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Practical aspects of vertical drain design
Aspects pratiques de la conception de drains verticaux
Sven Hansbo - Chalmers University of Technology, Goteborg &J&W, Lidingd, Sweden

ABSTRACT: The design of vertical drain installations may seem simple in theory but is connected with a great number of uncertainties from
a practical point of view. The main problem experienced by the geotechnical engineer consists in the choice o f consolidation parameters.
Uncritical utilisation of values determined in the laboratory by oedometer tests or, for that matter, by half-empirical interpretation of the results
of, for instance, piezocone penetration tests, may lead to quite an erroneous prediction of the consolidation process. Another problem concerns
the verification of the prediction made. To make an as far as possible correct estimate of the consolidation parameters, test areas are often
arranged. Then the question arises whether the consolidation process achieved in reality should be verified by pore pressure or by settlement
observations. Thus, the pore pressure distribution created by preloading and installation of vertical drains may never revert to its distribution
prevalent before preloading and drainage. On the other hand, the uncertainties in predicting the total primary settlement and the influence of
secondary settlement may present great difficulties in determining the degree of consolidation achieved. In this paper, practical advice for
the design will be given. Two case records will be analysed. From the field test data we can conclude that the course of settlement agrees better
with a consolidation equation based on non-Darcian flow than with the conventional theory based on Darcian flow.

I INTRODUCTION

2 METHOD OF DESIGN BASED ON DARCIAN FLOW

The influence of vertical drains on the consolidation behaviour of
clay was first anlysed by Barron (1944). His solution, presented in
a Doctoral thesis, was founded upon the fundamental assumption of
validity of Darcy’s law and included two alternatives, one based on
the assumption of free vertical strains (no arching) and the other on
equal vertical strains. The combined effect o f radial flow towards the
drains and vertical flow was also taken into account.
Later, Barron (1948) extended his solution to include the effect on
the consolidation process of smear due to soil disturbance caused by
the installation of the drains (smear) and limited discharge capacity
of the drains (well resistance). Since then a great number of authors
from various parts of the world have contributed with more or less
sophisticated solutions to the problem (a complete review has been
made by Magnan, 1983).
The validity of Darcy’s law has been questioned by several
researchers (eg Silfverberg, 1947; Hansbo, 1960; Miller & Low,
1964; Dubin & Moulin, 1986). A solution to the consolidation prob
lem based on the assumption of an exponential flow law was present
ed by the Author (Hansbo, 1960) in connection with the research
initiated as a basis for the design of a possible future Stockholm
International Airfield at SkS-Edeby. The same exponential flow law
was later applied by Dubin & Moulin (1986) for solving the problem
of one-dimensional vertical consolidation.
Originally, sand drains dominated the market but nowadays al
most all drain installations are made with prefabricated band drains
with a core of plastics, surrounded by a synthetic filter (see Hansbo,
1993). The modem types of band drains have generally a highenough discharge capacity for the effect o f well resistance to be
ignored in the design. On the other hand, since the installation of
these drains is made by means of a mandrel, pushed, driven or
vibrated into the soil, the effect of smear has to be taken into account.
This can be done either by an overall reduction in the coefficient of
consolidation or by introducing a zone of smear with reduced
permeability. Whatever method is used, the problem of finding the
parameters yielding the best correspondence between theory and
practice is of paramount importance. In the following, some practical
advice will be given as a support to those working with the design of
vertical drain installations. A comparison will also be made between
the solutions based on Darcian and on non-Darcian flow behaviour.
The two definitions of degree of consolidation, one of which is
based on excess pore pressure dissipation and the other on settlement,
will be discussed and exemplified by analysis of the results of fullscale field tests.

The analysis of consolidation by vertical drains, taking into account
a zone o f smear with reduced permeability and well resistance and
assuming horizontal sections to remain horizontal throughout the
consolidation process was presented by the Author at the international
geotechnical conference in Stockholm (Hansbo, 1981).
Assuming validity of Darcy's law, the time t required to reach a
certain average degree of consolidation U h was found equal to:
t=-
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where
Ch = the coefficient of consolidation,
D, d, ds, /, z according to Fig. 1,
H = In

D
ks

\d j

4

qw

qw is the specific discharge capacity of the drain,
kh and ks are the permeability coefficients of undisturbed clay and
zone of smear, respectively.
In the case of modem band drains, qw is generally large enough for
the last term in the ji expression to be neglected.
The result obtained by Eq. (1) is in very good agreement with more
sophisticated theoretical solutions obtained by the finite element
method or by other advanced analytical methods based on the valid
ity of Darcy's law (Onoue, 1988; Lo, 1991).

