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SYNOPSIS.

Among the methods applied, preloading in

Land reclamation works and the need of improving infrastructure in areas with bad soil conditions have created an increasing interest in soil
with vertical drain installations to speed up the rate of consolidation has proved to be very cost-

effective. The interest in the possi

ies of making accurate predicti

‘manifested itself in a great number of

papers as well as a number of Doctoral theses. In this paper, a short historical review of the theoretical development of the vertical drain theories is presented. The main
N PR "

interestis focused on the fundamental question of validity or non-validity of Darcy's fl

theory of vertical

drains, valid for both exponential (non-Darcian) and linear (Darcian) flow laws, and including the effect of both smear and well resistance, is presented. Vertical drain
" N " o N "

of|

iameter the zone of smear, filter well

resistance, etc. are discussed. Results of full-scale tests and theoretical analyses, based on Darcian as well as non-Darcian flow, are exemplified. The method of analysis

of vertical drain projects to be used under

loading conditions is
D:

The undertaken between real and theoretical behaviour

non-D:

flow. Only i fir

loading

can we find equally good (or possibly between

on the other.
1. INTRODUCTION

Awealth of i back 1

befound inabook written by Magnan (1983).Inthis paper  brief review is given
in retrospect of various analytical methods for determining the infl the

m very hea
based on Darcian flow on one hand and theories based on non-Darcian flow

as preliminary measure o the construction of the new Stockholm airport. The
results of this investigation was reported by Chang (1981).

The Cardboard Wick has served as a prototype for all the various band-shaped
drains now existing on the market. The first of these new types of band drains on

consolidation process of vertical drain installations. Design methods based on
both Darcian and non-Darcian flow laws are presented. Requisite propertics of
prefabricated band drains are commented on. Monitoring systems for a follow-
p of results achieved are discussed. Results of full-scale tests on vertical drain
behaviour are compared with theorctical consolidation rates.

2. VARIOUS TYPES OF VERTICAL DRAINS

2.1 Circular-Cylindrical Drains

s i common type of circular-cylindrical drains were
first proposed. in 1925, and patented, in 1926, by Daniel D. Moran. He also
suggested the first practical application of sand drains as a means of stabilisation
of mud soil beneath a roadway approach to the San Francisco Oakland Bay
Bridge (Johnson, 1970). This led to some successful laboratory and field
‘experiments followed by the installation of the first drain system in 1934. Porter
(1936) descril i

It consists of a core of plastic material surrounded by a filter sleeve with an

27 longitudinal y wi The
filter ial make of paper but was later changed
into synthetic material. After some successful applications of Geodrains, a great
number of band drains, having more or less similar characteristics but different
ienci g Hansbo, 1986, 1993, 1994).
Although most band drains have a central core enclosed in a filter sleeve, drain
types without filter sleeve also exist on the market. These generally consist of
porous material which allows water inlet into the drains. A somewhat different
type of band drain is the Fibredrain developed in Singapore (Lee ef al, 1995). It
consists of one layer of thin, closely knit jute burlap laid inside another layer of
thick, but coarsely knit burlap. Four coir strands, 3-6 mm in diameter, pass
longitudinally through the inner core formed by the two layers of burlap.
Itis interesting to note that Barron (1948), with reference to a contribution by
Kiellman (1948 s opinion that ialandi i

these trial 1o the further
of the system.
The sand drains originally installed had generally a relatively large diameter,
03-0.5m. Later sand drains h i . for example

“sandwicks’,0.05 m in diameter, and ‘fabri pack drains"—also called ‘sand pack
drains’—0.12 m in diameter. The sand in these drains is packed into a synthetic
fiber net-type tube which prevents the drains from necking. Sand drains with a
diameter of 0.18 m were utilised in the oldest and best documented test field
existing, the one situated at Ski Edeby, Sweden, established in 1957 (Hansbo,
1960). This test field is still under continuous observation.

Another type of circular-cylindrical drains was developed by, among others,
Technique Louis Ménard, the so-called *soil drain’. This consists of an open
prefabricated tubular plastic core provided with perforations to admit inflow of
pore water.

A range of techniques has been utilised for installation of sand drains. These
include so-called non-displacement methods, such as shell and auger drilling,
powered auger drilling, water-jetting, flight augering and wash-boring and
displacement methods, typically by the use of a driven mandrel,

22 Band (Wick) Drains
‘The first type of band-shaped drains, also named wick drains, introduced on the
market was invented in Sweden by Walter Kjellman and his co-workers at the

Swedish Geotechnical Institute. Thesedrains, named Cardboard Wicks (Kjellman,
1948), i

machines become available in the United States, sand wells may be outmoded”.
Nowadays very efficient installation machines have come into use and a large.
number of i .

certainly become truc.

has

3. ANALYTICAL APPROACH
3.1 Assumptions based on Darcy's flow law

Regarding the historical development of vertical drain analyss, special interest
must arron

in the understanding of the result to be expected by vertical drain installations.
During the winter 19411942 the Providence District incorporated drain well
plans for reconstruction of a portion of Riverfront Dike, Hartford, Connectict
‘This entailed a necessity of having a more exact analysis of the influence of
vertical drains on the consolidation process. The analysis first published by
Barron (1944) was based on existing solutions for one-dimensional vertical
consolidation (Terzaghi, 1925) and radial flow of heat. Barron's analysis was
based on the following assumptions (Fig. 1):

+ Darcy's flow law is valid,

« the soilis water saturated,

« displacements due to consolidation take place in the vertical direction only,

« excess pore water pressure at the drain well surface is zero,

I boundary of the soil mass is impervious, i.c. du/dp=0at p=R.

section of 100 mm by 3 mm and including ten longitudinal I channels, 3
mmin widthand | i board
in194

ardl
full Upplands Visby

«no vertical flow at the central horizontal boundary of the soil mass, i.e. dw/dz =
Oatz=1L
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T inl equation
expression:

1du ()2 k, % _a, du
/ A kv [

var )
where kj and k, are the permeabilities in the horizontal and vertical dircctions,
= the unit weight of water,
pand  are the cylindrical coordinates,
= excess pore water pressure,
oefficient of theoretical compressibility

/M = cocfficient of volume compressibility (M = oedometer
1= consolidation time.

Barron proposes that the total degree of consolidation, including the effect of
combined radial and vertical outflow of water, be solved according to Carillo

(1942) by the expression:

@

¥

Up: =Up+U.-UpU; [©]
where U, = degree of consolidation due to radial outflow of pore water to the
drains,

U, = degree of i po tsid
the drains.

Asan aiternative to U = 1 - ulug we can also use the definition U = s/s,, where
= settlement at time f and 5, = total primary settlement. Then the settlement s,;
attime ¢, achieved by the ot of rdis drainage only, can be written

Shd @)

LY
=Svd/%p

De2iTE

Fig. 1. Terms used i
dewatered byadram‘d diameter of the zone of smear, d,,

I=length of dra
when open at bottom), 4, = specific discharge capacity of the drain (vertical
hydraulic gradient inside the drain i = 1)

fsoil cylinder
irain diameter, z
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where s,,4 = settlement caused by one-dimensional vertical consolidation.

Barron assumed two different cases to take place: the case of free strains and the
case of equal strains.

In the free strain hypothesis Barron assumes that the load is uniform over the
circular zone of influence for each drain well and that differential settlements
occurring over the zone during the consolidation process have no effect on
redistribution of stresses by arching of the ill. He further assumes that shearing

process.

