 15 years of consolidation. Results 
of a piston sampling program around some of the sand 
drains are presented along with a detailed water content 
profile obtained from a test pit excavated to a depth of 
2 m below the original ground surface. At that depth, the 
water content next to the drain was significantly less than 
in between the drains, while no such difference was 
observed at 4 and 6 m. The water content profile and 
other evidence presented in the paper suggests that the 
zone of disturbance was slightly Jess than one drain dia
meter thick. At 2 m depth, the drains were highly irregu
lar in shape and contained pieces of clay within the sand 
cylinder. Still, the drains did function essentially as de
signed (Holtz and Bro ms, I 972). Settlements of the drains 
are compared with settlements of the surrounding clay 
and it was found that there was no significant stiffening 
effect due to the drains. 

INTRODUCTION 

It is general1y believed that driving of displacement-type 
sand drains results in severe disturbance of the surround
ing soils. Casagrande and Poulos (1969), for example, 
made an excellent case against the use of closed-end 
mandrel-driven drains in soft, sensitive, varved, and 
organic clays. They pointed out that the effect of the 
smear zone, or zone of severe 'remolding of the clays 
adjacent to the drain, could reduce any advantage of 
utilizing sand drains. 

However, Johnson (1970) pointed out that there is very 
little direct evidence in the literature as to the effect of 
displacement-type sand drains on the important consolid
ation parameter, c'". Most work on soil disturbance has 
come from studies of the changes in soil properties due 

By Robert D. Holtz and B. GOran Holm, 
Swedish Geotechnical Institute, Stockholrn, Sweden 

to displacement-type pile driving (e.g., Orrje and Brems, 
1967; Flaate, 1972), and it is clear that pile driving causes 
large increases in pore water pressures, some reduction in 
shear strength, and some changes in water content. Of 
course, increased pore pressures indicate only that the 
total stresses have increased and not necessarily that the 
clay has been disturbed. And unfortunately, as Johnson 
(1970) stated, changes in soil properties observed after 
pile driving cannot be correlated directly with the effect 
of disturbance on the c\. simply because increased load
ings usually imposed as part of the sand drain design 
minimized the effects of disturbance on c\.. Johnson also 
summarized several cases where sand drains were defin
itely beneficial when included in a properly designed pre
loading situation. In Sweden, driven sand drains for high
way construction have in general been satisfactory, and 
as noted by Holtz and Broms (1972), the drains apparently 
have performed very well indeed at the Ski-Edeby test 
field, Remolding due to driving did not appreciably 
increase the ultimate primary compression nor did it have 
any apparent detrimental effect on the primary or 
secondary settlement rates. However, the horizontal 
coefficient of consolidation, c 11 , which is probably about 
four times greater than the vertical coefficient. c\., was 
reduced by remolding to about the value of c,. as deter
mined from oedometer tests and the performance of the 
undrained area. 

With displacement-type drains, as with piles, there is 
no doubt that the clays are disturbed. A zone adjacent to 
the mandrel is probably completely remolded, and the 
degree of disturbance decreases as the distance from the 
drain surface increases. Casagrande and Poulos (1969) 
state that the zone of severe disturbance is equal to the 
displaced cross-sectional area of the mandrel. At Sk.1-
Edeby, for example, the outside diameter of the sand 
drains was about 18 cm - then by Casagrande and Pou
los' criterion, the thickness of the zone of remolding 
should have been 3.5 or 4 cm. 

As a part of a recent review of the performance of the 
test areas at Sk&-Edeby, and in view of the controversy 
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Fig. 1. Plan of the Skii.-Edeby test field showing location of 
present work. Contour lines indicate depth to firm 
bottom in m. 

surrounding sand drains with regard to disturbance due 
to driving, it was thought advisable to take a detailed 
look at the condition of the clays adjacent to the drains. 
It was realized that after more than 14 years, consider
able changes in the clay have occurred, and thus it was 
certainly possible that no residual effects of driving dis
turbance might be found. Still, it would be of interest to 
examine the drains after so many years of consolidation 
and settlement. 

TEST SITE 

The test field at Skil.-Edeby and the soil conditions there 
have been described by Hansbo (1960) and Holtz and 
Broms (1972). Fig. 1 is a plan of the test field with the 
site of the work described herein indicated. Since com
parison of the disturbed soils would be with the "un
disturbed" clays between the drains which had had the 
same stress history, the work was concentrated in the 
area with the widest drain spacing. Because of settlement. 
the original ground surface is now below the ground 
water table, so the site was chosen near the edge of the 
fill where the total settlement is less. Fig. 2 is a summary 
of the geotechnical properties in this area (Holtz and 
Broms, 1972). 

