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Abstract: Two different methods of how to analyse the consolidation 
process arising due to loading of soft clay deposits are presented, one of 
which is the classical approach based on validity and the other on non-
validity of Darcy’s law at small hydraulic gradients. The two methods of 
analysis are compared with results of full-scale loading tests on areas 
without vertical drains and areas provided with vertical drains.  

Two test areas in Sweden without vertical drains are presented, which 
have been followed-up by pore pressure and settlement observations for 
half a century. The results obtained in these test areas is of particular in-
terest since the observed delay in excess pore pressure dissipation in rela-
tion to what would be expected according to Terzaghi’s one-dimensional 
consolidation theory has been explained to be due to the influence of 
creep (secondary consolidation). However, the consolidation process 
based on non-Darcian flow yields better agreement with the pore pressure 
observations than the theory based on the assumed effect of creep.  

Well-instrumented test areas provided with vertical sand drains or pre-
fabricated band-shaped drains, established in Sweden, Thailand and Italy, 
are also presented. In one of the cases described, surface loading was re-
placed by the vacuum method. Although the consolidation characteristics 
of the soil in the test areas and the contract project are quite different, a 
better correspondence between practice and theory based on non-Darcian 
flow is obtained in all the studied cases than with theory based on Darcian 
flow.  

Finally, a study made in connection with the extension of the Stock-
holm-Arlanda project with band drain installation is presented. In this 
case, due to heavy loading causing high hydraulic gradients, an accept-
able correlation between theory and practice is obtained also by the as-
sumption of Darcian flow. 
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INTRODUCTION 

Land reclamation works and the need of improving infrastructures in ar-
eas with bad soil conditions have created an increasing interest in soil im-
provement. Among the methods utilised for this purpose, we find vertical 
drainage in combination with preloading, deep soil mixing with e.g. 
lime/cement, electro-osmosis and heavy tamping (dynamic consolida-
tion). Case records, including all these soil improvement methods, have 
been published (e.g. Moseley & Kirsch, 2004; Hansbo, 1994, 2004). In 
this paper, various aspects of how to analyse the consolidation process 
arising due to loading of soft clay deposits are discussed (a complete re-
view of the development of the theoretical approach to the problem of 
vertical drainage is presented by the author in Moseley & Kirsch, 2004). 
The results obtained by the analytical solutions are compared with obser-
vations made in a number of test areas with vertical drain installations and 
test areas without vertical drains. The analysis of the consolidation proc-
ess is carried out on one hand on the classical assumption that Darcy’s 
law is valid and on the other on the assumption of non-Darcian flow, as 
suggested by the author (Hansbo, 1960) in connection with the observa-
tions made at the Skå-Edeby test field. The influence on the consolidation 
process of disturbance effects due to vertical drain installation on one 
hand and of limited discharge capacity of the drains on the other is dis-
cussed and accounted for in the analysis. 

THEORETICAL APPROACH 

A deviation from Darcy’s law has been discussed by several authors (e.g. 
Brenner, 1946; Kézdi, 1958; Florin, 1959, Miller & Low, 1963; Olsen, 
1985; Dubin & Moulin, 1986). Considering the electric double-layer and 
the texture of the clay, a deviation from Darcy’s law is to be expected. 
Thus, the forces, which bind the mobile phase of the water, gradually be-
come stronger the smaller the distance to the rigid phase. Moreover, the 
pore space may be filled with mobile particles of colloidal or greater size, 
which may be bound by sorption forces. As a logical working hypothesis, 
it can be assumed that, within certain limits, the clay becomes increas-
ingly porous because of the hydrodynamic forces created by increasing 
hydraulic gradient.  

According to laboratory investigations on Skå-Edeby clay carried out 
by the author (Hansbo, 1960) a deviation from Darcy’s law was observed 
at small hydraulic gradients. It was concluded that Darcy’s law v = ki, 
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where v = seepage velocity, k = coefficient of permeability and i = hy-
draulic gradient, should be replaced by non-Darcian flow, defined by ex-
ponential flow correlation v = in  when i il  and by linear correlation 

v = nil
n–1 i – i0( )  when i > il , where i0 = il n – 1( ) n , Fig. 1.  

Permeability tests carried out by the author (Hansbo, 1960) indicated 
i0  values of 1 to 4 and il  values of 3 to 12, corresponding to n = 1.5. Sev-

eral authors have reported deviations from Darcy’s law. Florin (1959) re-
ported relations between flow and hydraulic gradient similar to those pro-
posed by the author but suggested they could be replaced by straight 
lines, in his case intersecting the gradient axis at i0 values as high as 17 to 
31. Permeability tests carried out by Dubin and Moulin (1986) on high-
plasticity, moderately organic clay showed similar correlations to those of 
the author. According to their tests, the il  value was in the range of 14 to 

20. A threshold gradient, in reality corresponding to i0 , which has to be 

exceeded before pore water flow takes place, as suggested by among oth-
ers Brenner (1946), Buisson (1953) and Kézdi (1958), was not observed 
in either of these investigations. 

 

Fig. 1. Non-Darcian flow. Assumed correlation between rate of flow v  and hydrau-
lic gradient i. 
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1. ONE-DIMENSIONAL CONSOLIDATION 

In the following, the analysis of one-dimensional consolidation will be 
carried out in the two ways described: analysis based on Darcian flow and 
analysis based on non-Darcian flow.  

In the case of one-dimensional consolidation, based on Darcian flow, 
the theoretical correlation between excess pore water pressure u and con-
solidation time t at various depths z is given by the relation: 
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                                                           (1)  

where k is the permeability, M is the oedometer modulus and w  is the 

unit weight of water.  
 The permeability k is generally decreasing linearly with increasing 

relative compression  in the log k -diagram. Consequently, k is a func-
tion of the effective stress    (and thus of the excess pore water pressure 
u). Another fact to be considered is that in the derivation of equation (1) it 
was assumed that the oedometer modulus is independent of a change in 
effective stress   . In reality, the decrease in k with increasing relative 
compression is generally counteracted by an increase in M. Thus, accord-
ing to the results of oedometer tests, the coefficient of consolidation 
cv = kM w  of normally consolidated clay is generally found to be fairly 

constant under a moderate increase of relative compression and with in-
creasing instead of decreasing tendency. 

This justifies the classical Terzaghi solution (Terzaghi, 1925), where 
the product of permeability and oedometer modulus is assumed constant, 
which yields:  

 
u

t
=
kM

w

2u

z2
= cv

2u

z2
                                                                             (2) 

In the case of exponential flow ( i il ), we have v = in =
1

w

u

z

 

 
 

 

 
 

n

 

and 
v

z
=
1

M

u

t
. 

 
Assuming, as in the Terzaghi solution, that M w  is independent of 

u, we have:  
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These equations can be solved numerically, e.g. by finite element or 
finite difference methods. 

2. VERTICAL DRAINAGE 

The aim of vertical drain installation is to shorten the drainage paths and 
thereby reduce the time required for the excess pore water pressure, in-
duced by the loading operation, to dissipate. The effectiveness of the ver-
tical drain installation depends on the drain spacing and the discharge ca-
pacity of the drains (denoted qw at a hydraulic gradient equal to one, i.e. 
qw = kw dw

2 4 , see Fig. 2). The solution to the consolidation problem is 

greatly simplified if one assumes that horizontal sections due to arching 
remain horizontal throughout the consolidation process — the so-called 
equal strain theory (Barron, 1944, 1947). As shown by Barron (1947), 
this can be justified since the difference in average degree of consolida-
tion between the solutions obtained by assuming the strains to develop 
freely (no arching) — the so-called free strain theory — and the solution 
obtained by assuming equal strain theory is negligible. From practical 
experience, we also know that with the drain types used nowadays there 
is no evidence of differential settlement between the immediate vicinity 
of the drains and the centre between the drains. Therefore, in the follow-
ing, only results obtained according to the equal strain theory will be 
treated. 

The solution based on Darcian flow can be expressed by the relation 
(Hansbo, 1981):  

U h =1 – exp –
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where 
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ch = khM w   
Equation (5) gives results that are in good agreement with those ob-

tained by advanced analytical and numerical solutions (e.g. Yoshikuni & 
Nakanado, 1974; Onoue, 1988; Zeng & Xie, 1989;  Lo, 1991). 

 

Fig. 2. Terms used in the analysis of vertical drains: D = diameter of soil cylinder 
dewatered by a drain; dw = drain diameter; ds = diameter of zone of smear; l = 
length of drain when closed at bottom (2l = length of drain when open at bottom); z 
= depth coordinate; kw = permeability in the longitudinal direction of the drain; kh 
= permeability (in the horizontal direction) of soil; ks = permeability (in the hori-
zontal direction) of zone of smear;  = radius vector. 
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Assuming an exponential correlation between hydraulic gradient and 
flow velocity, v = in , the consolidation equation becomes (Hansbo, 
1997a-b):   

U h =1 – 1+
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where h 0= u 0 w  (u 0  = initial excess pore water pressure, equally dis-
tributed), = hM w , t = time of consolidation, M = compression 
modulus determined by oedometer tests (= 1 mv , where mv  is the volume 
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Excess pore pressure variation. Replacing the initial excess pore water 
pressure u 0  with w h 0 , where h 0  is the initial average hydraulic head 

increase, the variation of the hydraulic head increase h outside the zone 
of smear D 2( ds 2) , based on validity of Darcy’s law, becomes: 
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Inside the zone of smear (ds 2 dw 2) we have: 
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The variation of hydraulic head increase outside the zone of smear in 
exponential flow (D 2 ds 2 ), assuming that i il , becomes: 
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in which the variable x represents 2 /D, ds D  and dw D . 

Inside the zone of smear (ds 2 dw 2) we have: 
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Hydraulic gradient. The hydraulic gradient in Darcian flow outside the 
zone of smear (D 2 ds 2 ) becomes:  
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and inside the zone of smear (ds 2 dw 2): 
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The hydraulic gradient outside the zone of smear (D 2 ds 2 ) in 

exponential flow, i.e. assuming that i il , becomes:  
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while inside the zone of smear (ds 2 dw 2): 
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Comments. The consolidation equations based on exponential flow yield 
the same result as the consolidation equations based on validity of 
Darcy’s law when the exponent n 1, e.g. by inserting n = 1.0001 
(Hansbo, 2001). 

Correlation between  and ch. The ratio of  to ch will depend on the hy-
draulic gradient prevailing in the horizontal direction during the consoli-
dation process. The consolidation equation in exponential flow presup-
poses that the hydraulic gradient i does not exceed the limiting value il. 
However, the equation can be applied with good approximation also for 
values of i > il. Since ch = khM w  and = hM w , in which the pa-

rameters M and  w are independent of the flow conditions, we have 

ch = kh h . An approximate correlation between ch and can be found 

by equalising the areas created below the flow vs. hydraulic gradient 
curves in the two cases non-Darcian and Darcian flow. This yields the 
correlation: 
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The maximum hydraulic gradient according to equations (11) and (13) 
is obtained for U h = 0  and = ds 2 . Assuming, for example, that the 

maximum gradients reached during the consolidation process are, respec-
tively, 2, 5, 15, 25 and 75 and that the exponent n = 1.5 and the limiting 
gradient il = 8, we find in due order ch = h kh  0.88, 0.56, 0.34, 0.29 

and 0.25. Thus, the higher the value of h 0  and the smaller the drain 

spacing, the lower the ratio of  to ch 
Assuming n = 1.5 and imax 1.5il , the ratio of  to ch can be obtained 

by the relation: 

ch = 1.25 imax                                                                                   (17) 
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If imax >1.5il , this correlation should be replaced by equation (16), in-

serting i = imax . 