Inhis original free. st analyss, Baon (1944)assumed tha the instalation of

affect the soil and that ‘the
drain well was high mugh for well resistance to be neglected. He later on
included disturbance effects due to installation, a zone of smear (Barron, (1948)
with reduced permeability k,. Assuming that drainage takes place only in the

and that
the soil, th any point p, Barron, is found
from the relation:
—id—”U. (ad, /d,,)Uy(2ap/d,) 2
cxp[_ 4ot
o

e T
e - U (ady ) ~UR ad )
a d

where Ug(ad;/d,)= Jo(ad;/d,, )} (aD/d,,)~ J,(aD/d,, )Yo(ad; /d, )
Uy(ady/d)= 1 (ads /d, )% (aD/d,,) - Jy(aDfd, )¥i(ads /d,, ).
Up(2ap/d) = Jo(2ap/d, 1 (aD/d )~ (aD/d, )i (2ap/d)
Jo( ) and J|( ) are Bessel functions of first kind of zero and first order,
respectively,
Yo() and Y,() are Bessel functions of second kind of zero and first order,
respectively,
kedy Uo(ady /dy,)
kad In(d; /d,,)
ky, =permeability of the soil in the horizontal direction,
k, =permeability in the zone of smear,
KM/

= oedometer modulus (inverted coefficient of volume

ay, ay, -+ are roots of the equation +Uy(ady/d,)=

compressibility),
¥, = unit weight of water,

d, = diameter of the zone of smear,
ime of consolidation.

‘The average excess pore water pressure between r,, and R becomes:
£ d,il/\l(ad /d,, exp(—4a’c,,r/d§)
w5 Y, ©
2
o a?(D? - ’){ 3 1druo(ad /dy)-UP(ads d)

The radial dati i tions (5) and Jified
inFig. 2. As can be seen in Fig. 2 7and this holds for any value of D/d,,— the
average excess pore water pressure during the course of consolidation is very
nearly equal to the excess pore water pressure at radius p = (r,, + R)2.

Inthe equal.
Toad so thatthe vetcal tains at acetan depth 2 become equal itespeive of
and,

‘This may seem a i butis supported by field i
in areas provided with vertical drains. In the equal strain hypothesis he also
! e s e o

nieringinto



the drains during proces
0and z.= 2/ the average degree of consolidation obtained by radial (h:mzm\ul)
drainage Ty, = 1Ty, /Ho at depth z is given by the correlation (Fig. 1):

7 8cye [ exp[B(z—20)] +exp(-fz)
h P72 T+exp(-2Bl)

wh:rcv*j—rb’z AN At AN
B P A AT oA A d,

Ky kys i --as above,

g

Sk,,(l .11/91) 24142 /D)
da2k,y va,,

\7d3 /4 = specific discharge capacity of the drain

Q=

T T
4

AR -1 B

Pyt R-r V4

Consolidation degree

11

il
o.
Time factor T, = c/D?
Fig. 2. Radial consolidation rates at different concentric surfaces according to

Barron's free strain hypothesis. Ideal drain wells (no well resistance). No effect
of smear. D/d,, = 10. After Barron (1944).
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|- —— free strain hypothesis —
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Consolidation degree

L0 RN L1
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T, = D

Fig. 3. Comparison of average consolidation rates by radial drainage only for

DJd,, under

g
in hypothesis). in wells. Noeffect

of smear. After Barron (1948).

The average degree of consolidation obtained for ideal drains according to
Barron's free strain analysis, equation (6). is very nearly equal to that obtained
according to Barron's equal strain analysis, equation (7), as shown in Fig. 3.
‘Therefore, the equal strain hypothesis has become the basis for routine design of
vertical drain systems.

‘The consolidation equation presented by Barron is based on the assumption that
the value of c, does not change during the consolidation process. An attempt to
take into account a successive decrease of of ¢, with time of consolidation,
expressed through a decrease in the coefficient of permeability, was made by
Schifman (1958). Schiffman's concept is based on 2 linear correlation between
permeability coefficient and excess pore water pressure. For constant load,

consolidation process) and radial drainage only, the solution obtained for ideal
drain wells (no well esistance; no smear) becomes:
kr

kg +ko[exo(8T; /u) 1] ®

D) 3. d}
o 2]-2

d,) 4 aD?
‘The parameter v is equal to the parameter v in equation (7) when d, = d,,.

The effect of well resistance was also taken into account by Yoshikuni and
Nakanado (1974). Their solution, which includes both vertical and horizontal
pore wast flow (uppera lower boundary surfaces assumed to be drained) but
The
el abained in thecase ofndu.l drainage and equal vertical dlsplaneme‘l\l of
the soil
presented in the form o tables (sce Yoshikuni, 1992) for various s ofD/d
and well resistance, the latter expressed by the parameter:

32kl _ 8kt
Thydy,

Youshikuni's solution, which was presented
by Onoue(
consolidation process by multlayered, unisotropic soils.

his Doctoral thesis

Another approach (o the cqual strain hypothesis in the simple case of no
peripheral smear or well resistance, very similar to Barron's approach, was
presented already in 1937 (Kjellman, 1948). Kjellman's approach was extended
by the author (Hansbo, 1979; 1981) to include the effect of smear and well
resistance. In this case, the average degree of consolidation is given by the
relation:

©

where

2
vtz ()
W -)( a2eaz) BRI 1-(d /D) |
Tk 02-,1},)[ TTan? ]+ 9

Omitting terms which arc normally of minor significance we find:

D), ky, (ds
=l In|
# '{dx) ks [dw

] 3 ham(2l-2)
4 g
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‘The average degree of consolidation T, of the whole layer is obtained by ex-
changing the value of 4 for:

oo pen(3)

Introducing the initial hydraulic head Ak =g /7,, the hydraulic gradient i becomes:

A =1 Ap]
i=—(1-Tp ) =5 (10)
4 41-) -2
The d i by di I vertical pore

water flow (undrained condition) is generally below 50%. Therefore, the total
average degreeof conslidation for fully penetratingdrans, aking intoaccount
both undrained (c, value assumed to be constant) be

expressed by the relation:
2 feyt eyt

[1-2 e A 1

( :vn]““’[ v a

where 21 = thickness of the clay layer when drained at top and bottom (Fig. 1),
corresponding to the length of the drains.

Ty

Zeng and Xie (1989) pointed out that the continuity at the drain interface was not
ied in the solutions given by equations (7) and (9) and presented what they

call a “correct’ solution:
2 (M Syt
Msm( 7 z]exp(fnT (12)

2
D {2 |y e )31,
a2 ) % \d, ) 4

2&,,7:12(92 -d3)

‘With the advances of the finite element and the finite difference methods the
consolidation process achieved for any type of loading and drainage condition
can be solved theoretically on the basis of given consolidation and drain
parameters (¢.g. Onoue, 1988; Lo, 1991). Among these can be mentioned the
finite element program ILLICON developed at University of Ilinois at Udmnn
Champaign, USA, 991):

)20, (%) (e [t au (% 1 gude)],
30, ), o o)y v+ o o |32 Teear
L+ef oky du Lo, 3
slref oy du TLow, 0T a3
T [39 p '{ﬂ ap ap* )

‘The excess pore water pressure is given by the relation:
0, ou %eln—(3e/ar),,
Ta Td (saay),

Here (Je/dt);, =change in void ratio with time at a given effective stress,

(14)

(9¢/303), =change in void ratio owing to change in effective stress.

‘The left-hand term in equation (13) is equivalent to the constitutive relation
presented by Taylor & Merchant (1940):

() o5 (%)
ar (9o} ), o \a o
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—dy 4 5 lik,, a2 AN M’D,
d, &\ “ap? k| “ap?