The gravel fill was removed by an excavating machine, 
and after the water table in the area was lowered by 
pumping. the drains were located by careful hand excav
ation. Four of the drains so located are indicated in Fig. 3 
by wooden stakes. and the second drain from the left 

Unit Weight SensitivityUn drained Shear Strength, kN/m2Water Content,%Depth Soil Description 
(cone)t/m3 

m 5 10 15 20 25 30 3520 LO 60 80 100 120 11,() 1957 1971 1957 1971 . .' ' ' '' t Dry Crust .. 1.30 40 
·;; 
C Grey-brown .~1.32 4"- .!,IC> 1.50 8slightly organic i-1 ?izs •
' (-:;; llitY ,+

/ 
/ 9 

1,62 ot ·.,. 9,/1.43 13I?. Grey cloy, >----'t"' .. 
·f sulphide flecks 71.53 

141.5/. \ \·>----.J,.,,.
Brown-grey 1.50s . 8 
varved cloy 1.67 13>- --et/
with sulphide 1.54 0 j. 10A (-· /
flecks on d 1.66 18>---~.. 1.60- bonds 12

C 

l 
·;; 

1. 70 20C m 'J;--6-f .. 1.6B 12. \O> 
0 ,.1. 61. 1. 75 ' r---6.d .. 15 16Silt seams )(

m' 

"- +1.75 • 017- -'Ii 61. 60 9•10 • 
1957 1971.. 1.74 ' SGI vane +

PL LL WnRock or moraine • Swedish follcone •1957 f-----i .. 
0 Unconfined 0 

1971 ..-----1 "- compression 

Fig. 2. Geotechnical profile of Area I, 2.2 m drain spacing. (After Holtz and Broms, 1972.) 
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Fig. 3. Location of the sand drains after removal of the gravel 
fill. 

can be clearly seen in the photograph. Two methods of 
sampling were used: conventional piston sampling to a 
depth of 6 m, and a test pit to a depth of about 2 m. 
The test pit was excavated around the drain shown 
furtherest to the right in Fig. 3. 

PISTON SAMPLING AND RESULTS 

Standard piston sampling was employed to obtain spec· 
imens of the subsurface clays at 2, 4 and 6 m below the 
top of the dry crust. Sample holes were located at the 
edge of the drain, and at 10, 20, 50 and 100 cm from the 
drains. It was realized, of course, that the holes were 
probably too close together for good undisturbed samples, 
but at least an index of the classification properties could 
be obtained. Routine tests at each depth and location 
included water content, Swedish fall.cone and unconfined 
compression strengths, sensitivity, fineness number and 
the plastic limit. The fineness number has been found to 
be about equal to the liquid limit for the Skil-Edeby 
clays. 

Variation of Properties with Distance from a Drain 

The variation of water content with distance from the 
drain is shown in Fig. 4. The range of values observed 
is indicated by the length of the bar while the average 
value is shown by the point; depth of sampling is also 
indicated. The water content was definitely lower next to 
the drain at a depth of 2 rn, while there was essentially 
no change at 4 and 6 m depth. Undrained shear strength 
was determined by both Swedish fall-cone and the un
confined compression tests, and the variation in these 
properties with distance is shown in Figs. 5 and 6. As 
might be expected from the variation in the water con· 
tent, only samples at 2 m depth showed any significant 
decrease in shear strength as distaace from the drain face 

increased. As far as the other properties were concerned, 
unit weights followed the pattern shown by the water 
content. No discernable difference was detected in the 
sensitivity as determined by the fall-cone test - the sens
itivity was essentially the same next to the drains and 
away from them. Similarly, the plastic limit was about 
constant with distance. The fineness number, too, was 
almost constant for samples at 4 and 6 m, but tended to 
be lower next to the drain at 2 m depth. It will be re
called that the clay at 2 m is slightly organic (Fig. 2) and 
apparently water content changes due to consolidation 
also caused changes in the fineness number, a result noted 
previously at Ski-Edeby (Hansbo, 1960; Holtz and Brems, 
1972). If the old and new Atterberg limits are plotted on 
the Casagrande LL-PI diagram, the changes are patallel 
to the A-line. 

Change in Properties, 1957-1972 

Holtz and Brems (1972) discussed the changes in the soil 
properties which have occurred because of more than 
14 years of consolidation. The present sampling program 
was compared with that presented in Fig. 2, and in general 
the agreement was excellent. The differences that were 
observed could be attributed to differences in sampling 
depths, which were not precise, and to the areal variation 
in properties found at Skcl·Edeby. In general, the water 
content decreased about 10 percent while the undrained 
shear strength increased about 5 kN/m2 • The fineness 
number tended to decrease slightly as noted above. 
Changes in the other properties from 1957 to the present 
were negligible or inconclusive. 

TEST PIT 

In order to be able to visually examine a sand drain in 
detail, a test pit around a drain was excavated by hand. 
The sides of the hole were supported by telescoping steel 
cylinders, 2 m in diameter, and water seepage was con· 
trolled by pumping. The section of the drain first exposed 
was in the dry crust and it was essentially a right circular 
cylinder as shown in Fig. 7. The excavation was con· 
tinued to a total depth of over 2 m, or well below the 
dry crust and into the softer clays. At this depth, the 
obviously disturbed clays were removed by knives and a 
wire saw, and water content samples were carefully cut 
from fresh clay in two rows on the same line but at two 
elevations about 3 to 5 cm apart. Specimens averaging 
about 30 g wet weight were taken every 2 cm from the 
drain edge to 15 cm away, and then every 5 cm to 90 cm 
away from the drain face. 

