
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Succ e ssfu l H ig h w a y Const ruct ion on V e ry S oft  Soils

U n  O u v ra g e  R o u tie r  E f f ic a c e  s u r  S o ls  C o m p re s s ib le s

S. V ID M A R  P ro fe s s o r o f  S o il M e c h a n ic s , U n iv e rs ity  in L ju b lja n a , Y u g o s la v ia  

A . G A B E R C  A s s is ta n t o f  S o il M e c h a n ic s , U n iv e rs ity  in L ju b lja n a , Y u g o s la v ia  

E. K A R D E LJ U n iv e rs ity  in L ju b lja n a , Y u g o s la v ia

SYNOPSI S The hi ghway Lj ubl j ana -  Post oj na cr osses t he nor t her n boundar y par t  of  t he Lj ubl j ana
Mar sh.  Due t o hi gh compr ess i bi l i t y  of  t he upper  peat y,  si l t y and cl ayey l ayer s of  t he subsoi l  wi t h 
t ot al  t hi ckness of  about  12 m set t l ement s up t o 160 cm had t o be f or eseen.  I n or der  t o r educe t he 
post - cons t r uc t i on set t l ement s t o t ol er abl e val ues,  ver t i cal  wi ck  dr ai ns,  pr el oadi ng,  l i ght  f i l l  ma ­
t er i al  and par t i al l y  t he excavat i on of  super f i c i al  peat  wer e used.  The appl i cabi l i t y  of  s i mpl i f i ed 
consol i dat i on and st abi l i t y  anal yses was checked by obser vat i ons on a t est  embankment ,  and t he ef f i ­
cacy of  pol ypr opi l ene cover s of  wi ck dr ai ns by l abor at or y and f i el d t est s.  Set t l ement s obser ved dur ­
i ng t he const r uct i on of  t he hi ghway and t wo year s af t er war ds agr ee sat i s f act or i l y  wi t h f or ecast ed 
v al ues .

I NTRODUCTI ON

The t ect oni c depr ess i on of  t he Lj ubl j ana Mar sh 
i s f i l l ed up wi t h pl ei s t ocene f l uvi al  and mar sh 
sedi ment s and wi t h hol ocene l ake deposi t s.  The 
new hi ghway cr osses i n t ot al  l engt h of  about  
4000 m t he boundar y par t  of  t he Mar sh wher e t he 
t hi ckness of  ver y sof t  upper  l ayer s i s moder at e 
var y i ng bet ween 4 and 20 m;  t hey consi st  of  peat  
and or gani c soi l ,  of  a ver y sof t  hol ocene cl ayey 
si l t ,  cal l ed " snai l  cl ay"  owi ng t o t he cont ent  
of  snai l  shel l s,  and t he upper  sof t  par t  of  pl ei s'  
t ocene c l ayey sedi ment s.  I n or der  t o keep t he em­
bankment  el evat i on on t he des i gned l evel  of  80 
t o 180 cm,  set t l ement s of  up t o 160 cm had t o be 
f or eseen.  Taki ng i nt o account  al so t he secondar y 
t i me ef f ect s t he el evat i ons have been r equi r ed 
t o over pass t he des i gned val ues by up t o 25 cm 
at  t he end of  cons t r uct i on i n or der  t o coi nc i de 
wi t h t he des i gned val ues t went y year s af t er war ds.  
Owi ng t o t hi s r equi r ement ,  t o di f f er ent  embank ­
ment  hei ght s and t o di f f er ent  t hi ckness of  com­
pr essi bl e l ayer s di f f er ent  modes of  cons t r uc ­
t i on had t o be appl i ed and combi ned,  namel y  by 
us i ng f or  embankment s ei t her  heavy gr avel y  or  
cr ushed st one mat er i al ,  or  a sandwi ch f i l l  com­
posed of  30 cm t hi ck l ayer s of  l i ght  f l y ash and 
10 cm t hi ck l ayer s of  sand;  by excavat i ng or  not  
t he peat  and or gani c soi l s;  by i nst al l i ng or  not  
t he ver t i cal  wi ck dr ai ns i n a net  of  equi l at er al  
t r i angl es wi t h s i des a and t he pr el oadi ng.  The 
modes of  const r uct i on used i n s i ngl e sect i ons 
and a t ypi cal  c r oss- sect i on of  t he hi ghway ar e 
shown i n Fi g.  1.