‘The results obtained by different design methods for drains with well resistance

. In the inFig.4 all the
Lo(1991), Barron's
equal strain solution underestimates the average degree of consolidation when
the discharge capacity of the drains is considerably smaller than in Fig. 4.
Choosing, for cxample‘ qw =0.7 m¥/year instead of g,, =7 m3/year (all other
obtained at depthz= 8 m
by radial .1,1.0and ,023
and0.73, tively, according 7)and0.05,0.42
and 0.94, respectively, according to the author's solution (equation 9). The
solution given by equation (9) is in good agreement with, for example, the
solution given by Lo, equations (13-14)

inFi

However,

32 Assumptions Based on Non-Validity of Darcy's Law

h idation, the p in particular will
gradual reduction. Howcver, case studies and experimental evidence have also
shown that the coefficient nfconsolldannn increases with increasing magnitude
of the load that
of consolidation Terzaghi & Peck (19431 lhere{ol! recommended that the load

T T TTT

Barron-Yoshikuni-Zeng & Xie -author |
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0s
| average: \
— Yoshikuni \ 1
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0.01 0.1 1 10
T = cpilD?

Fig. 4. Top: Example showing the effect of well resistance on radial drainage
(averageand for¢=D according o Barron equation (7). Yoshikuni (L = 1) Zeng
i tion (9). Bottom:

msull of comhmed vamcal and radial drainage without and with well resistance
L=0and L=3), Lo (ILLICO! n

.



‘The average degree of consolidation T of the whole layer is obtained by ex-
changing the value of 1 for:

)]

titroducing the initial hydraulic head Ak =1y /7,, the hydraulic gradient i becomes:

M o (1 dp
===(1-T, 10y
= 2-2)

The idat by one-di I vertical pore

water flow (undrained condition) i generally below 50%. Therefore, the total
average degree of consolidation for fully penetrating drains, taking into account
both undrained (c, value assumed to be constant) and drained condition can be
expressed by the relation:
2
-2
[ i

[t Seit
2 Jexn) 7””’1)2 an

Ta

where 2/ = thickness of the clay layer when draincd at top and bottom (Fig. 1),
corresponding to the length of the drains;

Zeng and Xie (1989) pointed out that the continuity at the drain interface was not
satisfied in the solutions given by equations (7) and (9) and presented what they

call a ‘correct’ solution:
S 2 [M) ,{ xc,,:]
Y sinf =z Jexp| - 2L a2
megi2. ML ?

D* (D) ki (d
A [h{dx]+zm &
- 2
R AR
dy ks

‘With the advances of the finite element and the finite difference methods the
consolidation process achieved for any type of loading and drainage condition
can be solved theoretically on the basis of given consolidation and drain
parameters (e.g. Onoue, 1988; Lo, 1991). Among these can be mentioned the
finite clement program ILLICON developed at University of Ulinois at Urbana-

M0,

Champaign, USA, 1991):
AL NEY el oy ou (0% 1 ouge)],
30, ), o o)y, vtve)| % o\ a7 Trear
I+e| dky u 10u, 9u
F | SEE gy ~ 2 S a3
Tw [99 ap [ﬂ " P?

‘The excess pore water pressure is given by the relation:
o, au_Oelon—(3elx),,
a o (aay),
Here (de/r), =change in void ratio with time at a given effective stress,
(9/30,), =change in void ratio owing to change in effective stress.

(14)

‘The left-hand term in equation (13) is equivalent to the constitutive relation
presented by Taylor & Merchant (1940):

de_( de "‘*w[ij
@ \oay ), o \ar)y,
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(D - d3 )

‘The results obtained by different design methods for drains with well resistance
inFig. 4

However, Lo(1991), Barron's

equal strain solution underestimates the average degree of consolidation when
the discharge capacity of the drains is considerably smaller than in Fig. 4.
(,hommg‘ for examplc‘ g, = 0.7 m3/year instead of g,, = 7 m*/year (all other

., the degree: of obtained at depth z= 8 m

for 1,1.0and5 ,023

and 073, respectivel di ' ion 7)and 0.05,0.42
and 0.94, respectively, ncwrdmg to the author's solution (equation 9). The
solution given by equation (9) is in good agreement with, for example, the

solution given by Lo, equations (13-14)
32 Assumptions Based on Non-Validity of Darcy's Law

Inthe course of consolidation, the permeability in particular will be subjected to
gradual reduction. However, case studies and experimental evidence have also
shown that the coefficient of consolidation increases with nreasing magnitude
of the load that p

of consolidation Terzaghi & Peck (1948) therefore recommended thtth load

T T T T T
S

| - Barron-Yoshikuni-Zeng & Xie -author _|
average N z=1=8m

average: \

—— Yoshikuni \

I Did, =20
+ author 4

L

T T T T

Consolidation degree

=T myear

A,_omamzycn
I=14m b
A\

- N 4
A\

- A\ -
A

ol _Uumg\“.....

0.01 0.1 i 10
Th = culD?

Fig. 4. Top: Example showing the effect of well resistance on radial drainage
equation (7), Yoshikuni (L=1), Zeng

& Xie, equation (12), ation (9). Bottom:

result ofcombmu‘l v:mcal and radml drainage without and with well res.szmce
=3),Lo(ILLICO!

an.



increment “
has been reached should be of the same order of magnitude as the load per unit
area of the base of the structure”. A possible explanation for this phenomenon can
be an exponential correlation between pore water flow and hydraulic gradient.

Results of permeability tests on clay samples presented by different researchers
(e, Silfverberg, 1947; Hansbo, 1960; Miller & Low, 1963; Dubin & Moulin,
1986; Zou, e pore water aused by a hydraulic
gradicnt  may deviae rom Darcy's law v = ki where i he oeffiient of per-
meability. Silfverberg and Miller & Low drew the conclusion that there is a
threshold gradient ig below which no flow will take place, yiclding v = k(i ig) ,
‘while the author (Hansbo, 1960) proposed the following relation, Fig. S:

v

" when i < if (1s)
vemuif Ni-ig) wheniz 16)
Inthe author's opinion, i=ign/(n~ 1) represents the gradient requiredto overcome
the maximum binding energy of mobile pore water [the physical background to
non-linear conductivity behaviour is discussed in detail by Hansbo (1960)].

‘The relations (15)-(16) proposed by the author were also chosen by Dubin and
Moulin (1986) in the analysis of Terzaghi's one-dimensional consolidation
theory denoting K= ak where a=n~1i\~* and k=v/(i~ig). The values of i;have
been found to vary from 4-10 (Hansbo, 1960) and 8-35 (Dubin & Moulin, 1986).
Using the non-linear flow law given by equation (15) the consolidation equation,
taking both smear and well resistance into account, can be written:

Ty =|{1+ﬁ(%]""]ﬁ an

where Ah=Tig/7, = the average increase in piezometric head caused by the
placement of the load,
= K,M/y, = the coefficient of consolidation,
g
e

a=

_ 1 n-1 (n=1)
3n=1 n(Gn-1fSn-1) 2n(Sn-1)7n-1)

R G

29,

The average degree of consolidation T for the whole layer is obiained by
exchanging the last term in the B expression for:
e yn
1=y /D)) -d,f/l)z)/ y?
34y
‘When the exponent > 1, equation (17) yields the same result as equation (9)

assuming A =c; and Ky = ky and K, = ;. Thus equation (17) is generally ap-
plicable and can, therefore, replace equation (9).

‘The hydraulic gradient i becomes equal to:

i/n
My gy L (D 2
=50 U"‘{A‘a(n—)[zp DH a®

‘The best agreement between theory and observations has been obtained for n =
1.5 (Hansbo, 1960; 1997a,b) which yields:

Rate of flow v

Hydraulic gradient i

Fig. 5. Hypothetical deviation from Darcy's law based on experimental evidence
from results of permeability tests (Hansbo, 1960).