3 METHOD OF DESIGN BASED ON NON-DARCIAN FLOW
Permeability tests on clay have indicated that the flow of pore water
under small hydraulic gradients may deviate from Darcy's law v = ki.
Hansbo (1960) and Dubin & Moulin (1986) proposed that the cor
relation between gradient i and flow v can be expressed as:
v = Kin when i < ii
v = Kn(i - io)/i"~ when i > ii
where i/= ion/(n - 1) was found to vary from 0 to 35.
The large-scale field tests carried out by the Author in connection
with the planning of a new airport at S k i Edeby (Hansbo, 1960)
showed the best correlation between a consolidation theory based on
non-Darcian flow and the test results for n = 1.5. Choosing n = 1.5,
the consolidation process is governed by the correlation (Hansbo,
1960; 1996):
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Fig. 1. Terms used in the analysis of vertical drains. D = diameter of soil
cylinder dewatered dewatered by a drain, d = drain diameter, ds = diameter
of zone of smear, I = length of drain when closed at bottom (21 = length
of drain when open at bottom), z = deplh coordinate, qw = specific discharge
capacity of drain (vertical hydraulic gradiebnt j = 1).
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where
A = the coefficient of consolidation,
Ah = u d yw = increase in hydraulic head due to placement of load tSq
(«o = Aq\ yw = volume weight of water).
a = 4 .7 7 0 #
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K h and ks are the permeability coefficients of undisturbed clay and
zone of smear, respectively.
Eq. (2) is valid only for hydraulic gradients below the limit given
by i;. However, in most cases the hydraulic gradient is below this
value even in the initial stage of the consolidation process except
nearest to the drain. For example, at a drain spacing of 1.0 m, a drain
diameter of 0.1 m and a surcharge of 35 kN/m2 the initial hydraulic
gradient is below 10 within about 90% of the circular cylinder
dewatered by the drain.

• The variation o f compression characteristics and consolidation
parameters with depth. The compression characteristics of the soil
may have to be chosen in a conservative way with regard to ihe
disturbance caused by drain installation on the one hand and to
secondary consolidation taking place during the primary consolidation
period on the other.
• The diameter of the zone of smear is quite difficult to determine as
well as the permeability ratio and, therefore, several test areas with
different drain spacings may have to be arranged in order that these
two unknown parameters can be determined satisfactorily by trial
and error. However, in most cases in practice the ratio k/,/ks as well
as k >Jk s can be put equal to the ratio of the permeability in the ho
rizontal direction to that in the vertical direction (i.e. the ratio q,/c,,).
Moreover, investigations indicate that ds can be put equal to 2d-3d.
• Instead of trying to find out the magnitudes of ds and k/,/ks (or Kht
Ks), the effect of smear can instead be included by introducing an
overall, reduced value of the coefficient of consolidation.
• The discharge capacity of modem drain types, for example band
drains, is generally high enough for well resistance to be neglected,
even in cases where the drains have been installed to great depth.
• The base width of test areas is often small in comparison with soil
depth and the surcharge generally high in relation to the bearing
capacity of the soil, therefore, lateral displacements along the
borderlines of the test area have to be taken into account when
analysing the vertical settlement behaviour.
• The contribution due to one-dimensional consolidation U vz can be
included in the theoretical evaluation of the consolidation process
caused by vertical drains if the consolidating layers below the test
areas in respect of consolidation properties and thickness are similar
to those of the real project.
• The time of surcharge removal has to be chosen with a view to
eliminate possible negative effects o f remaining primary and future
secondary consolidation. Therefore, it is necessary to consider the
depth where the degree of consolidation is minimum; in other words
when deciding upon the time of surcharge removal, the effect of
vertical consolidation in undrained condition can usually be neglected
since its effect in the middle of the consolidating layer is usually
relatively small. Moreover, the layer having the lowest coefficient of
consolidation will generally be decisive of the time of surcharge
removal. Therefore, the average vertical consolidation in undrained
condition cannot be used as a basis for design.

6 THEORETICAL VS ACTUAL BEHAVIOUR
The practical application of the two methods of design, Eqs. (1) and
(2), will be demonstrated on the basis of two well-documented pilot
tests: the SkS-Edeby field tests, arranged for preparatory studies of
soil improvement in connection with the construction of an Inter
national Airport in Stockholm and monitored during a period of 38
years and the Orebro field tests, arranged in connection with the con
struction of a new motorway.