Influence of one-dimensional consolidation. Vertical drains are gener-
ally installed in places where the thickness of the fine-grained soil layer is 
so large that the influence on the consolidation process of one-
dimensional consolidation by pore water escape in the vertical direction 
between the drains can be ignored. Since the difference in result in the 
beginning of the consolidation process between the analytical results 
based on Darcian and non-Darcian flow can be ignored (cf. Fig. 10), the 
contribution to the average consolidation by vertical pore water escape 
between the drains can be based on the classical Terzaghi solution with 
Darcian flow U v = 2 l( ) cvt , valid when U v  50% (l according to 

Fig. 1). 
. According to Carillo’s relation U tot = U v + U h – U vU h , the total average 

consolidation, including the effect of vertical drainage (horizontal pore 
water flow) and one-dimensional consolidation (vertical pore water flow) 
can be expressed by the relation: 
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in Darcian flow, and 
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in exponential flow. 
A large number of case histories have been publicised [see, for exam-

ple, the special issue of Géotechnique of March 1981 on vertical drains 
and the publications by Lo (1991) and Hansbo (1994, 1997)]. In the fol-
lowing, results from well instrumented test areas in  different parts of the 
world will be analysed on the basis of both Darcian and non-Darcian 
flow. 

Equivalent diameter of band drains. The first type of band drains, the so-
called cardboard wick, 100 mm in width and 3 mm in thickness, invented 
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and introduced on the market by the Swedish Geotechnical Institute, was 
assumed by Kjellman (1947) to have an equivalent diameter of 50 mm. 
The author (Hansbo, 1979) showed that the process of consolidation for a 
circular drain and a band drain is very nearly the same if the circular drain 
is assumed to have a circumference equal to that of the band drain, i.e.  

dw = 2 a + b( )                                                                                      (20) 

where a = the thickness of the drain and b = the width of the drain. 

 

Fig. 3. Comparison of consolidation effects (remaining excess pore water pressure u 
in % of initial excess pore water pressure u0) caused by a band drain (100 mm in 
width and 4 mm in thickness) and a circular drain with the same circumference (dw 
= 66 mm). D = 1 m. Th = cht/D

2. No effect of smear or well resistance. (Hansbo, 
1979) 

A comparison of the degree of consolidation obtained in the two cases 
band drains and circular drains is shown in Fig. 3. This comparison indi-
cates that the equivalent diameter ought to be put somewhat smaller than 
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according to equation (20). Therefore, Rixner et al. (1986) propose that 
the equivalent diameter should be put equal to dw = a + b( ) 2 . However, 

the difference in result decreases with increasing time of consolidation 
and is insignificant in comparison with the influence on the result exerted 
by the choice of other consolidation parameters to be applied in the de-
sign. 

The zone of smear. The effect on the consolidation parameters of dis-
turbance caused by the installation of drains, expressed in the terms of 
zone of smear, depends very much on the method of drain installation, the 
size and the shape of the mandrel, and the soil structure (Sing & Hattab, 
1979; Bergado et al., 1993). Two problems exist: to find the correct di-
ameter value ds of the zone of smear and to evaluate the effect of smear 
on the permeability. 

The extent of the zone of smear and the disturbance effects depend on 
the type of soil and the geometrical dimensions of the installation man-
drel. Remoulding will take place inside a volume equal to the volume 
displaced by the mandrel. Outside the remoulded zone, disturbance of the 
subsoil will also occur owing to distortion. The extent of the zone of dis-
tortion is a function of the stiffness of the soil. The stiffer the soil, the 
larger the zone of influence, and vice versa. Investigations of the extent of 
the zone of smear in the case of displacement-type circular drains indicate 
that the diameter ds of the zone of smear can be assumed equal to 2 times 
the diameter of the drain (Holtz and Holm, 1973; Akagi, 1976; Bergado et 

al., 1992). Recent investigations on a laboratory scale (Indraratna & Re-
dana, 1998) indicate that the extent of the smear zone can be put equal to 
3–4 times the cross-sectional area of the band drain. If the installation 
mandrel is non-circular, which is the normal case, the diameter ds accord-
ing to this result would yield an area corresponding to about 4 times the 
cross-sectional area of the mandrel. In many cases the cross-sectional area 
of the installation mandrel is typically about 7000 mm2 in size, which 
yields ds  0.19 m, i.e. about 3 times the equivalent diameter of the band 
drain. 

Several authors have treated the other problem, the choice of perme-
ability in the zone of smear. Of course, the permeability in the zone of 
smear will vary from a minimum nearest to the drain to a maximum at the 
outer border of the zone. The most conservative solution to the problem is 
to assume that horizontal layers in the undisturbed soil are turned vertical 
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in the zone of smear, resulting in the quotient kh ks  being equal to the 

quotient ch cv  (see also Bergado et al., 1992). 

Onoue et al. (1991) and Madhav et al. (1993) divide the zone of smear 
into two sub-zones: an inner, highly disturbed zone, and an outer transi-
tion zone in which the disturbance decreases with increasing distance 
from the drain. Madhav et al. conclude that the author's solution based on 
axisymmetric smear conditions and the assumption of only one smear 
zone is “reasonably accurate for all practical purposes”. Chai et al. (1997) 
use a linear variation of the permeability in the zone of smear on one hand 
and a bilinear variation on the other and conclude that the assumption of 
one single average value of permeability will under-evaluate the effect of 
smear. Hird & Moseley (1998) conclude, on the basis of laboratory tests, 
that the ratio kh ks  for layered soil, assuming ds = 2dw, can be much 

larger than that mentioned in the literature but that the assumption of ks = 
kv in these cases is much too severe.  

Effect of well resistance. Because drains nowadays are frequently in-
stalled to great depths, well resistance has become a matter of increasing 
interest. This is understandable since well resistance in such cases can 
cause a serious delay in the consolidation process.  

Before a certain drain make is accepted for a job, evidence ought to be 
presented that the drain fulfils the requirements on discharge capacity as-
sumed in the design. Generally, appropriate laboratory testing can give 
sufficient evidence of the discharge capacity to be expected under field 
conditions, but in case of a drain make never before used in practice, full-
scale field tests are recommended. Full-scale field tests also serve the 
purpose of showing that the drains are strong enough to resist the strains 
subjected to them during installation. Moreover, compression of the soil 
in the course of consolidation settlement entails folding of the drain, 
which may bring about clogging of the channel system. The latter effect 
is difficult to discern in a laboratory test (cf. Lawrence & Koerner, 1988). 

Discharge capacity tests on band drains installed in soil on a laboratory 
scale and subjected to increasing lateral pressure have resulted in the val-
ues presented in Fig. 4. In the ENEL tests (Jamiolkowsky et al., 1983) the 
drains were tested in full scale. In the CTH tests (Hansbo, 1983) and in 
the KU tests (Kamon, 1984) the drains were tested with reduced width 
(40 and 30 mm, respectively). The results obtained reveal a great influ-
ence on the discharge capacity of the lateral consolidation pressure. 
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There are several reasons why the discharge capacity of a drain may 
become low: siltation of the channels in the core of band drains; unsatis-
factory drain makes with too low a discharge capacity; necking of drains; 
etc. Back-calculated values of discharge capacity of drains under field 
conditions have been reported to be quite low for certain makes of band 
drains without filter (Hansbo, 1986; Chai et al., 1996). If the drain instal-
lation is taking place in clay deposits, most of the band drains marketed 
today have high enough a discharge capacity (qw > 150 m3/year) to be-
come negligible in the design (cf. Hansbo, 1986; 1994). However, drain 
installation in more high-permeable soils than clay may require a much 
higher discharge capacity (cf. Fig. 5). The influence of well resistance 
decreases with increasing time of consolidation. 

The filter sleeve surrounding the core must be strong enough to resist 
the tension and the wear and tear that takes place during drain installation. 
Moreover, the filter pore size should be small enough to prevent intrusion 
of fine material into the channels of the core, leading to clogging effects. 
Filter deterioration in organic soils will cause a time-bound reduction of 
the discharge capacity (Koda et al., 1986; Hansbo, 1987). 

  

Fig. 4. Results of discharge capacity tests for different band drains carried out on a 
laboratory scale. Drains enclosed in soil. Legend: A = Alidrain, BC = Bando 
Chemical, CB = Castle Board, C = Colbond, G =Geodrain. (p) indicates filter sleeve 
of paper. 
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According to equation (5), an acceptable delay t (%) in time of aver-
age consolidation requires a discharge capacity of minimum 1  

qw = 200 l2kh 3 t ln D dw( ) – 0.75[ ]{ } .                                                (21) 

For drains with a discharge capacity of 500 m3/year, the delay in the 
time of consolidation at depth z = l (cf. Fig. 2) in various kinds of soil ac-
cording to equation (5) is exemplified in Fig. 5 (Cortlever & Hansbo, 
2004).  

 

Fig. 5.  Delay in time of consolidation at depth l of drain installation (cf. Fig. 2) for 
drains with a discharge capacity of 500 m3/year (16 cm3/s). Drain spacing 0.9 m 
(equilateral triangular pattern; D = 0.945 m), drain diameter dw = 0.065 m.  

                                                
1 The difference in result obtained on the basis of equation (6) is negligible. 
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For partially penetrating drains, consolidation of the lower part of the 
layer that is penetrated by the drains will be somewhat delayed by inflow 
of pore water from the underlying part where the excess pore water pres-
sure is higher. The delay will depend on the discharge capacity, the drain 
length and the drain spacing (Runesson et al., 1985). It can be assumed to 
affect the degree of consolidation to a height above the drain tips ap-
proximately equal to the drain spacing. 

As a rule, investigations on a laboratory scale of the discharge capacity 
of a drain ought to be carried out in a way that simulates field conditions 
as closely as possible, preferably embedded in the soil and at the soil 
temperature in question. Laboratory testing devices, which are presented 
in the Eurocode on vertical drainage under preparation (probably ac-
cepted and published in 2005/2006 as EN), will most probably be ac-
cepted as international standard. One of these devices (Apparatus No. 2, 
EN/ISO 12958) and also a device for testing the discharge capacity of 
buckled drains are illustrated by Cortlever &Hansbo (2004). 
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RESULTS OBTAINED IN TEST AREAS 

In the following, the results obtained in a number of test areas will be 
compared with the results obtained on one hand according to the classical 
assumption that Darcy’s law is valid and on the other hand according to 
the assumption of non-Darcian exponential flow.  

As regards test areas that have no drains, the importance of a long-term 
follow-up of the results obtained is crucial. Therefore, only two test areas 
situated in Sweden, installed in 1947 and 1957, are included in the analy-
sis.  

Test areas provided with vertical drains exist all over the world and are 
of great interest because of the variations in soil condition. In this paper, 
the results obtained in test areas situated in Sweden, Italy and Thailand 
are included. 

1. ONE-DIMENSIONAL CONSOLIDATION 

1.1 The Skå-Edeby test field 

The test areas constructed at Skå-Edeby in 1957 and the depth of the soft 
clay deposits are shown in Fig. 6. Among the different test areas, Area IV 
has no vertical drains while the others are provided with fully penetrating 
vertical sand drains, 0.18 m in diameter. 

The soil consists of postglacial clay to a depth of about 6 m underlain 
by glacial, varved clay to a depth of about 12.5 m. The groundwater table 
was situated at a depth of approximately 1 m but varies with the time of 
the year. The dry crust has a thickness of about 1.5 m. The geotechnical 
characteristics of the clay are shown in Fig. 7. According to the results of 
oedometer tests, the clay below the dry crust is normally consolidated. 
The compression ratio2 CR = 2 log2 =Cc 1+ e0( )  according to the oe-

dometer tests (Hansbo, 1960) was found equal to about 0.24 at 2 m depth, 
0.35 (0.48) at 5 m depth, 0.32 (0.63) at 8 m depth (the values in brackets 
are modified with regard to sample disturbance). 