19

and, omilting terms of minor significance,

xa(dy/D)" |

s o)
N4 X
(dw/n)”’mw 2)

B= oz7n+7

‘The average degree of consolidation Ty for the whole layer is obtained by
exchanging f for:

"» s i
Bav =0270+ (K1Y )" _xnldda/D)” _ (dy/D) it
3| TG 3 34
Inserting B,y i takis
; ot vemge degrea o

based on validity of Darcy’s law and thus inconsistent with the A theory):

-2
2 [or u_ (&
L5 G I

where 21 = thickness of the clay layer when drained at top and bottom (Fig. 1),
comresponding to the length of the drains.

[

‘The influence of various magnitudes of well resistance on the results obtained
according to equation (19) is exemplified in Fig. 6.

In field conditions the hydraulic gradient i in most cases is very small in com-
prison with aboratory condition. Choosing s an cxample a case with 1= 15,
8h=5m,D=105m,
(14yintheinitialstate (', —0) yieldsi < 10in85 % of thetotaldraned cylmdcr
Atan average degree of consolidation of 50 %, i < 10n 98 % of the total drained
cylinder. If Ah = 8 m the corresponding figures become 65 % and 91 %, re-
spectively. Thus, if we have to deal with non-Darcian flow with values of iy about
10, equation (19) can replace equation (9) in most cases, except when the
‘quotient A /D s very large. In the latter case, one had better apply equation (9)

Itis interesting to note that Schiffman's approach with a gradual decrease of the
cocfficient of permeability in the course of consolidation has an effect on the
- el oo U
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T T

g2 100 miyear |

N
=2, ==~ gu=10m¥year
N

Consolidation degree

10 NIRRT
0.

Th= D2

Fig. 6. Example showing the effect of smear and well resistance according to
equation (19) for D/d,, =20, 2=1= 10 m, Kk, = 0.03 miyear, Ky/x, = 4 and A/D

concept s difficult 10 apply in practical design and can also be questioned from

According to Atkinson and Eldred (1981), the diameter sivenby Eq. 21) should
be reduced for the effect of Tlow lines towa
band drain and propose:

=2 @)

‘The magnitude D/d,, in the latter case will increase by about 27%. Which of the
relations (21) or (22) to be used is an open question, but the difference in result
between the two is insignificant in comparison with the influence on the result
exerted by the choice of other consolidation parameters to be applied in the
design.

The equivalent diameter of various makes of band drains according to equation
(21) is shown in Table 1

4.2 The Zone of Smear

T
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 e al., 1993). Two problems exist: to
find the correct diameter value d, of the zone of smear and to evaluate the effect
of smear on the permeability.

T of i
with pile installations which remind of installations by means of closed-ended
circular mandrels. These mvesngﬂnons indicate that the diameter d, of the zone

a physical point of view. The assumption of a linar correlation between per- ‘mandrel.
mesability cocfficint and excess pore water * ressure is no veriie. Morcover, alaboratory 1., 1992) indicate that d, can be

neter tests tequal 10 2. I the mandrel far, the diameter d, then should yield
wuh i ‘which contradicts th 1 put forward by about4 the mandrel, or

Schiffman.
4. CHOICE OF PARAMETERS
4.1 Equivalent Diameter of Band drains

‘The first type of band drains, the so-called cardboard wick, which was invented

and introduced on the market by the Swedish Geotechnical Institute, was

assumed by Kjellman (1948) to have an equivalent diameter of 50 mm. The

author (Hansbo, 1979) showed that the process of consolidation for a circular
y

an equivalent diameter:
dy =2b+1)/n ey

where b = the width of the drain and 1 = the thickness of the drai

Table 1. Characteristics of various band drains

Drain make Core width Core thickness  Filter d‘m1
mm mm sleeve mm
Alidrain 100 6 yes 67
Amerdrain 92 10 yes 65
‘Bando Chemical 96 29 yes 63
Cardboard Wick 100 3 no 66
Castleboard 942 26105 yes 62
Colbond CX 1000 100 5 yes 67
Desol 95 no 62
Fibredrain 80-100 8-10 yes 63
Flodrain 95 yes 63
Geodrain, L-type 95.8+2.0 34105 yes 63
Geodrain, M-type 95820  42%05 Yes 64
Mebradrain 100 34 yes 66
‘OV-drain 103 25 no 67
PVC 100 16+02 no 65
‘Tafnel 102 6.9 no 69

in the case of band drains, that of the folded anchor utilised for anchoring the
drains in the soil. In many cases this cross-sectional area is typically about 7000
mm? in size which yields d, = 0.19 m.

Several auth ity in the
2onc of smear. Of course,the permcabilty in the zone of smeat will vary from a
‘minimum nearest to the drain to a maximum at the outer borde of the zone. The
‘most conservative solution to the problem is to assume that horizontal layers in
the undisturbed soil are turned vertical in the zone of smear, resulting in the

ientky/k, =yl 1992).

Onoue e al. (1991) and Madhav et al. (1993) divide the zone of smear into two
subzones: an inne, highly distucbed zone, and an outer transiton 20ne in which
with i g the drain. Madhav etal.

author’s
the assumption of only one smear zone is “reasonably accurate for all practical
purposes”. Chai et al. (1997) use alinear variation of the permeability i 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 underevaluate the
effect of smear. Hird and Moseley (1998) conclude, on the basis of laboratory
tests, that the ratio ky/k, for layered soil, assuming d, = 2d,,, can be much larger

than that mentioned in the literature but that the assumption of k, = k, in these
cases is much too severe.

43 Requirements on Band Drains

Mostof of: 1 core with longitudinal channel

up o
surrounded by a filter of synthetic material. A first important requirement on
these materials is that they must be strong enough to resist the tension and the
wear and tear which takes place during drain installation.

the risk of siltation and the strength of the filters have to be taken into account.
‘The risk of blinding owing to too low a permeability of the filter has almost
idati bl

cake of soil particles which may be formed outside the filter and cause so-called
blinding will have a fairly small thickness. The consequence of this blinding is



casily recognised if the filter is considered as a zone of smear. Assuming, for

10 d, = d,, +0.004 m) and that its permeability becomes only 20% of the
permeability of the surrounding soil (kky, = 0.2) the average degree of con-
solidation, using band drains with an equivalent diameter d,, = 0.066 m, will
differ from the ideal case by a maximum of only 2-3 %, a negligible difference
in result.

‘The filter material has also been considered important. When the first modern

prefabricated band drain, the Geodrain, was introduced on the market the filter

was made of specially prepared paper material. Although the of

these drains was demonstrated by the results o a large number of drain in-
‘paperas filter . The

questioning the use of paper was th risk offile deterioration caused by fungi

o bacteria. This risk has proved by full-scale experiments to be overstated, Fig.

7. M

that full consolidation under the design load has been attained, which generally
requires a preconsolidation time of about one year.

4.4 Well Resistance

epth
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.
™ "

hy
siltation of the channels in the core of band drains or of the sand in sand drains;
unsalisfactory drain makes with too low a discharge capacity; necking of dains;
e Bk

band drains

(Hansbo 1986; Chai etal., 19%) However mostofthe band drains marketed to-
gu>1
Hansbo, 1986; 1994). Moreover,

Single layered L1 Two layered Single layered L2

N

decreases with increasing time of consolidation.

Well resistance may be important n the case of small-diameter sand drains. For
example, in the drains

can be expecxed tobe k, = 3000 m/year(w" m/sec.). For sandwicks, 0.05 m in
di thisyields g,, =6 m3/ycarand

Fig.8.C of anisotropic soil by vertical drains with well resistance

solution (top) and consequential error according to Onoue (1988).

i 6y (ky) hasani
obtained. Choosing as an example a discharge capacity g, = 10 m/year and the
time factor T, = 4/D? = 0.1, but changing j, from 0.03, see Fig. 4, to 0.08, the
average degree of consolidation Uy, for d, =2d,, and 2= = 10 decreases from
0.28100.20.