The water content variation is shown in Fig. 8. The 
top row variation may indicate some effects of disturb
ance due to the excavation procedure, but the variation 
is not unusual for Skcl·Edeby. Interestingly enough, the 
profile strikingly resembles those given by Flaate (1972) 
for the variation in water content observed after driving 
timber piles into a silty Norwegian clay. The bottom row 
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Fig. 7. Section of sand drain in the dry crust. 

is much more uniform the maximum range is only 
2½ percent from 15 to 90 cm from the drain. Both pro
files indicate a significant reduction in water content next 
to the drain, but the water content rapidly increases to 
the average value about 15 cm away from the drain face. 
The observed reduction in water content next to the drain 
face can be attributed to two sources: (1) the reduction 
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Fig. 8. Water content variation with distance from the drain 
at 2 m depth, as determined by hand-trimmed speci
mens taken in the test pit. 
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that occurs when a remolded clay is reconsolidated, and 
(2) the large horizontal stresses which probably existed at 
the sand-clay interface due to the displacement occurring 
during installation and due to the settlement of the sand 
drains. 

In order to expose a cross-section of the drain, the 
clay around the drain was carefully trimmed away by a 
wire saw. Very fine cracks were first encountered about 
20 cm away from the drain face and they contained sand 
particles. Nearer the drain, the cracks became increas
ingly wider, and in Figs. 9 and 10 the cracks right next 
to the drain face are shown. In addition rather large 
pieces of clay were also found within the drain itself. 
These are shown quite clearly in Fig. 10 about the level 
of the 10 cm mark on the scale. In fact, the drain at 2 m 
depth is· obviously quite irregular and is not at all a right 
circular cylinder as it should be. 

It can be seen in Fig. 9 that the massive disturbance 
and cracking was confined to only one direction from 
the drain; the surrounding clays in the other directions 
were found to be completely intact and apparently homo
geneous. 

Several vertical sections approximately 15 by 25 cm 
and 5 mm thick were cut from the surrounding clays both 

Fig. 9. Cross-section through the drain and the surrounding 
clay. 



STIFFENING EFFECTS OF THE DRAINS 

Hansbo (1960) installed settlement gages in SOJl!e sand 
drains in Area I to study the distribution of settlements 
in and around the drains. He concluded that a "column" 
effect, wherein the drains were significantly less com
pressible than the surrounding clays, was not observed. 
Fig. 12 gives the settlements of the,gages at 5 m depth in 
all three sectors of Area I. Only in the 2.2 m spacing 
sector is there some suggestion that the settlement of the 
drain is less than the settlement of the surrounding clay, 
but the differences are rather small. The performance of 
the gages in the 1.5 m spacing sector are inconclusive, 
while in the sector with 0,9 m spacing, the drain appears 
to have settled slightly more than the surrounding clay. 
Again the differences are small, and as Holtz and Broms 
(1972) concluded, the drains have essentially settled 
along with the surrounding clay. 

10. Another view of cross-section of fig. 9. 

in the intact regions and through the cracked zones. The 
slabs were allowed to dry slowly in the humid room to 
see if any differentiation in color could be observed after 
partial drying or if a significant pattern of cracks 

after complete drying. The clays at 2 m are 
oosr-grn,cuu (Fig. 2) and consequently rather homogeneous 
in appearance (i.e., not varved) and unfortunately, neither 
the dry crack patterns nor the color changes after partial 
drying were very conclusive. The sample shown in Fig. 11 
indicates some lighter streaks which are vertical at the 
drain face (the edge with the sand grains) and which 
tend to become horizontal about 15 cm away. The scale 
of the photograph is about half size. It will be recalled 
that the water content variation of Fig. 8 was essentially 
confined to the zone 15 cm from the drain face. These 
facts suggest that the zone of disturbance due to driving 
was probably about 15 cm, or slightly less than one 
drain diameter, thick. 

Fig. 11. Partially dried thin section of clay adjacent to the 
drain 
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CONCLUSIONS 

1. From the piston sampling and the test pit, it was 
found that the water content was significantly less 
nearer the drain face than in between the drains at 
2 m depth. However, a similar effect was not found 
at 4 and 6 m by piston sampling. 

2. Unit weights, the fineness number, and the undrained 
shearing strength as determined by both the Swedish 
fall-cone test and the unconfined compression test, 
tended to follow the pattern of the water content 
variation. There was no significant variation of the 
other soil properties with distance from the drain. 

3. After more than 14 years of consolidation, the water 
content decreased on the average about 10 percent 
while the shearing strength increased about 5 kN/m2 • 



4. The shape of the drain at 2 m depth was highly 
irregular and showed evidence of rather severe dis
turbance. Cracks filled with sand were observed 20 cm 
away from the drain face and large pieces of clay 
were found within the sand cylinder. 

5. The water content profile and the appearance of 
partially dried sections of clay from adjacent to the 
drain suggest that the zone of severe disturbance was 
slightly less than one drain diameter thick, or much 
greater than the displaced cross-sectional area of the 
mandrel. 

6. No significant stiffening effect was found when settle
ments of the drains were compared with settlements 
of the surrounding clays. 
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