                                                
2 In Sweden, the compression characteristics for a normally consolidated clay were pre-

viously expressed by the compression index 2, which means the additional deformation 
achieved along the virgin curve due to doubled load. 
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Fig. 6. The test areas and depth from ground surface to firm bottom, in m, in the 
test field at Skå-Edeby. Coordinate system gives horizontal distances , in m.  
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Fig. 7. Geotechnical properties of the clay subsoil in Test Area IV (after Hansbo, 
1960) 

The corresponding oedometer modulus M for a normally consolidated 
clay can be found by the relation CR log   c +( )   c[ ] = M , where 

 is the stress increase due to loading and   c  is the preconsolidation 
pressure. 

 

Fig. 8. Observed excess pore pressure distribution in Test area IV at 5 m depth, 
immediately after placement of the gravel fill. 
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Excess pore pressure dissipation. The excess pore pressure distribution 
below the test area, observed at a depth of 5 m after termination of load-
ing, is shown in Fig. 8. This can be used in determining the parameters A 

and B in Skempton’s pore pressure equation u = B 3 + A 1 – 3( )[ ]  
where  and � are the major and minor principle stresses induced by 
loading (Skempton, 1954). As we are dealing with water saturated clay, B 
= 1. If the soil immediately after termination of loading behaves as an 
elastic medium with Poisson’s ratio  = 0.5, we have at 5 m depth accord-

ing to the solution presented by Love (1929) 1 = 0.98q and 3 = 0.60q 

below the centre, 1 = 0.95q and 3 = 0.49q 10 m from the centre, and 1 
= 0.50q and 3 = 0.06q 20 m from the centre. Inserting q = 27 kN/m2 and 
considering the observations made this yields A  0.85.  

The analysis of the excess pore pressure dissipation has been based on 
the consolidation characteristics shown in Table 1. In the case of non-
Darcian flow the limiting value of the hydraulic gradient il  (where the 

flow turns from exponential to linear relation of the hydraulic gradient) is 
chosen equal to 5, Fig. 9.  

 

Fig. 9. Correlation between hydraulic gradient i and, respectively, Darcian and 
non-Darcian water flow v (m/year) at depth 3 to 5 m (cf. Table 1), used in the analy-
sis of excess pore pressure dissipation in Test Area IV without drains, Skå-Edeby  
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The k and M values given in Table 1 are chosen according to Larsson 
(1986).Based on trial and error, the  value is chosen equal to about 0.65 
times the k value.  

Table 1. Parameters used in the consolidation analysis  
Depth, m 0–1.0 1.0–1.5 1.5–3 3–5 5–7 7–9 9–11 11–12.5 

� kPa  27 27 27 26.5 26.5 26 26 25 

  c  kPa OC 25 23 28 39 51 64 75 

M kPa 10000 400 250 240 250 300 400 500 
s, m 0.01 0.03 0.16 0.24 0.24 0.23 0.22 0.15 
k m/year 0.031 0.031 0.025 0.022 0.018 0.018 0.017 0.016 

 m/year 0.020 0.020 0.016 0.014 0.0115 0.0115 0.011 0.0095 

The remaining excess pore water pressure distribution throughout the 
clay layer below the centre of the circular embankment after 1.5, 14, 25 
and 45 years of loading is compared with the analytical results obtained 
according to the two methods of analysis of one-dimensional consolida-
tion, Figs. 10. and 11. 

Initial excess pore water pressure is assumed equal to 25 kPa. Because 
of the width of the embankment, 35 m, the influence of two-dimensional 
consolidation at the centre of the embankment has been ignored. 

As can be seen, the result based on non-Darcian flow is in much better 
agreement with the excess pore pressure observations than the result 
based on Darcian flow. There is a possibility that the excess pore water 
pressure below the centre of the load has been affected by pore pressure 
dissipation due to horizontal pore water flow, but this possibility only 
strengthens the assumption of non-Darcian flow. 

The total primary consolidation settlement, based on the oedometer 
moduli M given in Table 1 and the stress increase v due to loading, can 
be estimated at 1.28 m, while the total primary compression of the clay 
layer between 2.5 and 7.5 m can be estimated at 0.59 m. In the analysis, 
the effect of load reduction due to hydraulic uplift when part of the load 
sinks below the groundwater table has been ignored. Thus, owing to sub-
mergence of the fill during the course of settlement the load, in kN/m2, 
will be reduced successively by about   s , where   = the effective unit 
weight, in kN/m3, of the soil above the groundwater table and of the part 
of the fill that sinks below the groundwater table and s = settlement, in m, 
of the soil surface. However, one must keep in mind that the ground water 
level may vary considerably with time of the year and also that the 
ground water level after completed consolidation may differ from its 
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original position. The settlement reduction caused by submergence of the 
fill may also be fully compensated by secondary consolidation. 

  

Fig. 10. Comparison between observed excess pore pressure dissipation in Test 
Area IV, Skå-Edeby, and analytical dissipation according to Darcian flow (broken 
lines) and non-Darcian flow (unbroken lines) after 1.5 and 14 years of consolida-
tion. 
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Fig. 11. Comparison between observed excess pore pressure dissipation in Test 
Area IV, Skå-Edeby, and analytical dissipation according to Darcian flow (broken 
lines) and non-Darcian flow (unbroken lines) after 25 and 45 years of consolidation. 

The settlement observed in the test area is shown in Fig. 12. The set-
tlement of the ground surface, observed after 45 years of loading, equals 
1.10 m, while the compression of the clay layer between 2.5 and 7.5 m of 
depth equals 0.50 m. According to Asaoka (1978), the total primary con-
solidation settlement sp can be estimated from the relation 
si = 0.300 + 0761si–1 , which yields sp = 1.26 m (si–1 si ) and the com-

pression sp of the clay layer between 2.5 and 7.5 m of depth from the 
relation si = 0.119 + 0.815 si–1 , which yields sp = 0.64 m. 
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‹  

Fig. 12. Consolidation settlement of ground surface and compression of clay layer 
between 2.5 and 7.5 m of depth observed in Test Area IV.  

Looking at the remaining excess pore water pressure after 25 and 45 
years of consolidation, we find the average degree of consolidation equal 
to, respectively, 69% and 79%. This leads in both cases to a total consoli-
dation settlement of 1.39 m, about 10% larger than the estimated primary 
consolidation settlement. For the layer between the depths 2.5 m and 7.5 
m, the average degree of consolidation after 25 and 45 years of consolida-
tion becomes, respectively, 62% and 73%, which in both cases would 
lead to a primary compression of 0.69 m, about 8% larger than the esti-
mated compression according to Asaoka. Considering the excess pore 
pressure distribution after 100 years of loading, the average degree of 
consolidation would equal 99% in Darcian flow and 91% in non-Darcian 
flow. Based on excess pore pressure dissipation in non-Darcian flow, the 
total settlement achieved after 100 years of loading would become 1.26 
m, while the compression of the layer between the depths 2.5 and 7.5 m 
would become 0.63 m. Ignoring the parameters of the dry crust, the input 
parameters given in Table 1 yield average values of the coefficient of 
consolidation kM/ w = cv  0.61 m2/year and M/ w =   0.39 m2/year.  

The back-calculated value of cv is almost 4 times the value determined 
by oedometer tests. In a case like this with a test area, 35 m in diameter, 
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placed on a clay layer, 12.5 m in thickness, one has to consider the con-
tribution of pore water escape in outward radial direction. This can ex-
plain the difference between the oedometer value and the back-calculated 
value of cv. Moreover, the prolonged consolidation process increases con-
siderably the settlement contribution by secondary consolidation during 
the primary consolidation period. 

1.2 The Lilla Mellösa test area 

The test area at Lilla Mellösa that has no vertical drains was installed in 
1947 and the results obtained have been followed-up ever since. Together 
with the test area at Skå-Edeby without vertical drains, presented above, it 
belongs to the world’s oldest test areas.  

The soil conditions at the Lilla Mellösa test field have been described 
in detail by Chang (1981). The soil description differs somewhat between 
Chang (1981) and Larsson (1986). Briefly, underneath a 0.8 m thick dry 
crust the soil consists of organic clay to a depth of approximately 6 m, 
underlain first by homogeneous grey clay to a depth of 10 m and then by 
grey, varved clay to a depth of 14 m, resting on a thin layer of sand on 
rock, Fig. 13.  

The natural water content and the liquid limit decreases from about 
100% to 130% at top to about 70% to 90% at bottom. The unit weight at 
3 m depth is lowest, about 14 kN/m3, and increases almost linearly with 
depth to about 20 kN/m3 at 14 m depth. The undrained shear strength is 
lowest at 3 m depth, about 8 kPa, and increases almost linearly with depth 
to about 18 kPa at 14 m depth. The sensitivity increases with depth from 
about 10 to 20. 

The ground surface level is situated at about + 7.0 m. According to the 
observations presented by Chang, the groundwater level has varied from 
about + 6.0 m to about + 6.55 m. The clay can be considered as normally 
consolidated. 

The test area without vertical drains is square with a base width of 30 
m. It was filled up with 2.5 m of gravel. The top width of the fill is 22.5 
m. It has been provided with settlement meters and pore pressure meters. 
The unit weight of the gravel fill during the filling operation was deter-
mined and found equal to 17 kN/m3. This yields an initial load on the test 
area of 42.5 kN/m2. 
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Fig. 13. Soil characteristics at the Lilla Mellösa test site (after Larsson, 1986). 

Excess pore pressure dissipation 

The results obtained in the two test areas included in this paper, Lilla 
Mellösa and Skå-Edeby, have been analysed by Larsson (1986) and the 
results obtained at Lilla Mellösa by Claesson (2003). In Larsson’s analy-
sis, based on the effect of creep on excess pore water pressure dissipation 
and settlement in the area at Lilla Mellösa that has no drains, the results 
show good agreement with the observations after 21 and 32 years of load-
ing.  

For the analysis it is important to apply the correct input parameters M, 
k, , n and il as well as the correct values of the initial excess pore pres-
sure distribution. Since no observations of deviation from Darcy’s law at 
small hydraulic gradients has been made on Lilla Mellösa clay, the as-
sumption used in this analysis will be based on the findings related to 
Skå-Edeby clay, i.e. n = 1.5 and il = 5. The values of M are selected from 
the results of oedometer tests corrected with regard to ring friction, pub-
lished by Chang (1981), taking into account the load increment obtained 
at various depths underneath the fill. The k values are in agreement with 
the values published by Larsson (1986). The ratio /k is chosen equal to 
2/3, based on the experience from the undrained test area at Skå-Edeby. 
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The values chosen and the initial vertical stress increase v below the 
centre of the test area are presented in Table 2. 

Table 2. Parameters used in the consolidation analysis 
Depth: m 0 – 1.0 1.0 – 1.5 1.5 - 3 3 - 5 5 - 7 7 - 9 9 - 11 11 - 14 
M kPa 9000 200 200 190 160 240 280 200 

v  kPa 42 42 41 41 40 39 38 33 

s m 0.01 0.10 0.31 0.43 0.50 0.32 0.27 0.50 
k m/year 0.020 0.020 0.025 0.018 0.015 0.022 0.03 0.03 

 m/year 0.013 0.013 0.017 0.012 0.010 0.015 0.02 0.02 

  

In the analysis, the initial excess pore pressure distribution with depth 
has been based on the vertical stress distribution with depth below the 
centre of the test area, published by Chang (1981). Of course, this as-
sumption can be questioned. We do not know the magnitude of the pore 
pressure coefficient A in Skempton’s pore pressure equation. As in the 
case of the Skå-Edeby test area, we are dealing with water saturated clay, 
and thus B = 1.. In our case, A is also assumed equal to 1. In consequence, 
the initial excess pore water pressure has been considered equal to the 
vertical stress increase caused by the load, decreasing almost linearly with 
depth from 42 kPa at the ground surface to 32 kPa at the bottom of the 
clay layer. In reality, the value of A could be higher or lower depending 
upon the loading conditions. As previously shown, the value of A was 
found equal to 0.85 in test area IV at Skå-Edeby with 1.5 m of fill, corre-
sponding to a load of 27 kN/m2. In our case the fill height is 2.5 m and 
from experience of a number of observations the value of A increases 
with increasing load. In, for example, the Gothenburg region, A values 
have been noticed that increase with increasing load from 0.7 to 1.5 
(Hansbo, 1994).  