Theeffectof i ions (17)
and (. i i

soil conditions (ky, and K, assumed constant). However, if the soil consists of

as suggested by Onoue (1988). The consolidation process is calculated on the

3 m‘/ym.
2500
N | N
o N
5 N N St
i ~
g AN 10
z Yo
s \
) \
g < \
s

& N
FE NN \
N A
a 250 N

3

500 [eo N 500

30

Effective lateral pressure, kPa

Fig. 7. Influence on discharge capacity of filter deterioration (Koda eral., 1986).
‘Tests on band drains (type Geodrain) with filter sleeves of paper (broken lines)
and synthetic material (full lines) which were pulled out of peat (to the left) and
£ytja (to the right) after different lengths of time afier installation (number of
days given in figure).

propetties of each of the respective layers. The distribution of excess pore
pressure in the respective layer is extracted and plotted as shown in Fig. 8.

45 Comrelation between A and c;,

The ratio of 4 to c, will depend on the hydraulic gradient prevailing in the

on the basis of the expression for , given by equation (10), or more general by

equation(l 9
havecy/A i
in the two cases Darcian and non-Darcian flow, we find the correlation:
2!
Ky ==—r}, when i <i
W= J 23)
and

,,»,}(; = +';‘)j|xh when i > 4
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Assuming, for example, that the maximum gradients reached during the con-
solidation process are respectively 2,5, 15, 25 and 75 and that the exponent 1 =
1.5 and the limiting gradient i, = 8, we find in due order A/c, = K/k;, =0.88, 0.56,
0.34,0.20 and 0.25. Thus, the higher the value of Ah and the smaller the drain
spacing, the lower the ratio of Ato ¢,

Providedn=1.5 and i, <2 i anda
approximately from the relation

=08 @5

12/3
here iy =2 L 2_ds
where fmx =5 1 2ala, D

1f ipnax > 2.5ij, where 1.5,/ > 1, this correlation should be replaced by:

(26)

In the latter case the result is very sensitive to the value of i selected.

5. SETTLEMENT ANALYSIS

e primary
consolidation settlement and the influence of secondnry consolidation. This

metertests, which may
give quite misleading information about the deformation propertct of the soi

establishing the deformation characteristics. A misinterpretation of the precon-
solidation pressure or of the consolidation parameters (compression modulus,
coefficient of consolidation or permeability) may give a completely wrong pic-
ture of the final settlement and the consolidation rate to be expect

5.1 Determination of the Preconsolidation Pressure

‘The preconsolidation pressure 7 is usually determined according to the well-
known Casagrande procedure from the shape of the oedometer curve presented
in the logo/e (or logo'/e) diagram. This method, however, may give quitea false
picture of the preconsolidation pressurc in the case of disturbed soil samples.

herstor, it s always necessary (o check he shape of the oedometer curve in
linear scal o) Fig. 9, the use of log

may give the impression of the existence of a preconsolidation pressure where it
cannot be noticed because of sample disturbance.

idation pressure in this case may be justified. On the other hand, one has to take
care not to mislead the building proprietor to install vertical drains where drains
are not required

5.2 Primary Settement

Inthe analysis of primary settlement the traditional approach is to use the virgin

compresion aio CR = C(14¢).which prsens the relative compression &
the ©,

e = the initial vo\d ratio; hg = the initial hight of th oedometér sample). The

sion & s then obtained by the relation:

e= Rklg( ]+rmg[" "f] @

where RR = recompression rato (overconsolidated statc),
ffective overburden pressure,
preconsolidation pressure,

P

Hovever, the simplest way of determining the primary seulcmenl is usunlly o
make a direct analysis o hieved alon;
for the stress increments in question. Regard ought to e pald o the fact tht

principle.

In the analysis one has to take into account the influence on the compression
characteristics of the disturbance taking place during drain installations. These
disturbance effects are not compensated by the disturbance due to sampling.
Thus, sample disturbance results in a lower value of the compression index,
whereas disturbance of the soil in nature results in a higher value of the
compression index

Owing to the uncertainties involved in the calculation of the total primary
i ulement, test herever possible. In this
i ing to Asaok

(1978). Asaoka's method is based on the following procedure. The settlement
observed at different equal time intervals At s plotted in a diagram with s;_; as
ordinate and 5; as abscissa where indices i~1 and i refer to times - At and . The
primary consolidation settlement is obained when s, , — ;.

53 Secondary Settlement

taking place with time ata siven effective vertical stress, cf. equation (13). Thus,

installations. L

secondary 0 be taken into account during the whole of the

clay after |hn the drains have been installed. This has to be taken into account
und oranarca
provided with vertica dains, Thus, a cerain nderesimation o the preconsol-

Effective vertical sress o, kPa
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Fig. 9. Results of oedometer tests reported by consultants in semi-log diagrams.

process. 1.. lhc case of vertical drainage, however, the primary
consolidation period is generally short enough for the influence of secondary

an
end of the primary

therefore be analysed i way,ic
consolidation period.

‘The secondary compression during time Af can be obtained by the relation:

z:a,lg[(y,,m:)/n,,] 28
where a; = Co /(1+¢),
C = secondary compression index

‘The secondary compression ratio , represents the inclination of the rectilinear
tail of the oedometer curve in the Igt/e diagram (Buisman, 1936). This requires.
that the oedometer test be carried out by means of a stepwise load increase.
Nowadays, however, asCRS

of strain) tests which makes 1mposs|hle a direct judgement of the secondary
compression indexes. Therefore, one often has to rely on half-empirical cor-
relations. According to Mesri and Godlewski (1977) the most typical values of
C4/C, (in other words, the ratio of secondary compression ratio (o primary

and found to exist in all cases. The lin-lin dia

pressure can be derived only in one case.
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6. MONITORING OF VERTICAL DRAIN PROJECTS

characteristics determined by oedometer tests may be misleading. An early
follow-up of the results obtained will form the basis for a correct estimate of the
result 10 be expected, so-called active design.

The monitoring systems utilised for control of vertical drain projects usually
consist of vertical settlement meters of various types and of piczometers placed
at different depths in the soil. In the case of pilot tests the size of the test area is
often lmulcd in relation to the thickness of the soil layer subjected to consolida-

utilising the d f average one-di vs. time factor
found in most textbooks on soil mechanics. If, on the other hand, the stress.
increase variesnonlinearly with depth below th ground surfac, or i a limited
layerat depth is considered, then the effect of one-dimensional vertical
consolidation can be calculated by finte difference methods as suggested by
Helenelund (see Hansbo, 1994). The effect of one-dimensional consolidation
assuming non-Darcian flow can be studied in the paper presented by Dubin and
Moulin (1986). The difference in result as compared to Terzaghi's solution will
be most pronounced at the end of the consolidation process. Therefore, and in
consideration of all the uncertainties involved in the choice of consolidation
parameters.

tion. Theref
dlsplm::mcms has to be taken into account. This purpose is usually achieved by
the installation of inclinometers along the border of the test area.

Considering the derivation of the consolidation theory, the follow-up of the
consolidation process nearest at hand is to check the course of excess pore
pressure dissipation. However, experience shows that the i of the

of water. This concept fequations
(11) and (20) submitted by the author. The best thing, of course, is to study the
settlement of a dummy area without drains and with similar loading conditions.