4 INFLUENCE OF UNDRAINED CONDITION
In the case of limited thickness of the layer subjected to consoli
dation, the influence caused by one-dimensional vertical consolida
tion Uv (no drains) has to be taken into account. This can be done
according to the correlation presented by Carillo (1942):

uz =uh+uvz uhuvl

6 .1 Primary settlement
The analysis o f the total primary settlement may be connected with
great uncertainties. Thus, one has to take into account the distur
bance effects on the compression modulus and the preconsolidation
pressure caused by disturbance during sampling as well as by dis
turbance during drain installation. A correct determination of the
total primary settlement sp is important in cases where the degree of
consolidation achieved_is based on settlement observations ac
cording to the relation U h = s / s p . The alternative, i.e. to base the
determination of the average degree o f consolidation on excess pore
pressure dissipation according to the relation Uh = l - u l u0 or,
alternatively, the degree of consolidation at a certain depth z, UiK=
1 - u J u q i , is also connected with difficulties, as the actual position
of the piezometer in relation to the drains may be different from the
intended position and also because the piezometer is continuously
penetrating the soil during the process of consolidation.
In order to check whether or not the preconsolidation pressure o'c
determined by oedometer tests has been affected by sample dis
turbance, the interpretation of <T'c based on the oedometer curve in
semi-logarithmic scale according to Casagrande's method should

(3)

where Uvz can be obtained according to the graphical method
proposed by Helenelund (1951) and slightly modified by the Author
(see Hansbo, 1994).

5 PRACTICAL APPROACH
In practical design, the following points have to be considered:
•TTie drainage conditions of the clay deposit have to be established.
The existance of highly permeable seams or layers may eliminate the
need for installation of vertical drains.
• The effective stress conditions (pore water pressure and total over
burden pressure at different depths).
• The variation of preconsolidation pressure with depth. Vertical
drains should never be installed unless the stresses induced by preloading exceed the preconsolidation pressure.
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6.2 Rate o f settlement

always be checked by rewriting the oedometer curve in linear scale.
Then a clear indication is given whether or not the existance of a
preconsolidation pressure can be observed. The value of the precon
solidation pressure can also be checked by empirical methods, for
example on the basis of the undrained shear strength and the liquid
limit according to the relation a'C = cu / (0.45w L ) .
The effect of drain installation may be more difficult to estimate.
This, of course, is dependent on the type of drains installed and on
the drain spacing. An example of the accuracy of prediction of
primary settlement is given by the results of the full-scale field tests
at SkS-Edeby.
The field tests at SkS-Edeby (Hansbo, 1960), located about 25 km
west of Stockholm, are among the oldest and most well-documented
tests on the behaviour of vertical drains throughout the world.
The geology at the site and the geotechnical properties of the
different test areas has been described in detail by Hansbo (1960).
More information is also given by Holtz & Broms (1972), Hansbo
etal. (1982), Larsson (1986) and Hansbo (1987; 1994). The soil in
the test field consists of post-glacial clay to a depth of 5 -6 m under
lain by glacial varved clay containing thin layers of sand or silt near
bedrock. The thickness of the clay deposit is about 10-15 m, normal
ly around 12 m. Below the dry crust, about 1.5 m in thickness, the
clay can be considered as normally consolidated.
The diameter of test area I is 70 m and that of test areas II, HI and
IV 35 m. The load placed on test areas I, II and IV consisted o f 1.5
m gravel and on test area III 2.2 m gravel which, in the latter case,
necessitated a loading berm, 0.7 m in thickness and 12 m in width.
Test area HI was unloaded by 0.7 m of gravel (12 kN/m2) after 3 1/2
years in order to study if secondary consolidation could be eliminated
by means of preloading. All the test areas,except area IV, were
provided with sand drains, 0.18 m in diameter. Test area I was
divided into three equally large sectors with drain spacings equal to
0.9 m, 1.5 m and 2.2 m, respectively. Test areas II and HI had a drain
spacing of 1.5 m. All drains were installed in an equilateral triangular
pattern.
From the results of oedometer tests, carried out on samples taken
between depths of 2 and 8 m, the average virgin compression ratio
CR = Ccl( 1+eo) was found equal to 0.37 (standard deviation = 0.06).
In the analysis of the primary compression of the clay layer situated
between depths of 2.5 and 7.5 m that was carried out by the Author
(Hansbo, 1960), the effect o f disturbance due to drain installation
was taken into account in the way shown in Fig. 2. This led to 38%
increase in the CR value, from 0.37 to 0.51, with a standard deviation
of 0.18. The primary compression calculated on the basis of the latter
CR value is on the average 1.17 times the observed primary com
pression (Hansbo, 1987) with a standard deviation of 0.07. If the
oedometer values had been chosen without correction, the calculated
primary compression would have become about 85% of that observed.
Thus, in reality the primary compression observed is equal to the
average of the two theoretical values given.
Comparing instead the surface settlements, the average total
primary settlement, calculated on the basis'o f the interpretation
shown in Fig. 2, is only 1.04 times that observed with a standard
deviation of 0.05.
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The test field at SkS-Edeby will serve as an example of the calculated
versus observed consolidation process based on pore pressure
observations. As Eq. (2) indicates that the consolidation process is
affected by the size of the overload it is o f great interest to compare
the results obtained for test areas II and III which have the same
geometry, the same drain spacing but different overloads, 1.5 m
gravel and 2.2 m gravel, respectively.
The consolidation characteristics— average virgin coefficients of
consolidation, between depths of 2 and 8 m— were found equal to cv
= 0.20 m2/year (standard deviation = 0.14 m2/year) for test area II
and cv = 0.15 m2/year (standard deviation = 0.05 m2/year) for test area
I I I . The coefficient of consolidation, determined by oedometer tests
in which drainage was allowed through a central sand drain (one
single test), was c/, = 0.7 m2/year, i.e. c/,/cv = 3.5-4.5.
The excess pore pressure dissipation in the two test areas was
observed at a depth of 5 m, i.e. in the middle of the 5 m thick clay
layer between depths of 2.5 and 7.5 m. Now the observations made
in Test Areas II and III are compared with the analytical results of
Eqs. (1) and (2) in Fig. 3, inserting A = 0.54 m2/year into Eq. (2) and
Ch = 0.90 m2/year into Eq. (1). Furthermore, it is assumed that ds =
0.36 m = 2d(cf. Holtz & Holm, 1973) and kh/ks = Kh/Ks (= c j c h) = 4
(well resistance negligible). As can be seen from Fig. 2, the results
o f the tests carried out at Ski-Edeby show better agreement with Eq.
(2) than with Eq. (1) in that the consolidation process is affected by
the magnitude of the load placed on the test area.
It should be pointed out that the excess pore pressure pressure
dissipation shown in Fig. 2 is based on the assumption that the pore
pressure reverts to its original distribution when the consolidation
process has terminated. This, however, is not the case in test area HI.
Thus, although in this case no compression has occurred in the clay
layer between 2.5 and 7.5 m after unloading (about 30 years time in
total) an excess pore pressure of about 10 kPa in relation to the ori
ginal pore pressure has been observed at a depth of 5 m.
An example of the calculated versus observed consolidation pro
cess based on the course o f settlement is given by the results obtained
at the Orebro test field. This test field, 125 m by 45 m, was arranged
just outside Orebro for the purpose o f comparing the efficiency of
prefabricated band-shaped drains (Geodrain and Alidrain) with that
of displacement type sand drains, 0.18 m in diameter. The test field
was divided into three sections of equal size with drain spacings 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.
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 in its lower part, below a depth of about 5 m. The average
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Fig. 2. G raphical d eterm in atio n o f the c o m p ressio n ratio w ith reg ard to
disturbance effects. T he c o n ec te d curve is draw n from the intersection o f
£=0 and a ' = o '0 to the points o f in tersection o f the vertical through a ' =
o'o + Aq and the c o m p ressio n curve.