The result of the analysis, assuming A = 1, is compared with pore pres-
sure observations, carried out 21, 32 and 56 years of loading, Fig. 14. The 
pore pressure observations after 21 years of loading indicate that in reality 
the pore pressure coefficient A > 1. It could also be that the groundwater 
level at the time of observation was higher than usual and that the oe-
dometer modulus (representing the coefficient of consolidation) of the top 
layer, 1 m in thickness, is much lower than assumed.  From Fig. 14 it can 
be concluded that the agreement between observations and the results ob-
tained by assuming non-Darcian flow is far better than by assuming Dar-
cian flow. 
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Fig. 14. Comparison between observed excess pore pressure dissipation in the 
undrained test area at Lilla Mellösa  and analytical dissipation according to Dar-
cian flow (broken lines) and non-Darcian flow  (unbroken lines) after 21, 32 and 56 
years of consolidation. Excess pore pressure observations according to Claesson 
(2003).  

In the analysis of the pore pressure distribution, no consideration has 
been paid to the fact that part of the initial load will be subjected to hy-
draulic uplift due to settlement, causing load reduction. As previously 
pointed out, the ground water level may vary considerably with time of 
the year and the ground water level after completed consolidation may 
differ from its original position. In addition, the density of the fill may 
change with time. However, as mentioned above the excess pore water 
pressure is influenced by the magnitude of the pore pressure coefficient. It 
is therefore important to study the excess pore water pressure distribution 
during the loading operation to make an evaluation of the pore pressure 
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coefficients possible. Otherwise, a direct comparison between settlement 
and pore pressure dissipation becomes rather intricate. 

Consolidation settlement. A settlement analysis, based on the M and v 

values given in Table 2 (the effect of hydraulic uplift disregarded), yields 
a total consolidation settlement of 2.25 m. Looking at the remaining ex-
cess pore water pressure after 21, 32 and 56 years of loading according to 
the analytical results based on non-Darcian flow, we find the average de-
grees of consolidation equal to, respectively, 58%, 67% and 79%. This 
yields consolidation settlements after 21, 32 and 56 years of loading equal 
to, respectively, 1.44 m, 1.67 m and 1.97 m. These settlement values 
completely agree with the observed settlements, published by Claesson 
(2003). The primary consolidation settlement estimated according to 
Asaoka’s method yields si = 0.561+ 0.734si 1 , from which sp = 2.10 m.  

The load and consequential settlement reduction due to hydraulic uplift 
may, as in the case of test area IV at Skåp-Edeby, have been compensated 
by secondary settlement. The estimated average degree of consolidation 
in 2024, i.e. another 20 years from now, according to non-Darcian flow 
becomes 84%, corresponding to a settlement of 2.1 m. 
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2. VERTICAL DRAINAGE 

2.1 The test field at Skå-Edeby.  

The Skå-Edeby test field was arranged for the main purpose of studying 
vertical sand drain and band drain behaviour. As shown in Fig. 6, it origi-
nally contained four circular test areas, three of which provided with sand 
drains, 0.18 m in diameter, with drain spacing varying from 0.9 to 2.2 m, 
and one without drains. Later on, a test area was arranged with band 
drains, type Geodrain, with drain spacing equal to 0.9 m. The test areas 
were loaded with 1.5 m of gravel ( q = 27 kN/m2) except for test area III 
that was loaded with 2.2 m of gravel ( q = 39 kN/m2) The geology at the 
site and the geotechnical properties of the different test areas were de-
scribed in detail by Hansbo (1960). The results obtained have been pre-
sented in several publications (Holtz & Broms, 1972; Larsson, 1986). 

Table 3. Compression and consolidation characteristics obtained by conventional 
odometer tests. 

CR at various depths, modified 
with regard to sample disturbance 

Minimum cv in m2/year at various 
depths 

Test 
area 

Drain 
spacing, 

m  2 m 5 m 8 m 2 m 5 m 8 
I 0.9 0.40 0.50 0.83 0.13 0.32 0.16 
I 1.5 0.37 0.63 0.76 0.09 0.16 0.22 
I 2.2 0.27 0.33 0.93 0.06 0.19 0.16 
II 1.5 0.27 0.50/0.56 0.66/0.70 0.19 0.09/0.13 0.16/0.44 
III 1.5 0.33/0.37 0.43/0.53 0.60/0.63 0.06/0.13 0.16/0.19 0.16/0.19 

The compression and consolidation characteristics of the clay in the 
test areas provided with vertical drains were determined on samples taken 
at depths 2, 5 and 8 m. The results obtained are shown in Table 3 
(Hansbo, 1960). 

The average value of the coefficient of consolidation ch becomes 0.17 
m2/year. The coefficient of consolidation in horizontal pore water flow ch, 
which was determined in an oedometer test where drainage was allowed 
only through a central drain, was 0.7 m2/year. The corresponding perme-
ability value kh was estimated at 0.03 m/year.  

The settlement vs. time relationship for the test areas with sand drains 
and no drains is presented in Fig. 15. In order to facilitate the interpreta-
tion of the test results, the settlement curves have been revised to repre-
sent a common depth of 12.2 m. 
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The degree of consolidation in test area III, which was unloaded, is not 
as well defined as for test areas I and II where we have entered into a 
stage of secondary consolidation. All the same, a good estimate can be 
made, based on the shape of the settlement curve. Now the discharge ca-
pacity qw of sand drains, 0.18 m in diameter, can be estimated at about 
100 m3/year based on sand permeability. According to the results of the 
oedometer tests ch cv,av =  4. Assuming a zone of smear ds = 2dw = 0.36 m 

and a ratio h s = kh ks =  4, an acceptable agreement is obtained if a 

successively decreasing value of ch is applied as shown in Table 4.  

 

Fig. 15. Settlement vs. time of loading in the Skå-Edeby test areas, revised to repre-
sent a common depth of 12.2 m. After Larsson (1986). The broken lines represent 
an estimation of the continuation of the settlement process after the end of observa-
tions.  

 

 



 32 

Table 4. Best fit of the ch and  values in Test Area I, based on settlement. (Load = 
27 kN/m2)  

Drain spacing 0.9 m  
(u 0  = 37 kPa) 

1.5 m 
(u 0  = 31kPa) 

2.2 m  
(u 0  = 27 kPa) 

Time, years 1/6  1 2 1/2  1 4 1  4 9 

U tot , %  34 82 94 35 52 92 33 71 89 

U v , % 6 14 17 10 14 30 14 30 46 

U h , % 30 79 93 28 44 88 22 59 79 

ch, m
2/year 0.88 0.49 0.42 0.70 0.62 0.57 0.61 0.58 0.46 

, m2/year (n =1.5) 0.26 0.26 0.30 0.34 0.32 0.44 0.36 0.38 0.37 

U h , % ( av. = 0.34 

m2/year) 

37 85 94 28 46 83 21 55 78 

The U h  values given in Table 4 are determined from the measured 

values of U tot  and U v  according to Carillo’s equation. The U v  values are 

estimated from the test area at Skå-Edeby without vertical drains, previ-
ously described, assuming a final primary settlement of 1.26 m. However, 
the assumption that U v  is unaffected by the disturbance due to drain in-

stallation, which undoubtedly causes a reduction of the coefficient of con-
solidation cv, is most certainly overoptimistic. 

The  values are more consistent than the ch values throughout the 
consolidation process. The ch values are higher at the beginning of the 
consolidation process than at the end and the overall value somewhat 
lower than the coefficient of consolidation ch determined in the laboratory 
(0.7 m2 /year).  

According to equation (19), the consolidation process in exponential 
flow depends on the initial excess pore water pressure u 0 . This is not the 

case in Darcian flow, equation (18). In test area III, the initial excess pore 
water pressure is higher than in test area II. From the test results in areas 
II and III, we find the best agreement by choosing the values given in Ta-
ble 5. The values of ch are higher in test area III than in test area II.  

The efficiency of using occasional overload in order to eliminate sec-
ondary long-term settlement is demonstrated by the results obtained in 
test area III. With the load used in test area III, 39 kN/m2, the primary set-
tlement can be estimated at 1.5 m. As can be seen from Fig. 15, secondary 
consolidation did not start until several years after the removal of the oc-
casional overload. 
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Fig. 16. Observed and calculated excess pore pressure dissipation at a depth of 5 m 
in the Skå-Edeby test areas II and III. Unbroken lines represent exponential flow 
with n = 1.5 and  = 0.43 m2/year, broken line Darcian flow with ch = 0.8 m2/year.  

Table 5. Best fit of ch and  values in Test Areas II (load 27 kN/m2) and III (load = 
39 kN/m2), based on total settlement. 

Test Area  II (u 0  = 32 kPa) III (u 0  = 46 kPa) 

Time, years 1/6 1/2 2 4 9 1/6 1/2 2 4 

U tot , % 20 42 75 90 98 20 45 80 94 

U v , % 6 10 19 30 46 6 10 19 30 

U h , % 15 36 69 86 96 15 39 77 91 

ch, m
2/year 1.04 0.95 0.63 0.52 0.39 1.05 1.05 0.78 0.65 

, m2/year (n =1.5) 0.47 0.46 0.37 0.39 0.42 0.40 0.44 0.42 0.46 

U h , % ( av. = 0.43 

m2/year) 

14 34 73 88 96 16 38 77 90 

The excess pore pressure dissipation in Test Areas II and III with dif-
ferent loading condition is shown in Fig. 16. In the analysis based on 
Darcian flow, the consolidation process becomes independent of the 
magnitude of the load applied, which is not the case when the analysis is 
based on exponential flow. As can be seen, the best agreement between 
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theory and observation is obtained by assuming exponential flow with the 
exponent n = 1.5.3  

In Test Area V at Skå-Edeby (Fig. 17), band drains, type Geodrain 
with paper filter, were installed with 0.9 m spacing. The initial load, 27 
kN/m2, was doubled after 3 1/2 years of consolidation. In a case like this, 
the following procedure of settlement analysis is followed.  

The degree of consolidation U 1 and the settlement s1 achieved under 
load q1 at time t1 when the additional load q2 is being placed is calculated 
first. The part of the load q1 that is still producing primary consolidation 
settlement, i.e. q = q1 1–U 1( ) , is added to q2 and the primary settlement 

process to be added after time t1 under load q + q2 is added to the set-
tlement s1. According to equation (20), the equivalent diameter of Geo-
drain (100 mm in width and 4 mm in thickness) is equal to dw = 0.066 m. 
Assuming a zone of smear ds = 0.19 m and kh ks = h s = 4 , the best fit 

between observations and theory is obtained by applying the values ch = 
0.45 m2/year and  = 0.23 m2/year with the exponent n = 1.5 (Fig.18).  

The  value 0.23 m2/year agrees fairly well with the value obtained in 
test area I with 0.9 m drain spacing (  = 0.26 m2/year) and is an indication 
of increasing average disturbance of the clay with decreasing drain spac-
ing.  

 

Fig. 17. The placement of test area V in relation to test area IV at Skå Edeby. 