7.1 The Ski-Edeby Test Field

consolidation process on the basis of pore pressure measurements may be quite
intricate. The main problem in the case of vertically drained areas consists in
uncertainty about the exact position of the filter ip of the piezometer in relation
to the surrounding drains. Therefore, the observations can give a misleading
conception of the average excess pore water pressure dissipation. To find the
average degree of consolidation on the basis of pore pressure obscrvations, the
piczometer tip should be placed about halfway between the outer border of the.
drained cylinder and the drain (cf. Fig. 2). However, in practice the ambition is
geneally o hav it laced a the uter border of the drained cylinder (ha.lfway
he . Other. i that
owing to frictional forces againstthe pezometer tube by setlement of overlying
soil layers, may be penetrating the underlying soil, thereby creating additional
excess pore pressure. Phenomena such as influence of pore gas, erroneous pore
pressure readings, collapse of soil structure, structural viscosity, secondary

y
position, i
degree based on settlement and that based on pore pressure observations. One

Thetest  at Ski-Edeby, situated km west of Stockholm, is
one ol the oldest and best documented test fields throughout the warld [l was
in 1957 for the

effectiveness of vertical sand drains in a then planned soil improvement project
for a new International Airport. (For full details about the test field, see Hansbo,
1960).

‘The soil conditions in the test field can be summarised as follows. Below a 1.5
m thick dry crust, the soil consists of normally consolidated, highly plastic clay
t0 a depth of 9-15 m (average about 12 m). From the results of oedometer tests
the following consolidation characteristics were found: coefficients of con-
solidation ¢, = 0.17 m?/year (standard deviation 0.03 m?year) and c;, = 0.7 m%/
year (only one test); compression ratio CR = 0.37 (standard deviation 0.06). A
corrected interpretation of the results of the oedometer tests with regard to
disturbance of the soil samples resulted in CR = 0.52 (standard deviation 0.18).

Comparisons between theoretical and measured consolidation rates earlier pre-
sented by the author (Hansbo, 1997b), valid for Test Areas I (sand drains; 0.9 m
d ins; 1. - different load; it

pressure which may extend even far outside the drained area (cf. Hansbo, 1960).

‘The aim of preloading in combination with vertical drainage is usually to
eliminate unacceptable setlement under future loading conditions. The pre-
consolidation pressure in the soil has to be increased up o, or preferably abcve,
the effective stress level induced by the future load. Settiement

spacing), IT
N ith paper
3years of ka-Edeby
based on non-Darcian flow gives much better agreement with observations than
the consolidation theory based on Darcian flow.

the soil surface may be strongly infiuenced by vertical consolidation U, and s

lead to the impression that the acceleration of the consolidation process caused

by the drains is faster than in reality. In active design, this can be checked

theoretically by inserting the values of ¢, and c, (), found by trial and error, that
it By

of consolidation obtained by the aid of be by inserting ¢,
=0and the value of ¢, (4) found. However, if there are layers with more unfa-
vourable consolidation characteristics than on the whole, these layers will be
decisive.

7. CASERECORDS

flow gives results in better agreement with real behaviour than the theory based
on validity of Darcy's law. As already mentioned, the author in the study of the
full-scale tests at Ski-Edeby (Hansbo, 1960) found that the best agreement
between theory and pmcucc was obtained by assuming non-Darcian flow with

1.6, The assumingn= 1.5, i.c. the
flow law V~KK‘/7, in later studi 1., 1988;

inTest Areasand TestArea
3 divided into three equal sectors with drain spacing 0.9 m,
1.5mand2.2m. Test Areall, 35 min diameter, has a rain spacing of 1.5 m. The
depth of the clay layer in these two cases is around 12 m. (The reason why Test
Area ILis chosen instead of the sector in Test Area I with 1.5 m drain spacing is
that thethickness of th clay layer n this sector is considerably smaller than in
the sector wil Th
outin equilateral triangular pattern by means of a closed-ended mandrel, 0.18 m
in diameter. The results obtained in a dummy area without drains, Test Area IV,
35 m in diameter and the same loading condition and clay thickness as in Test
Areas Land I, are wsed for the analysis of the settlement contribution owing to
ion. The load
mof sand and gravel, toaload of 27 kN/m?2. Th
on the following assumptions: d,, = 0.18 m, d, = 2d,, and kyk, = ky/k, (= K,/x;)
= 4. Owing to submergence of the il during the course of settlement,the load,
in kN/m?, will be reduced successively by about 7s, where s = settlement, in m,
of the soil surface.

‘The primary compression (o be expected on the hasu ef the compression
timated at

Hansbo, 1994; Hansbo, 1997a; 1997b).

Inacas itoring system is based ions of the

lawis valid,
the settlement due to one-dimensional vertical consolidation can be obtained

of the clay layer depths 2.5 an
0.5 min the sector with 2.2 m drain spacing in Test Arca 1 and at047-0.54 min
‘Test Area IV (Hansbo, 1960). A follow-up of the course of scitlement according
to Asaoka (1978), results in the following relation (see Section 5.2): 5, = 0.1453
+0.7882s;_ in Test Area [, which yields the primary compression s,, = 0.
and5;=0.086+0.81Ls;_ in Test Area IV, which yields the primary compression
46 m. The total primary settlement in Test Area I and IV wes estimated at
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1.3 m (Hansbo, 1960) while Asaoka’s method yields 1.26 m in Test Area I and
112 m in Test Area IV.

‘The influence of undrained condition on the consolidation process, obtained
according o equation (4) from the measurements carried out in the undrained
Test Arca IV. is shown in Fig. 10, top. The result obtaincd when the influence of
undrained condition is neglected is shown in Fig, 10, bottom.

Consolidation tme:
s

months
ol 481 2 4 8 16w
s~
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N undr. 25-75
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gl_‘ EOP

§0| 2 4 81 2 4 5 16 m
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© Layer between depths 2.5 and 7.5 m
* Ground surface

Fig. 10. Results of settlement observations at Ski-Edeby, Sweden. Test Area I;
2.2 m drain spacing (D = 2.31 m). Top: observations corrected with regard to
influence of undrained contribution to settlement (compression) according to
equation (4). Bottom: uncorrected observations. EOP = end of primary con-
solidation setrlement (compression) estimated according to Asaoka's method.
Full lines: analytical results according to equation (19). Broken lines: analytical

ansbo,

T i rding to equations (9) and (19) of the 5 m thick
layer shown in Fig. 10 is obtained for 2 = 0.25 m¥ycar and c, = 0,35 m¥/year
(undmmed condition conmd:md) and for A= 0.4 mYyear and c;, =0.6 m¥/ycar

ected). Th curves are obtained for
A=03m/yearand c;, 0v45 mf/ym(und.amm condition considered) and for
S m2/yearand c, =0.75 m2/year (undrained condition neglected). Ascan be
seen, the difference in result obtained when neglecting the effect of undrained
conditon s only refcctd through the vales of coeficent of consolidation
found by trial a best fitto field data. Th from

are considerably more favourable than would be the case according to one-
dimensional consolidation theory based on the total thickness of the clay layer.
Most probably, pervious layers in the clay deposit and fissures in the dry crust

1960), escape of pore water in a horizontal outward direction also has an
appreciable influence on the settlements observed in this case.

An altemative method of detemining the course of selement o the ground

equation (11). Inserting the
thickness of the clay layer, drained at top and bottom, is about 12 m), ¢, = 0.16
mPyear and c; = 4c, = 0.64 m¥/year, the settlement curve shown in Fig. 11 is
obtained. The agreement between theory and observations according to the
classical theory has now improved but is not as good as the agreement obtained
on the basis of equation (20), inserting c, = 0.16 m¥/year and A = 0.45 m?/year.
InFig. 11, similar comparison is made between the settlement curves obtained
according to equations (11) and (20) and observations of the ground surface
settlement in Test Area I1. Inserting in this case / = 6 m, ¢, = 0.22 m/year, ¢, =
4c,=0.88 mYyear and A=0.58 m?/year, a much better agreement is obtained on
the assumption of non-Darcian flow, equation (20), than on the assumption of
Darcian flow, equation (11)

Consolidation time:

‘months years
' 2
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|
Ny \
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N\ \
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Fig. 1. Settlement of ground surface obtained at Ski-Edeby in Test Area: 2.2
mdrain spacing (D =2.31 m) and in Test Area II: 1.5 m drain spacing (D= 1.58
m) EOP = end of primary consolidation settlement estimated according to

i i 0). Broken

1960). Settlement corrected with regard to immediate elastic settlement.
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According to equation (25) the values c;, = 0.64 m¥/year and A= 0. for

A

‘Test Areal with 2.2 m drain spacing and the values ¢, = 0.8 m*/yearand 1=0.58
m?2/year for Test Area Il with 1.5 m drain spacing agree with the observed excess

value (Ah=2.4m) in Test AreaIV at
of the idation process B=landA
=0.77,¢f. Hansbo, 1960), yielding ipyg, = 3.2in Test Arealand gy =3.6in Test

Area II. According to equation (26) this corresponds to i = 2.2.