•

Area II

o

Area III

Fig- 3. T est field at S k i-E d e b y , S w eden. C onso lid atio n process in T est
A reas II and I I I based on excess pore pressure dissipation m easured at a
depth o f 5 m vs. calculated consolidation process. B roken lines represent
Eq. (1), full lines Eq. (2).
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virgin compression ratio increases from about CR = 0.4 just below
the dry crust to about CR = 0.65 in the lower part of the clay layer.
The primary settlement, calculated on the basis of the compression
ratios and an overconsolidation of about 5 kPa (below the dry crust)
is estimated at 1.1 m (for further details, see Hansbo eta l., 1982).
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.
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. 4. The theoretical analysis of the consolidation
process in the case of sand drains is based on the following assump
tions: ds = 0.36 m, ch = 0.80 m2/year and X = 0.47 m2/year. The
corresponding values forGeodrain are: ^ = 0 .1 5 m, ch = 0.95 m2/year
and A = 0.47 m2/year.
The agreement between field observations is considerably better
according to Eq. (2) than according to Eq. (1).

T im e o f loading, m onths

Fig. 4. Field test at O rebro, S w eden. M easured vs. calcu lated settlem en t
for test sections provided w ith p refab ricated band drains, type G eo d rain
(top) and sand drains, 0.18 m in diam eter; load A<y = 40 kN /m 2. D ot-dashed
lines represent Eq. (1), full lines Eq. (2). EO P = end o f prim ary settlem ent.

7 CONCLUSION
The design of vertical drain installations is connected with several
uncertainties. In practice, the consolidation process should, therefore, be
carefully monitored in order that possible surcharge is not removed too early.
The study o f the full-scale field tests presented in this paper shows
that the theoretical consolidation process based on the assumption of
non-Darcian flow is in better agreement with reality than the as
sumption of Darcian flow. This fact has also been confirmed in
previous studies. Deviations from Darcy's flow law may not represent
the only explanation to this phenomenon. Another possible explana
tion is a gradual decrease in the coefficient of consolidation taking
place in the course of settlement. Irrespective of the true cause, Eq.
(2) ought preferably to be applied instead of Eq. (1) in practical
analysis o f the influence of preloading and vertical drain installations
on consolidation o f clay.
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