                                                
3 Case studies and experimental evidence reported already by Terzaghi & Peck (1948) 
indicated that the coefficient of consolidation increases with increasing magnitude of the 
load that produces consolidation. For the determination of the coefficient of consolida-
tion Terzaghi & Peck therefore recommended that the load increment “applied to the 
sample after a pressure equal to the overburden pressure has been reached should be of 
the same order of magnitude as the load per unit area of the base of the structure”. 
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Fig. 18.  Compression of the clay layer between 2.5 and 7.5 m of depths obtained at 
Skå-Edeby in Test Area V: 0.9 m drain spacing (D = 0.95 m) Broken line: Darcian 
flow with ch = 0.45 m2/year; Unbroken line non-Darcian flow with  = 0.23 m2/year 
and n = 1.5.  

The results obtained at Skå-Edeby show that the values of the coeffi-
cients of consolidation are smaller than can be expected from the values 
arrived at in the undrained area. This is the case in spite of the fact that 
the coefficient of consolidation is normally higher in horizontal pore wa-
ter flow than in vertical pore water flow due to the structural features of 
the soil (e.g. due to the existence of sand and silt layers). This obviously 
depends on the fact that the drain installation causes disturbance effects 
leading to a reduction of the coefficient of consolidation. The disturbance 
is evidenced by the fact that the sand drain installation at Skå-Edeby in 
itself induced excess pore water pressure of maximum 40 kPa at 0.9 m 
drain spacing, 35 kPa at 1.5 m drain spacing and 20 kPa at 2.2 m drain 
spacing (Hansbo, 1960). 

2.2 The Örebro test field.  

Another example of the calculated vs. observed consolidation process 
based on settlement is given by the results obtained at the Örebro test 
field, Sweden. This test field, 125 m by 45 m, was arranged just outside 
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Örebro for comparing the efficiency of prefabricated band-shaped drains 
(types Geodrain and Alidrain) with that of displacement type sand drains. 
The test field was divided into three sections of equal size with drain 
spacing 1.1, 1.4 and 1.6 m in an equilateral triangular pattern. The test 
area was loaded with 2.2 m of sand and gravel (load q = 40 kN/m2). 

The soil consists of grey, lightly overconsolidated clay, about 8 m in 
thickness. The clay layer is slightly organic to a depth of 1–2 m and is 
varved, with silt seams, in its lower part, below a depth of about 5 m. The 
average virgin compression ratio increases from about CR = 0.4 just be-
low the dry crust to about CR = 0.65 in the lower part of the clay layer. 
The primary settlement, calculated based on the compression ratios and 
an overconsolidation of about 5 kPa (below the dry crust) was estimated 
at 1.1 m. The coefficient of consolidation according to oedometer tests 
varies from a minimum of cv = 0.06 m2/year to a maximum of 1 m2/year. 
An estimated average is cv = 0.2 m2/year.  

The coefficient of consolidation in the case of horizontal pore water 
flow was not determined. 

 

 

Fig. 19. Measured and calculated settlements in test field, Örebro. Sand drains, 0.18 
m in diameter, and band drains, type Geodrain. Load q = 40 kN/m2. EOP means 
end of primary settlement. Unbroken lines represent exponential flow, equation 
(19)  (  = 0.58 m2/year; n = 1.5), broken lines Darcian flow, equation (18) (ch = 1.15 
m2/year). 
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The settlement process observed in the test sections provided with 
Geodrain and Alidrain was very nearly the same. The results obtained in 
the test sections provided with Geodrains and sand drains are shown in 
Fig. 19. 

Using Asaoka's method for determination of the primary consolidation 
settlement we find in the test area provided with Geodrains si =  0.1809 

+0.8343si–1 , which yields (si–1 si ) sp = 1.09 m and for the test area 

provided with sand drains si =  0.4312 + 0.6119si –1 , which yields s p =  

1.11 m. These values are in excellent agreement with the settlement esti-
mated on the basis of the oedometer tests. 

The theoretical analysis of the consolidation process in the case of 
sand drains is based on the following assumptions: dw = 0.18 m, ds = 0.36 
m. The corresponding values for Geodrain are: dw = 0.066 m, ds = 0.19 m. 
Inserting the parameters kh ks = h s =  �,� l = 4 m and cv = 0.2 

m2/year, the best fit of ch and  with observations is given in Table 6.  

Table 6. Best fit of ch and  values in the Örebro test areas (load 40 kN/m2). 

Sand drains 
ch m

2/year 
Loading 
time 

4 months 8 months 12 
months 

16 
months 

20 
months 

24 
months 

c/c 1.1 m 1.01 1.02 1.02 1.02 1.03 1.03 
c/c 1.4 m 0,93 1.00 1.00 0.89 0.90 0.84 
c/c 1.6 m 0.99 1.13 0.97 0.94 0.87 0.79 

 m2/year 
c/c 1.1 m 0.42 0.50 0.62 0.75 0.93 1.15 
c/c 1.4 m 0.38 0.46 0.53 0.48 0.53 0.52 
c/c 1.6 m 0.42 0.52 0.47 0.48 0.47 0.44 

Geodrains 
ch m

2/year 
Loading 
time 

4 months 8 months 12 
months 

16 
months 

20 
months 

24 
months 

c/c 1.1 m 1.08 1.24 1.20 1.15 1.06 1.05 
c/c 1.4 m 1.39 1.49 1.44 1.42 1.27 1.28 
c/c 1.6 m 1.70 1.88 1.53 1.42 1.25 1.06 

 m2/year 
c/c 1.1 m 0.36 0.50 0.57 0.64 0.60 0.67 
c/c 1.4 m 0.66 0.74 0.67 0.65 0.59 0.52 
c/c 1.6 m 0.57 0.57 0.62 0.69 0.61 0.67 
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The agreement between field observations is better according to Dar-
cian flow at 1.1 m drain spacing while the agreement according to expo-
nential flow with n = 1.5 is better at 1.6 m drain spacing. 

The result of the back-analysis shown in Table 6 indicates that the flow 
condition prevailing in the soil of the Örebro test area follows Darcy’s 
law better than the exponential correlation. However, as can be seen in 
Fig. 19, the theoretical correlations based on the average of the consolida-
tion parameters shown in Table 6, i.e. ch = 1.15 m2/year and  = 0.58 
m2/year, show better general agreement between observations and the ex-
ponential flow theory. 

2.3 The Bangkok Test Field.  

In connection with the planning of a new international airfield in Bang-
kok, Thailand, three test areas were arranged in order to form a basis for 
the design of soil improvement by preloading in combination with verti-
cal drains. The results of the settlement observations in two of these test 
areas, TS 1 and TS 3,  (Hansbo, 1997b) showed a better agreement with 
equation (6) than with equation (5). In this paper, the results obtained in 
test area TS 3 will be examined in detail.  

The crest width of TS 3 is 14.8 m (square) and the bottom width 40 m. 
It is provided with an approximately 10 m wide loading berm, 1.5 m 
thick. The fill placed on the area amounts to maximum of about 4.2 m, 
corresponding to a load of about 80 kN/m2.  

The drains, type Mebradrain, were installed to a depth of 12 m in a 
square pattern with a spacing of 1.0 m, which yields D = 1.13 m. The 
equivalent drain diameter determined according to equation (20) becomes 
dw = 0.066 m. The equivalent diameter of the mandrel dm = 0.10 m. The 
smear zone is estimated at ds = 0.20 m. The permeability ratios kh ks  and 

h s  are assumed equal to the ratio ch cv . 

The consolidation characteristics of the clay deposit, determined by 
oedometer tests, can be summarized as follows (DMJM International, 
1996; Airports Authority of Thailand, 1996): average coefficient above 
the preconsolidation pressure cv = 1.06 m2/year (standard deviation = 
0.061 m2/year), ch = 1.37 m2/year (standard deviation = 0.050 m2/year). 
This yields kh ks =  h s =1.3  (in a paper previously published by the 

author (Hansbo, 1997b) this ratio was assumed equal to 2). The virgin 
compression ratio CR varies from 0.3 to 0.55 (average 0.43; standard de-
viation 0.1) and the average recompression ratio RR = 0.03 (standard de-
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viation = 0.007). The clay penetrated by the vertical drains is slightly 
overconsolidated with a preconsolidation pressure about 15–50 kPa 
higher than the effective overburden pressure. The clay below the tip of 
the drains is heavily overconsolidated. In this case the influence on the 
consolidation process of one-dimensional vertical consolidation will be 
ignored owing to difficulties in assessing the drainage conditions. 

The monitoring system consisted of vertical settlement meters placed 
on the soil surface and at different depths and of inclinometers to study 
the horizontal displacements. Unfortunately, the results of the settlement 
observations at various depths are contradictory and, therefore, only the 
surface settlement observations can be trusted. The contribution to the 
vertical settlement of horizontal deformations is analysed based on the 
inclinometers placed 7.8 m from the centre of the test area. The total set-
tlement observed, including the settlement caused by horizontal deforma-
tions, and the corrected settlement curve with regard to the influence on 
vertical settlement by horizontal deformations (representing the mere ef-
fect of consolidation), are shown in Fig. 20.  

A follow-up of the course of consolidation settlement according to 
Asaoka's method, based on settlement observations at equal time intervals 
results in the following relation si = 0.2625 + 0.8195si –1which yields the 

primary settlement sp = 1.45 m. 
The settlement analysis based on equation (19) is carried out in 4 suc-

cessive steps: load-step 1 with load q1 = 20 kN/m2; load-step 2 with load 
q2 = 30 kN/m2; load-step 3 with q3 = 10 kN/m2 and load-step 4 with 
q4 = 20 kN/m2. The primary consolidation settlement caused by a load 

intensity of 80 kN/m2, determined by the compression characteristics, be-
comes equal to 1.4 m. By slightly modifying the compression characteris-
tics to yield a final primary consolidation settlement of 1.45 m, we find 

s1 = 0.15 m; s2 = 0.6 m; s3 = 0.2 m and s4 = 0.5 m (in total 1.45 m).  
The analysis of the consolidation process according to equation (19) 

has to be carried out in the following way. The degree of consolidation 
U 1, inserting h 1 = q1 w , determines the course of settlement in the 

first load-step. When calculating the course of settlement in the second 
load-step we have to apply the value h 2 = 1 –U 1( ) q1 w + q2 w . 

The settlement at the end of the load-step is obtained from 
s = s1U 1 + s1 1–U 1( ) + s2[ ]U , and so on. 
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Fig. 20. Settlement of ground surface in the Bangkok test field, Thailand. Test area 
TS 3: 1.0 m drain spacing (D = 1.13 m). Settlement corrected with regard to imme-
diate and long-term horizontal displacements. EOP = end of primary consolidation 
settlement estimated according to Asaoka's method. Full lines: analytical results 
according to equation (19) with  = 0.37 m2/year and n = 1.5. Broken lines: analyti-
cal results according to equation (18) with ch = 0.93 m2/year. 

Now, 50 days after the start of loading (consolidation time t = 50 –15 = 
35 days; h = 2 m;  = 0.37 m2/year, n = 1.5) we find U  = 0.21 which 
yields s = 0.03 m. In load-step 2 the load q2 = 30 kN/m2 has to be in-
creased by 0.79x20 = 16 kN/m2 corresponding to h 2,corr  = 4.6 m and 

s2,corr = 0.6 + 0.12 = 0.72 m. After 75 days when load-step 2 is com-
pleted we find [t = (75 – 50)/2] U  = 0.12 which yields s = 0.09 m and s 
= 0.12 m. After 140 days when load step 3 is being applied we have (t = 
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12.5 + 65 = 77.5 days) U  = 0.50 from which s = 0.36 m and s = 0.39 m. 
This yields h3,corr = 3.3 m and s3,corr = 0.2 + 0.36 = 0.56 m. After 220 
days when load-step 4 is being applied we find (t = 80 days) U  = 0.46 
from which s = 0.26 m and s = 0.26 + 0.39 = 0.65 m. This yields h4,corr 
= 1.8+2.0 = 3.8 m and s4,corr = 0.5 + 0.3 = 0.8 m. After 250 days when 
load-step 4 is completed we have (t = 15 days) U 2  = 0.13 which yields s 
= 0.10 m and s = 0.75 m. 100, 200 and 400 days later we have U  = 0.59, 
U  = 0.74 and U  = 0.89 from which s = 0.47 (s = 0.47 + 0.65 = 1.12 
m), 0.67 (s = 1.24 m) and 0.71 m (s = 1.36 m), respectively. 