In practice, the influence of one-dimensional vertical consolidation exerted on
the consolidation process at normal drain spacing and thickness of the drained
layer is unimportant for the evaluation of the drainage project. It may have an
important influence, however, if the drain spacing relatively speaking is large as
compared to the thickness of the drained layer.

7.2 The Bangkok Test Field

In connection with the planning of a new international airfield in Bangkok,
‘Thailand, three test areas were arranged in order to form a basis for the design of
soil improvement by preloading in combination with vertical drains. The results.
of intwoof TS 1and TS 3, (Hansbo,
b) showed a better agreement with equation (19) than with equation (9). In

this paper, the results obtained i 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

about4.2m, toaload
of about 80 kN/m2. Owing to submergence of the fill during the course of
setdlement the load, in kN/m?, will be reduced successively by about 8, where
= settlement, in m, of the soil surface.

The drai 2m

loadstep 1 withload Aq) =20kN/m?; loadstep2 withload Agy =

3 with Agy = 10 KN/m? and loadstep 4 with Ag, = 20 KN/m?. The primary con

solidation settlement caused by a load intensity of 80 KN/m?, determined on the

basis of the compression characteristics, becomes equal o 1.4 m. By slightly
o yieldafinal

settlement of 1.45 m, we find As; =0.15 m; Asy = 0.6 m; As:

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 Uy, inserting Ahy
=4qy/1
o sourc of setlement in he second loadstep we have to apply the value
Ay =(1-T))Agq; / 7., +Agy 1 7,, and the settlement at the end of the loadstepis
obtained from As = AsyT; +[&s(1- T )+ As, [T, and so on. Now, 50daysafter
the start of loading (consolidation time 35 days; Ah=2m; A=0.37
mP/year) we find i 003 m, Inloadstep 2 the load Aq2

= 4.6m and As; gore = 0.6+ 0.12 = 072 m. After 75 days when Imdsl:p I
completed we find [r= (75— 50)/2] T = 0.12 which yields As =
0.12 m. After 140 days when loadstep 3 is being applied we have (1= 12.
SDﬁom which As=0.36 mand s=0.39 m. This yields Al core

+0.36=0.56 m. After 220 days when loadstep 4 is being
sﬂdays) T = 0.46 from which As = 0.26 mand s = 0.26 +
039 =0.65 m. This yields Ahy corr = 1.8+2.0 = 3.8 mand Asg oo =0.5+03 =
0.8 m. After 250 days when loadstep 4 is completed we have (= 15 days) U =
0.13 which yields As=0.10 mand s =0.75 m. 100, 200 and 400 days later we have
T =059, U=0.74and U =0.89 from which As = 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.

with a spacing of 1.0 m which yields D = 1.13 m. The equivalent drain diameter
determined according to equation (18) becomes d,, = 0.066m. The equivalent
diameter of the mandrel d,, = 0.10 m. The smear zone is estimated at d, = 0.20
m. The permeability ratios ky/k, and Kj/x, are assumed equal to the ratio ¢/,

The consolidation characteristics of the clay deposit, determined by oedometer
tests, can be summarised as follows (DMJM Interational, 1996; Airports

Authority of Thailand, 1996): average coefficient above the

pressure ¢, = 1.06 m¥/year (standard deviation = 0.061 m?/year), c;

year (standard deviation = 0.050 m?/year). This yields ky/k, = Ky/x, =

paper previously p

equal to 2). The virgin compression ratio CR varies from 0.3 to 0.5 (average

0.43; standard deviation 0.1) and the average reompression ratio RR = 0.03
Th

the effective overburden pressure. The clay below the tip of the drains is heavily

influence on process of one-
dimensional vertical consolidation will be ignored owing to difficulties in
assessing the drainage conditions.

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 setilement
observatons can be trusted. The contribution 10 the verical setlement of

fthe placed 7.8
m from the centre of the test area. Denoting the area created by horizontal
deformation versus depth by A, the vertical settlement s owing to the horizontal
deformations is calculated as the mean of the two values 44/14.8 and TA/14.8.
‘The total settlement observed, including the settlement caused by horizontal

£ 7
H ]
El
i
0
\ c days
37 m¥
A(na
N\
bout 15-50 kPa higher than s
3
the soil 0
— *le
o ot settement
© Consolidation setlement
Fig.1 Thailand. Testarea

deformations, and the thus corrected settlement eurve, representing merely the
effect of consolidation, are shown in Fig.12. A follow-up of the course of con-
solidation settlement according to Asaoka’s method, based on settlement
observations at equal time intervals (cf. Section 5.2) results in the following re-
lation: 5;=0.2625 +0.8195s;_; which yields the primary settlement 5, = 1.45 m.

TS 3: 1.0 m drain spacing (D = 1.13 m). Settlement corrected with regard to
immediate and longterm horizontal displacements. EOP = end of primary
consolidation settlement estimated according to Asaoka's method. Full lines:
analytical results according to equation (19). Broken lines: analytical results
according to equation (9)
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‘The theoretical course of settlement determined in the conventional way is less
complicated in that the total consolidation curve can be determined for each
loadstep separately and added to each other. Assuming c, = 0.93 m¥/year (in the
paperp

to 1.2 m¥/ycar owing to the fact that the ratio ky/k, was put equal to 2 instead of
1.3 now applied) we find, to give an example, 400 days after the start of the
loading process (1, = 385 days, U =0.92;1,=340days, U = 0.89; 1, =260 days,
T = 0821, = 170 days, U = 0.67) the settlement s = 0.92:0.15 + 0.890.6 +
08202+06705=1.17m.

The results obtained by the two methods of analysis are shown in Fig. 12.

Inserting alue Ah=4.6m 6), the values ¢, = 0.93
m2/year and A= 0.37 m¥/year correspond 0. = 3.5 and ig, = 22.5.

7.3 The Vagnhiirad Vacuum Test

Consolidation time: days
0 50 67100 150 20 250

™

m.m
/

pressure. Th

[ —
interesting full-scale testin

of the clay was achieved by the vacuum method. The subsoil at the test site

consistsof postglacial clay to.adepth of 3 m and below this of o

10 a depth of 9 m underlain by silt. The clay i slightly overconsolidated with a

preconsolidation pressure about 5-20 kPa higher than the effective overburden

i idati ? Fig. 13. Result hirad, Sweden. C:
the average virgin compression ratio CR equal to 0.7 (max. 1.0). by vacuu. . Omdrinspcing D= 113, EOPendofprimaryconslidaion
‘s method. Full lines:

‘The vacuum area, 12 m square, was first covered by a sand/gravel layer 0.2 min
thickness, and then by a Baracuda membrane which was buried to 1.5 m depth

silt. Mebradrains (d,, = 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 d,, = 0.096
m. The average underpressure achieved by the vacuum pump was 85 kPa. After
67 6 months of rest.
From the shape of the settlement curve (Fig. 13) Asaoka's method yields the
correlation 5;=0.0756+0.9075s,_, from whichs, =0.82m. This value s 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 primary settlement 0.82 m corresponds to a vacuum effect of
about 35 kPa (k= 3.5 m). Another reason may be that the test arca is too small
as compared to the thickness of the clay layer.