The theoretical course of settlement determined in the conventional 
way, equation (18), is less complicated in that the total consolidation 
curve can be determined for each load step separately and added to each 
other. Assuming ch = 0.93 m2/year  we find, to give an example, 400 days 
after the start of the loading process (t1 = 385 days, U  = 0.92; t2 = 340 
days, U  = 0.89; t3 = 260 days, U  = 0.82; t4 = 170 days, U  = 0.67) the 
settlement s = 0.92·0.15 + 0.89·0.6 + 0.82·0.2 + 0.67·0.5 = 1.17 m. 

The results obtained by the two methods of analysis are shown in Fig. 
20. 

The values of h  applied in the different load steps agree quite well 
with observations of the excess pore water pressure (cf. Hansbo, 1997). 
Inserting the maximum value h 0v  = 4.6 m into equation (14) we find out-

side the zone of smear imax = 17.7 and inserting this into equation (16), the 
correlation between ch = 0.93 m2/year and  = 0.37 m2/year correspond to 
il = 3.7. 

2.4 The Vagnhärad vacuum test.  

Torstensson (1984) reported an interesting full-scale test in which con-
solidation of the clay was achieved by the vacuum method. The subsoil at 
the test site consists of postglacial clay to a depth of 3 m and below this of 
varved glacial clay to a depth of 9 m underlain by silt. The clay is slightly 
overconsolidated with a preconsolidation pressure about 5–20 kPa higher 
than the effective overburden pressure. The coefficient of consolidation ch 
was found equal to 0.95 m2/year and the average virgin compression ratio 
CR equal to 0.7 (max. 1.0).  

The vacuum area, 12 m square, was first covered by a sand/gravel 
layer 0.2 m in thickness, and then by a Baracuda membrane, which was 
buried to 1.5 m depth along the border of the test area and sealed by 
means of a mixture of bentonite and silt.  
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Mebradrains (dw = 0.066 m) were installed in a square pattern with 1.0 
m spacing to a depth of 10 m. The equivalent diameter of the mandrel dm 
= 0.096 m. The average under-pressure achieved by the vacuum pump 
was 85 kPa. After 67 days, the vacuum process was stopped and then re-
sumed after 6 months of rest. From the shape of the settlement curve (Fig. 
21) Asaoka's method yields the correlation si = 0.0756+ 0.9075si–1 from 
which sp = 0.82 m. This value is low with regard to the loading conditions 
and the compression characteristics. The main reason seems to be that the 
applied vacuum effect is not fully achieved in the drains. Thus, the pri-
mary settlement 0.82 m corresponds to a vacuum effect of about 35 kPa 
( h = 3.5 m). Another reason may be that the test area is too small as 
compared to the thickness of the clay layer.  

 

 

Fig. 21. Results of settlement observations at Vagnhärad, Sweden. Consolidation by 
vacuum. 1.0 m drain spacing (D = 1.13 m). EOP = end of primary consolidation 
settlement estimated according to Asaoka's method. Full lines: analytical results 
according to non-Darcian flow, equation (19), with  = 0.95 m2/year and n = 1.5. 
Broken lines: analytical results according to Darcian flow, equation  (18), with ch = 
2.4 m2/year . 
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The theoretical settlement curve in this case has to be determined in 
two steps, the first one up to a loading time of 67 days leading to a then 
settlement s1 = U h1sp . In the next load step, starting again from the time 

of resumption of the application of vacuum, the remaining primary set-

tlement is obtained from the relation s = U h sp – s1( ) , i.e. the remaining 

settlement equals st = s1 + U ht sp – s1( ) , where t starts from the time of re-

sumption of the application of vacuum. In this case, where vacuum is ap-
plied to create underpressure in the drains, the effect of vertical one-
dimensional consolidation is eliminated. 

Inserting the values D = 1.13 m, dw = 0.066 m, ds = 0.19 m, 
kh ks = h s = 4  and h = 3.5 m into equations (18) and (19), the best 

agreement between theory and observations is found for ch = 2.4 m2/year 
and  = 0.95 m2/year (Fig. 21). Even in this case the  theory agrees bet-
ter with observations than the classical theory. 

Inserting the maximum value h = 3.5 m into equation (13) yields imax 
= 7.3, and inserting the values ch = 2.4 m2/year and imax = 7.3 into equa-
tion (15) yields  = 1.1 m2/year. The value  = 0.95 m2/year corresponds 
according to equation (15) to imax = 9.9. Assuming il = 5, the value of imax, 
derived from equation (16), becomes respectively 7.7 instead of 7.3 and 
11.8 instead of 9.9. 

2.6 The Porto-Tolle test site, Italy 
The Porto Tolle experimental embankment had a crest width and length 
of 30 and 300 m, respectively, and a bottom width of 65 m. The load 
placed on the embankment was about 100 kN/m2. It was divided into four 
sections with different types of vertical drains. Here, two types of drains 
will be analysed, namely one with band drains of type Geodrain and an-
other with jetted sand drains, 0.3 m in diameter. The drains were placed in 
equilateral triangular pattern, Geodrains with 3.8 m spacing and sand 
drains with 5.0 m spacing. 

The soil consists of 7 m sand and silty sand underlain by about 20 m of 
soft, normally consolidated light-brown silty clay resting on dense, silty 
sand. The consolidation characteristics of the clay were determined by 
means of oedometer tests and field investigations. According to the oe-
dometer tests, the coefficient of consolidation cv was found equal to 3–9 
m2/year and the coefficient of consolidation ch equal to 6–16 m2/year. 
From the results of a trial embankment without vertical drains, cv was 
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found equal to 9 m2/year. The virgin compression ratio CR was not given. 
The primary consolidation settlement of the section with Geodrains, 
shown in Fig. 22, estimated according to Asaoka’s method, yields 
si = 0.249 + 0.756si–1 , corresponding to a total primary consolidation set-

tlement of 1.0 m, while the settlement of the section with sand drains 
yields si = 0.259 + 0.703si–1 , corresponding to a total primary consolida-

tion settlement of 0.9 m. The vertical stress increase in the middle of the 
clay layer due to the load of the embankment can be estimated at 

�  = 100[(30 + 65)/2] /[17 + (30 + 65)/2]   74 kPa. 

 

Fig. 22. Trial embankment at Porto Tolle, Italy. Measured and calculated settle-
ments and loading conditions for test sections provided with band drains, type 
Geodrain and jetted sand drains. Broken line represents Geodrain, and the dash-
dotted line jetted sand drains according to equation (18) with ch = 24 m2/year, and 
full lines equation (19) with  = 14 m2/year and n = 1.5. 
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The observations are compared with equations (18) and (19) assuming 
that the primary consolidation settlement is in accordance with the values 
given above, i.e. equal to 1.0 m in the section provided with Geodrain and 
0.9 m in the section provided with sand drains. Inserting for Geodrains 
the values D = 3.99 m, dw = 0.066 m, ds = 0.19 m, kh ks = h s = 2  and 

for sand drains D = 5.25 m, dw = 0.3 m, ds = 0.4 m, kh ks = h s = 2  and 

an initial hydraulic head h 0  = 7 m (assuming u 0 = w h 0 = ) into 

equations (18) and (19), the best agreement between theory and observa-
tions is found for ch = 24 m2/year and  = 14 m2/year with the exponent n 
= 1.5 (Fig. 22). In both cases the coefficient of consolidation cv is as-
sumed equal to 9 m2/year.  

According to equation (18) the average degree of consolidation when 
the load-step leading to full load is completed (consolidation time t = 3.4 
months; full load during 1.7 months) U = 41% for Geodrains and 42 % 
for sand drains. At t = 6, 9 and 12 months we find U = 68%, 85% and 
93%, respectively, for Geodrains, and U = 72%, 87% and 94%, respec-
tively, for sand drains. According to equation (19) the average degree of 
consolidation when the load-step leading to full load is completed (con-
solidation time t = 3.4 months; full load during 1.7 months) U =  51% for 
Geodrains and 47 % for sand drains. At t = 6, 9 and 12 months we find 
U =  76%, 87% and 92%, respectively, for Geodrains , and U =  73%,  
85% and 91%, respectively, for sand drains. Even in this case the  theory 
agrees better with observations than the classical theory. 

2.7 The Stockholm-Arlanda project.  

At Stockholm-Arlanda Airport, different types of soil improvement tech-
niques have been used. Amongst these, vertical drainage in combination 
with preloading has been used along the runway/taxiway in an area of 
250000 m2 containing clay and organic deposits.  

The requirements placed on the completed project allowed a maximum 
settlement of 30 mm. The design of the vertical drain project aimed at 
creating an effective preconsolidation pressure of at least 1.25 times the 
effective vertical pressure reached in the soil after completion of the pro-
ject. This was done in order to eliminate the risk of too large creep set-
tlement after the primary consolidation period (cf. Test Area III at Skå-
Edeby, Fig. 15). The drain spacing and the preloading conditions were 
selected in order to achieve 95 % primary consolidation within 12 months 
of loading. The Arlanda project is interesting from the point of view of 



 46 

the extreme loading conditions. Thus, in order to achieve the goal set up, 
preloading has been carried out by means of 14–20 m of fill. The load of 
the fill has caused a relative compression of 22–29 %, corresponding to 
total settlements of 1.6–2.6 m.  

According to the design requirements the drains had to be installed in 
equilateral triangular pattern with a drain spacing of 0.9 m. Furthermore, 
depending on the large relative compression to be expected, the drains 
had to be capable of undergoing a vertical compression in the order of 35 
% without loosing their function. Prefabricated drains, type Mebradrain 
88, were selected for the project. The installation of the drains was made 
by means of steel mandrel with the dimensions 60x120 mm.  

The clay at one of the sites of observation presented here, site K, was 
medium to highly sensitive and normally consolidated with water content 
of mainly 60–90 % and a liquid limit of 40–80 % (the results at other 
points of observation and consequential analysis are presented by Eriks-
son et al., 2000). The undrained shear strength was fairly constant, mainly 
about 7–9 kPa, irrespective of depth. The ground water level was situated 
just below the ground level. The results of the oedometer tests, interpreted 
in the way shown in Fig. 23, and the settlements derived accordingly are 
given in Table 7.  

 

Fig. 23. Interpretation of the results of oedometer tests used for the Stockholm-
Arlanda project. Oedometer modulus M =   . 
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The settlement values calculated from the oedometer test results were 
compared with those determined from the course of settlement shown in 
Fig. 24. Thus, according to Asaoka’s method the primary consolidation 
settlement is obtained from the correlation si = 0.590 + 0.775si–1 , which 

yields sp = 2.63 m. The discrepancy can be explained by the fact that the 
oedometer results given in Table 7 represent mean values of oedometer 
tests carried out on samples taken as far as 70–165 m away from the point 
of settlement observation. The settlements obtained in the various load 
steps were adjusted by multiplication by a factor obtained by dividing the 
final settlement values obtained by Asaoka's method with the final settle-
ment values evaluated based on the oedometer tests. The adjusted values 
are given in Table 8. 

Table 7. Parameters used in the settlement analysis (see Fig. 18). hj = hydraulic 
head of excess pore water pressure. 

Depth, m Mij kPa  M j    ij –   cj ,  kPa hj , m Load, kN/m2 Settlement, m 

 2   80 12.9        9   2.5      0–80     1.8 
 4 165 19.3      12   2.0   80–215     0.7 
 6 188 15.3      21   2.0 215–390     0.4 
 8 279 17.5      20   2.5     0–390     2.9 

 
Table 8. Settlement values, adjusted according to Asaoka’s method. 

Load step (kN/m2): 0–80 80–215 215–390 0–390 
Settlement (m): 1.63 0.64 0.36 2.63 

Analysis of consolidation process. According to the oedometer tests, the 
coefficient of consolidation cv varies from about 0.2–0.3 m2/year at pre-
consolidation pressure to about 0.5–1.0 m2/year (maximum 2.5 m2/year) 
at the end of primary compression under the maximum load applied (390 
kN/m2). The following assumptions are applied in the analysis: D = 
1.05x0.9 = 0.945 m; dw = 0.066 m; ds = 0.19 m; 
kh ks = h s = ch cv = 3 ; l = 4.5 m; ch  = 2.6 m2/year and  = 0.7 m2/year 
with the exponent n = 1.5.  

The course of settlement in Darcian flow. Inserting the consolidation time 
t1 = 1 month (the length of time that corresponds to full loading condition 
in load step 1), we find U 1 =  0.42 at the completion of load step 1, and, 
consequently, s =0.42x1.63 = 0.69 m.  At the completion of load step 2 (t1 
= 2 months and t2 = 0·5 months) we find U 1 =  0.65 and U 2 =  0.25, 
whence s = 0.65x1.63 + 0.25x0.63 = 1.22 m. Finally, at the completion of 



 48 

load step 3 (t1 = 4.5 months, t2 = 3 months and t3 = 1.25 month) we find 
U 1 =  0.90, U 2 =  0.79 and U 3 =  0.49, i.e. s = 0.90x1.63 + 0.79x0.63 + 
0.49x0.36 = 2.15 m. Three months later we find U 1 =  0.98, U 2 =  0.95 and 
U 3 =  0.89, i.e. s = 0.98x1.63 + 0.95x0.63 + 0.89x0.36 = 2.52 m. Another 
three months later we find U 1 =  0.995, U 2 =  0.99 and U 3 =  0.98, i.e. s = 
2.60 m. 

 

Fig. 24 Comparison between calculated course of settlement and observations at 
Stockholm Arlanda Airport. Broken line represents Darcian flow according to 
equation (18) with  ch = 2.6 m2/year, unbroken line non-Darcian flow according to 
equation (19)  with  = 0.7 m2/year and n = 1.5. 
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The course of settlement in non-Darcian flow: In this case, according to 
equation (19), the average piezometric head in each load-step has a great 
influence on the rate of consolidation. 

Assuming that the average excess pore water pressure is equal to the 
load placed on the ground we have in load-step 1 (time of full loading one 
month) the hydraulic head h 1 = 8 m, which yields U 1 =0.46. This yields 
s = s1U 1 = 0.46x1.63 = 0.76 m and a hydraulic head 

h 2 = 1 –U 1( )x q1 w + q2 w  = 0.54x8 + 13.5 = 17.8 m. At the com-

pletion of load-step 2, inserting a time of consolidation of half a month 
(the time of full loading) we have U 2 =  0.38, which yields the settlement 

s = s1U 1 +U 2 s1 + s2 – s1U 1[ ]  = 0.76 + 0.38(2.27 – 0.76) = 1.33 m. 

The hydraulic head now becomes h 3  = 0.62x17.8 + 17.5 = 28.5 m. Fi-

nally, at the completion of load-step 3, when the loading operation has 
been completed, we have (time of consolidation under full load 1 1/4 
month) U 3 =  0.70 which yields s = 1.33 + 0.70(2.63 – 1.33) = 2.24 m. 

Three months later we have U 3 =  0.93 from which s = 2.45 m. 

A comparison between analytical results and observations are made in 
Fig. 24. 

The course of excess pore pressure dissipation. In this case, the piezome-
ters were placed inside concrete tubes with an outer diameter of 1m be-
fore the installation of the drains. The existence of these tubes created an 
obstacle to keeping up the intended drain pattern. Thus, the distance from 
a piezometer to the nearest drain was estimated at 0.9 m. The average D 
value in the vicinity of a piezometer was estimated at 1.335 m instead of 
the normal value of 0.945 m. 

The excess pore water pressure u caused by loading is analysed by 
Skempton´s pore pressure equation u = B 3 + A 1 – 3( )[ ] . In our case 

the pore pressure coefficients can be assumed equal to B = 1 (water-
saturated clay) and A = 1.2 (load increase very high in comparison with 
the preconsolidation pressure). According to the theory of elasticity the 
principal stress increase becomes 1 = q  and 3 = 0.9 q . This yields u0 

= 1.02 q whence the hydraulic head increase h0 = u0 w = 0.104 q .  

Now, assuming that the piezometers are placed in the centre between 
the drains we have D = 0.5. For U h  = 0 and D = 1.335 m we then have 

according to equation (7) h = 1.06x0.104 q = 0.11 q. When dealing 
with the excess pore pressure dissipation, the excess pore pressure devel-
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oped during the placement of each load-step is assumed to correspond to 
the total load increase (no reduction of the pore pressure caused during 
the placement of the load-step). This can be justified by the dynamic dis-
turbance effects caused by the filling operation. Therefore, the time of 
consolidation is chosen with reference to the time when the filling opera-
tion in a load-step is completed. The effect of the contribution by one-
dimensional vertical consolidation on the excess pore pressure values is 
not taken into account. 

Assuming Darcian flow, the value of h during the course of consoli-
dation can be found by equations (7) and (5). Proceeding along the men-
tioned principle, taking into account only the effect of the drains (cv = 0), 
we find, at the completion of load step 1, h = 0.11x80 = 8.8 m. At the 
completion of load step 2 we have t1 = 1 month which yields U h1  = 0.19. 

Hence h = 0.81x8.8 + 0.11x135 = 22.0 m. Finally, at the completion of 
load-step 3 we have t1

 
= 3.5 months and t2 = 2.5 months from which U h1  

= 0.53 and U h2  = 0.42; from this we obtain h = 0.47x8.8 + 

0.58x0.11x135 + 0.11x175 = 32.0 m. An easier way of finding the value 
of h, applied in the following, is to start the analysis only from the time 
when load-step 2 is completed, which yields the same result: h = 
0.58x22.0 + 0.11x175 = 32.0 m. Three months later we have U h3  = 0.48, 

whence h = 0.52x32.0 = 16.7 m, and another 3 months later, U h3  = 0.73, 

i.e. h = 8.7 m.  
Assuming non-Darcian flow, we find according to equation (9) for U h  

= 0 and /D = 0.5 the value of h = 1.11x0.104 q = 0.115 h0. At the 
completion of load-step 1 we now have h = 0.115x80 = 9.2 m. At the 
completion of load-step 2 we have according to equation (6) U h1  = 0.24, 

whence h = 0.76x9.2 +0.115x135 = 22.5 m. At the completion of load-
step 3 we have U h2  = 0.59, from which h = 0.41x22.5 + 0.115x175 = 

29.4 m. Three months later we have U h3  = 0.68, whence h = 0.32x29.4 

= 9.4 m, and another 3 months later, U h3  = 0.84, i.e. h = 4.6 m. 

The results of the analysis are compared with the results of pore pres-
sure observations in Fig. 25. In reality, the observational results were ob-
tained through measurements where the horizontal distance between the 
piezometers and the nearest drain was 0.8 m (  = D/2 = 0.8). The values 
of  and D, however, chosen in the analysis, are based on the average 
drain spacing nearest to the piezometers. 
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Fig. 25 Comparison between theoretical and observed excess pore pressure dissipa-
tion at Stockholm Arlanda Airport. Piezometers placed at the following levels (level 
of original ground surface + 21.0): K 11 + 17.0; K 12 + 15.0; K 14 (after 10 months 
of loading) +14.3. Broken line represents Darcian flow according to equation (18) 
with  ch = 2.6 m2/year, unbroken line non-Darcian flow according to equation (19)  
with  = 0.7 m2/year and n = 1.5. 

From the results of the analysis of the consolidation process, shown in 
Figs. 24 and 25, we find a slightly better agreement between the observa-
tions and the analysis based on validity of Darcy’s flow law than the 
analysis based on exponential flow. This can be explained by the fact that 
the prevailing hydraulic gradients in this case are very high and in excess 
of the limiting hydraulic gradient il in exponential flow almost during the 
whole consolidation process. In this case, the maximum hydraulic gradi-
ent during the consolidation process is equal to 77 while the adapted val-
ues of  and ch used in the analysis correspond to a limiting hydraulic 
gradient il equal to 7. 



 52 

FINAL COMMENTS 

The choice of consolidation parameters is mostly based on the results of 
conventional oedometer tests representing one-dimensional consolidation 
with pore water escape in the vertical direction. The coefficient of con-
solidation in the case of pore water escape in the horizontal direction is 
usually determined by means of piezocone tests. The results thus obtained 
have to be checked by a follow-up of the consolidation process, prefera-
bly by careful instrumentation of a test area or of the project itself. In the 
case of vertical drainage, the choice of the consolidation parameters will 
depend on the assumptions connected with the diameter of the zone of 
smear and the ratio of permeability coefficients in natural soil and in the 
zone of smear. For example, if the ratios �/ s and kh/ks in the Örebro test 

areas are chosen equal to 2 instead of 4, the coefficient of consolidation , 
giving equally good agreement with the test results as mentioned above, 
will be 0.31 m2/year instead of 0.58 m2/year. The coefficient of consolida-
tion ch will be 0.70 m2/year instead of 1.15 m2/year. This example indi-
cates the importance of a follow-up of the consolidation process to check 
the choice of consolidation parameters. Monitoring should include both 
settlement and pore pressure observations. From the results obtained at an 
early stage of the consolidation process the consolidation parameters can 
be estimated and the continuation of the consolidation process predicted 
with acceptable accuracy. 

NOTATIONS 

a = thickness of prefabricated band-shaped drain, 
b = width of prefabricated band-shaped drain, 
ch = coefficient of consolidation valid for vertical drainage (Darcian 
flow), 
cv = coefficient of consolidation valid for one-dimensional consolidation 
(Darcian flow), 
Cc = compression index, 
CR = compression ratio = Cc 1 + e0( ) = 2 log2 , 

D = diameter of soil cylinder dewatered by a drain, 
dw = drain diameter, 
ds = diameter of zone of smear,  
e = void ratio, 
h = hydraulic head, 
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i = hydraulic gradient, 
k = coefficient of permeability (Darcian flow), 
ks = coefficient of permeability in the zone of smear (Darcian flow), 
kh = coefficient of permeability in horizontal pore water flow, 
kw = coefficient of permeability of the drain, 
l = length of partially penetrating drain (half length of penetrating drain), 
M = compression modulus determined by oedometer tests,  
n = exponent of hydraulic gradient in exponential flow correlation, 
qw = discharge capacity of drain at an inner hydraulic gradient equal to 
one, 
t = consolidation time, 
u = excess pore water pressure, 
z = depth coordinate, 
 = relative compression, 

2 = relative compression along the virgin curve caused by doubling the 
load, 

w = unit weight of water, 
  = sat – w  = effective unit weight of soil ( sat  = unit weight of water 

saturated soil), 
 = coefficient of permeability (exponential flow), 

h = coefficient of permeability in horizontal pore water flow (exponen-
tial flow), 

s = coefficient of permeability in the zone of smear (exponential flow), 

 = coefficient of consolidation (exponential flow), 
 = radius vector, 

  = total stress, 
   = effective stress 



 54 

REFERENCES 

Akagi, T. (1976). Effect of displacement type sand drains on strength and 
compressibility of soft clays. Dissertation, University of Tokyo. 