\o\ Rmk n

equation
.

only in Geodrains (see Hmba 1981, 1986). Two cases of observations will be

~390 kN/mZ) and me other (sue L) where the nmload consists of 16.2 m sand
and gravel (Aq = 325 kN/m

Th atsite Ktoadepthof 9.7 m(with
asand layer from 1.6 to 1.8 m) and at site L to a depth of 7.8 m. The undrained
shear strength of the clay is fairly constant, about 5-10 kPa, irrespective of depth.
In order to cope with the influence on the course of setlement of a time-
consuming stepwise placement of the load, each break in the rate of loading has

Th ined i the
first one up to a loading time 0f 67 days leading toa then selement s, = sy
Inthe nextloadstep, i

of vacuum, the remaining primary settlement is obtained from the refation
As=Tj(s, -5, i. the settlement s, =, +Up(s,, —s51 | where ¢ starts from
the ime of resuription ofthe applicatio of vacuum. i i case, where vacuumn
is applied to create underpressure in the drains, the effect of vertical one-
dimensional consolidation is efiminated.

Inserting the values D = 1.13 m, d,, = 0.066 m, d, =0.19 m, ky/k, = xj/K,=4and

Ah=3.5 m into equations (9) and (19), the best agreement between theory and

observations is found for 4=0.95 m/year and c; = 2.4 m¥year (Fig. 13). Even
Atheory agrees better

Inserting the maximur value Ah = 3.5 m into equation (26), the values ¢, = 2.4
m?fyear and A = 0.95 m¥/year correspond to i;= 14 and iy =

74 The Arlanda project

‘The extension of the intemational airfield at Arlanda, situated some 30 km north
of Stockholm, entails, among other things,the construction of a new runway at
upto Smof peat
underlain by high-plasicty, very soft,normally consolidated clay with a max-

onthe basis of a direct use of the oedometer curves. At
site K the following settlement values As were obtained: loadstep 0-80 kN/m?
As) = 1.75 m; loadstep 80-215 kN/m? As, =0.50 m; loadstep 215-390 kN/m?
As3=0.30m (total i ). At sit

values A were oblained: loadsiep 0-80 KN/ As, = 0.95 m; loadstcp 80-325
KN/m? As, = 0.55 m (total primary settlement 1.5 m). The settlement values
calculated on the basis of the oedometer tests have been checked by Asaoka's
method. This results in the correlations 5; = 0.5265 + 0.7948s;_, atsite K and 5;
0.3487+0.7669s;_, atsite L. The primary settlements thus obtained becomes,,
=257 matsite Kand 5, = 1.S matsite L,

The ient of toth tests varies from
about 0.2-0.3 m2/year at preconsolidation pressure to about 0.5-1.0 m?year
(maximum 2.5 m¥year) at the end of primary consolidation under the applied
overload. The coefficient of consolidation c; was not determined.

The loading conditions and the settlement observations in the two cases are
showninFig. 14. Assumingd,, =0.066mandd,=0.19m, ky/k,= KK, =6 (chosen
because of the existence of silt and sand seams in the clay deposit), /=4 m and
¢,=0.4 m/year the best fit between theory and observations is obtained for A =
1.6 m¥year and ¢, = 4.75 mzlyear Tn this case, as was already demonstrated in
Section 7.2, when

about 10m. the peat layer, has
been undertaken both in undrained condition and in combination with vcmcul
drain installations, the latter wherever the thickness of the clay

Ioading perod, the aalysis of the conolidron processacording o eqllauon
@0)h

inserting Ak, = Agy/¥,, determines the course: of settlement inth first loadstep.

m. The consolidation process is monitored by settlement and pore pressure cu
servations. Mebradrains were installed in equilateral triangular pattern with a
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Now, when the course of settlement in the second loadstep we have
toapplythe value Ay =(1-T;)Aq; /7, +Agy | 7,, and the settlementat the end
of the loadstep is obtained from As = As,T; +z[m,(1 ~0)+4s,]0, and so on.
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Fig. 14, Settlement of ground surface under fill embankment for a new runway
under construction at Arlanda Airport, Stockholm, sites K and L. Drain spacing
0.9m(D=0.95 m). Full lines represent analytical results according to equation
(20), broken lines analytical results according to equation (11).

The settlement curves are then adjusted for the rate of loading according to the
well-known graphical procedure suggested by Terzaghi.

Choosing site K as an example of the analysis that forms the basis of the set-

k i inFig. 14, wefind, wh 1 iscompleted, inserting
the consolidation time one month (the length of time that corresponds to full
loading condition) U= 046 according to equation (20). This yields s = 0.81 m
and a piezometric head Ahy = 0.548 + 135/10 = 17.8 m. At the completion of
loadstep 2, inserting a time of consolidation of half a month (the time of full
loading), we have Uy=0.38 which yields s=0.38(2.25-0.81) +0.81 =136 m.
The piezometric head now becomes Ahy=0.62:17.8 +175/10=28.5 m. Finally,
atth ion of loadstep 3, when the definite load has b d, we have
(time of consolidation under full load 1 1/4 month) Ty =0.70 which yields s =
0.70(2.57- 1.36) + 136 = 2.21 m. Three months later we find U3 =093 from
which s =2.49 m.

SUMMARY

d

Results of testsonclay from Darcy's flow law
are unequivocally confirmed by the results of full-scale investigations on con-
lidati biained in vertical drain projects in different parts of the world.

i
‘Thus, the consolidation theory developed on the assumption of an exponential
correlation between flow velocity v and hydraulic gradient 7, below a certain limit-
ing value i, originally put forward by the author in 1960, undoubtedly agrees
better with case records than th 1 lidati ry based on validity
of Darcy's flow law. The value of the exponent n in the exponential flow law
v=ii"can generally be put equalto 1.5 in accordance with the author's original
proposal. Only when the maximum hydr i

created by i
AV

valueij, limiting th
flow and hydraulic gradient, may the classical consolidation theory give equally
good (or possibly even better) agreement with observations.

It should be ot P . o

flow rate and hydraulic gradient, governing the consolidation rate in a vertical
drain project, i il ionislinear. The
agreement wit lassical sol i if nisput

equal to 1.0001.

In a vertical drain project. the effect on the consolidation process of one-
dimensional vertical lidation in undrained is relatively difficult
topredict but can generally be neglected. Its contribution can be included byan
increase in the coefficient of consolidation to be applied in the vertical drain
analysis. However, one has to consider that such a solution can be misleading
with respect to the degree of consolidation obtained in the middle of the clay
deposit where the effect of vertical one-dimensional consolidation is minimum.
Fr ical view-point, the design of a vertical drai

the result achieved in the layer with the lowest coefficient of consolidation and
at the depth where the influence of one-dimensional vertical consolidation is at
its lowest.

Excess pore pressure observations may seem to be the most logical way of
checking the degree of consolidation achieved in a vertical drain project.
However, th y be misleadi several reasons: the
position of the piezometer in relation to the drains is uncertain; the pore water
pressure may not revert to its original value; etc.

since its value can be predicted by the aid of Asaoka's method. However, with
regard to the influence of one-dimensional vertical consolidation on the rate of
settlement, the designer of a vertical drain system should strive to find the effect
on settlement caused by radial drainage only. This is important because of the
reasons mentioned above. In practice, this can be done by the use of equations
takingi i ical pore water i
of consolidation ¢ (2) and c, are etermined by trial and error to give good
agreement between theory and observations. Then the effect of radial drainage
only is obtained by putting ¢, = 0.

In cases where occasional overloading is utilised in order to avoid future
settlement, the problem when to remove the overload i of naramomnt inferact
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