Asaoka, A. (1978). Observational procedure of settlement prediction. 
Soils and Foundations, Jap. Soc. Soil Mech. Found. Eng., Vol. 18, No. 
4, pp. 87–101. 

Atkinson, M. S. & Eldred, P. J. L. (1981). Consolidation of soil using 
vertical drains. Géotechnique 31, No. 1, pp. 33–43. 

Barron, R. A. (1944). The influence of drain wells on the consolidation of 

fine-grained soils. Dissertation, Providence, U S Eng. Office. 
Barron, R. A. (1947). Consolidation of fine-grained soils by drain wells. 

Transactions ASCE, Vol. 113, Paper No. 2346, pp. 718–742. 
Bergado, D. T., Akasami, H., Alfaro, M. C. & Balasubramaniam, A. S. 

(1992). Smear effects of vertical drains on soft Bangkok clay. J. Geot. 

Eng., Vol. 117, No. 10, pp. 1509–1530. 
Bergado, D. T., Alfaro, M. C. & Balasubramaniam, A.S. (1993). Im-

provement of soft Bangkok clay using vertical drains. Geotextiles and 

Geomembranes 12, Elsevier Science Publishers Ltd., pp. 615–663. 
Brenner, Th. (1946). On the strength properties of mineral soils. Bull. 

Géol. Finlande, No. 139, Helsinki (in Swedish). 
Buisson, M. (1953). Fondations des constructions et de barrages, charge 

admissible, observations des tassements, affaisements régioneauaux. 
Proc. 3

rd
 Int. Conf. Soil Mech. Found. Engineering, Zürich, Vol. 2, pp. 

334–344. 
Carillo, N. (1942). Simple two and three dimensional cases in the theory 

of consolidation of soils. J. Math. Phys., Vol. 21, No. 1, pp. 1–5.. 
Chai, J., Bergado, D. T., Miura, N. & Sakajo, S. (1996). Back calculated 

field effect of vertical drain. 2nd
 Int. Conf. on Soft Soil Eng., Nanjing, 

pp.270–275. 
Chai, J. C., Miura, N. & Sakajo, S. (1997). A theoretical study on smear 

effect around vertical drain. Proc. 14
th

 Int. Conf. Soil Mech. Found. 

Eng., Hamburg, Vol. 3, pp. 1581–1584. 
Chang, Y. C. E. (1981). Dissertation. Long-term consolidation beneath 

the test fills at Väsby. Swedish Geotechnical Institute, Report No. 13. 
Claesson, P. (2003). Long-term settlements in soft clays. Dissertation. 

Department of Geotechnical Engineering, Chalmers Univ. of Technol-
ogy, Gothenburg. 



 55

Cortlever, N. & Hansbo, S. (2004). Aspects of vertical drain quality and 
action. EuroGeo 3 Conf., München, B2-01, pp. 335–340.  

DMJM International — Scott Wilson Kirkpatrick, Norconsult Interna-
tional, SPAN, SEATEC (1996). Back-calculation of full-scale field 
tests (1993–1995). Part of SBIA Preliminary Design Report. 

Dubin, B. & Moulin, G. (1986). Influence of critical gradient on the con-
solidation of clay. In: Yong/Townsend (Editors). Consolidation of 

Soils. Testing and Evaluation. ASTM STP 892, pp. 354–377. 
Eriksson, U., Hansbo, S. & Torstensson, B. A. (2000). Soil Improvement 

at Stockholm-Arlanda Airport. Ground Improvement 4, 73–80. 
Florin, V. A. (1959). Basic soil mechanics, Vol. I.  Leningrad & Moscow. 

(In Russian). 
Hansbo, S. (1960). Consolidation of clay, with special reference to the 

influence of vertical sand drains. Dissertation, Chalmers Univ. of 
Technology. Swedish Geotechnical Institute, Proc. No. 18. 

Hansbo, S. (1979). Consolidation of clay by band-shaped prefabricated 
drains. Ground Engineering, Vol. 12, No. 5, pp. 16–25. 

Hansbo, S. (1981). Consolidation of fine-grained soils by prefabricated 
drains. Proc. 10

th
 Int. Conf. Soil Mech. Found. Eng., Stockholm, Vol. 

3, Paper 12/22, pp. 677–682. 
Hansbo, S. (1983). Discussion. Proc. 8

th
 European Conf. Soil Mech. 

Found. Eng., Helsinki, Vol. 3,Spec. Session 2, pp. 1148–1149. 
Hansbo, S. (1986). Preconsolidation of soft compressible subsoil by the 

use of prefabricated vertical drains. Tijdschrift der openbare werken 

van België, Annales des travaux publics de Belgique, No. 6, pp. 553–
562. 

Hansbo, S. (1987). Fact and fiction in the field of vertical drainage. Pre-

diction and Performance in Geotechnical Engineering, Calgary. pp. 
61–72. 

Hansbo, S. (1994). Foundation Engineering. Elsevier Science B. V., De-
velopments in Geotechnical Engineering, 75. 

Hansbo, S. (1997a). Practical aspects of vertical drain design. Proc. 14
th

 

Int. Conf. Soil Mech. Found. Eng., Hamburg, Vol. 3, pp. 1749–1752.  
Hansbo, S. (1997b). Aspects of vertical drain design — Darcian or non-

Darcian flow. Géotechnique 47, No. 5, pp. 983–992. 
Hansbo, S. (2001). Consolidation equation valid for both Darcian and 

non-Darcian flow. Géotechnique 51, No. 1, 51–54. 
Hansbo, S. (2003). Deviation from Darcy’s law observed in one-

dimensional consolidation. Géotechnique 53, No. 6, pp. 601–605. 



 56 

Hansbo, S. (2004). Band drains. In Moseley, M. P. & Kirsch, K., Ground 

Improvement. (Editors), 2nd edition. Spon Press, Taylor and Francis 
Group, London and New York. 

Hird, C. C. & Moseley, V. J. (2000). Model study of smear around verti-
cal drains in layered soil. Géotechnique Vol. 50, pp. 89–97. 

Holtz, R.D. & Broms, B. (1972). Long-term loading tests at Skå-Edeby, 
Sweden.  Proc. Spec. Conf. on Performance of earth and earth-

supported structures. Vol. 1, Purdue Univ., Lafayette, Indiana. 
Holtz, R. D. & Holm, G. (1973). Excavation and sampling around some 

drains at Skå-Edeby, Sweden. Proc. Nordic Geot. Meeting, Trond-
heim, Norwegian Geotechnical Institute. 

Indraratna, B. & Redana, I. W. (1998). Laboratory determination of smear 
zone due to vertical drain installation. Journal of Geot. Eng. ASCE, 
Vol. 123(5), pp. 447–448. 

Jamiolkowski, M., Lancelotta, R. & Wolski, W. (1983), Summary of dis-
cussion. Proc. 8

th
 European Conf. Soil Mech. Found. Eng., Helsinki, 

Vol. 3, Spec. Session 6. 
Kamon, M, (1984). Function of band-shaped prefabricated plastic board 

drain. Proc. 19
th
 Japanese National Conf. Soil Mech. Found. Eng. 

Kézdi, A. (1958). Cinq ans de mécanique du sol en Hongrie. Ann. Inst. 

Techn. Bât. et Trav. Publ., Nos. 127–128, p. 866, Sols et Fond., No. 
29, Paris. 

Kjellman, W. (1947). Consolidation of fine-grained soils by drain wells. 
Trans. ASCE, Vol. 113, pp. 748–751, (Contribution to the discussion 
on Paper 2346). 

Koda, E., Szymanski, A. & Wolsky, W. (1986). Laboratory tests on Geo-
drains — Durability in organic soils. Seminar on Laboratory Testing of 

Prefabricated Band-shaped Drains, Milano, 22–23 April. 
Larsson, R. (1986). Consolidation of soft soils. Swedish Geotechnical In-

stitute, Report No 29. 
Lawrence, C. A. & Koerner, R. M. (1988). Flow behavior of kinked 

stripo drains. In R. D. Holtz (editor) Geosynthetics for Soil Improve-

ment, Geotechnical Special Publications, No. 18. 
Lo, D. O. K. (1991). Soil improvement by vertical drains. Dissertation, 

Univ. of Illinois at Urbana-Champaign. 
Love, A. E. H. (1929). The stress produced in a semi-infinite solid by 

pressure on part of the boundary. R. Soc. Phil. Trans., Vol. 228.  



 57

Madhav, M. R., Park, Y.-M. & Miura, N. (1993). Modelling and study of 
smear zones around band shaped drains. Soils and Foundations, Vol. 
33, No. 4, pp. 133–147. 

Miller, R. J. & Low, P. F. (1963). Threshhold gradient for water flow in 
clay systems. Proc. Soil Science Society of America, Nov.–Dec., pp. 
605–609.  

Moseley, M. P. & Kirsch, K., (2004). Ground Improvement. (Editors), 2nd 
edition. Spon Press, Taylor and Francis Group, London and New 
York. 

Olsen, H. W. (1985). Osmosis: a cause of apparent deviation from 
Darcy’s law. Can. Geotech. J., Vol. 22, pp. 238–241. 

Onoue, A. (1988). Consolidation of multilayered anisotropic soils by ver-
tical drains with well resistance. Soils and Foundations, Jap. Soc. Soil 
Mech. Found. Eng., Vol. 28, No. 3, pp. 75–90. 

Onoue, A., Ting, N., Germaine, J. T. & Whitman, R. V. (1991). Perme-
ability of disturbed soil around vertical drains. In: ASCE Geot. Special 

Publ. No. 27, pp. 879–890. 
Rixner, J. J., Kraemer, S. R. & Smith, A. D. (1986). Prefabricated vertical 

drains. Engineering Guidelines, FVHA/RD-86/168, Federal Highway 
Administration, Washington D.C., Vol. 1. 

Runesson, K., Hansbo, S. & Wiberg, N.-E. (1985). The efficiency of par-
tially penetrating drains. Géotechnique 35, No. 4, pp. 511–516. 

Sing & Hattab (1979). Sand drains. Civil Eng., June, pp.65–67. 
Skempton, A. W. (1954). The pore pressure coefficients A and B. 

Géotechnique 4, No. 4, pp. 143–147. 
Taylor, D. W. & Merchant, W. (1940). A theory of clay consolidation ac-

counting for secondary compression. J. Mathematics and Physics, No. 
1. 

Terzaghi, K. (1925). Erdbaumechanik. Leipzig u. Wien. 
Terzaghi, K. & Peck, R. (1948). Soil Mechanics in Engineering Practice. 

John Wiley and Sons, Inc.  
Torstensson, B.-A. (1984). Konsolidering av lera medelst vakuummeto-

den och/eller konstgjord grundvattensänkning i kombination med ver-
tikaldränering. Resultat av fullskaleförsök i Vagnhärad. (Consolidation 
of clay by means of the vacuum method and/or artificial groundwater 
lowering in combination with vertical drainage. Results of full-scale 
tests at Vagnhärad). Internal Report. 



 58 

Yoshikuni, H. & Nakanado, H. (1974). Consolidation of soils by vertical 
drain wells with finite permeability. Soils and Foundations, Vol. 14, 
No. 2, pp. 35–45. 

Yoshikuni, H, (1974). Design and construction control of vertical drain 

methods. Dissertation, Found. Eng. Series, Gihodo, Tokyo. (In Japa-
nese). 

Yoshikuni, H. (1992). Basic consolidation theory of vertical drain 

method. Faculty of Engineering, Hiroshima University.  
Zeng, G. X. & Xie, K. H. (1989). New development of the vertical drain 

theories. Proc. 12
th

 Int. Conf. Soil Mech. Found. Eng., Rio de Janeiro, 
Vol. 2, Paper 18/28, pp. 1435–1438. 