SOUNDI NG DATA

I n t he l i ne of  t he hi ghway t he bor ehol es wer e 
dr i l l ed 100 m apar t  i n aver age;  most  of  t hem 
r eached t he bedr ock of  Tr i ass i c  dol omi t e or  Car ­
boni f er ous shal e,  but  no one was deeper  t han 40 m.  
The obt ai ned st r at i gr aphi c  pr of i l e i s shown i n 
Fi g.  1.  The t hi ckness of  peat  and or gani c soi l

var i es bet ween o. 8o and 2 m ( except  t he sect i on 
f r om km 11. 700 t o 12. 900 wher e t he gr ound cover  
consi st s  of  a c l ayey si l t  of  i nt er medi at e or  
s t i f f - pl as t i c  cons i s t ency ) , t he t hi ckness of  t he 
snai l  c l ay i s bet ween 0. 80 and 7 m,  and t he un ­
der l y i ng sof t  c l ay of  l i qui d or  weak- pl ast i c  con­
s i s t ency i s up t o 12 m t hi ck;  t he deeper  l ayer s 
consi st  of  c l ays and si l t s of  i nt er medi at e t o 
st i f f - pl ast i c  consi st ency,  wi t h i nt er cal at i ons 
of  uni f or m f i ne sands.

Al ong t he l i ne of  t he hi ghway t he gr oundwat er  
l evel  has been f ound i n dept hs bet ween 0. 5o and 
3 m.

Peat and Y/ / / A 1/  /  l
PSSsSxsa organic soil Y / / / A  Snail day ( /  A  S tiff-plastic clay

V/S//A | ~ ~ ~\ Y/ ^ \  carboniferous/
m \y/7/7X Plastic s ilt I ~ ~ I Soft day  I Bedrock shale /do lom ite

Fi g.  1 Longi t udi nal  Pr of i l e 
al ong t he Hi ghway Axi s

a-j  = 1. 25 m a 2 ~ ^* 50 m 

a ^ = 1. 75 m a.  = 2. 00 m
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TABLE I

Layer
AC -

Gr ai n Si ze Li qui d 1 Pl ast i c  
Li mi t

Wat er Cont ent Uni t  Wei ght

Cl ass i f i cat i on
<0. 002 0. 002/ 0. 06 0. 06/ 0. 2 wT % 

L - P
% kN/ m 3

I Pt 40 - 200 e 10 -  15

I I MH 10 85 5 60 1 35 J
80 -  

40 -

125 2 

100 3
13 -  17

I I I Cl  -  CH -  MH 20 75 5 40 -  65 22 -  30
40 -

30 -

80 4

50 5
16 -  19

I V
MH -  CH -  MI  -  

-  Cl  -  CL
30 -  75 18 -  30 25 - 50 17 -  21

aver age val ues
2

over  t he bedr ock  syncl i nal s  

bet ween t he syncl i nal  sect i ons

i n t he upper  par t  of  t he l ayer  

i n t he l ower  par t  of  t he l ayer  

dependi ng on t he gr oundwat er  l evel

SOI L PROPERTI ES

The geot echni cal  pr oper t i es  of  soi l s wer e i nves ­
t i gat ed by l abor at or y t est s on undi s t ur bed sam­
pl es t aken i n bor ehol es,  and by f i el d vane t est s.

Wat er  cont ent ,  gr ai n si ze,  cons i s t ency 

and uni t  wei ght

The dat a ar e gi ven f or  f our  t ypi cal  l ayer s 
( l ayer  I  = peat  and or gani c soi l ,  l ayer  I I  = 
snai l  cl ay,  l ayer  I I I  = t he upper  sof t  c l ay and 
l ayer  I V = t he l ower  s t i f f er  s i l t y  and cl ayey 
deposi t s)  i n Tabl e I .

I n ser i es I I  and I I I  t he wat er  cont ent  does not  
decr ease appr ec i abl e wi t h dept h.

Def or mabi l i t y  and per meabi l i t y

The t est s wer e per f or med most l y  i n oedomet er s on 
sampl es of  7 cm i n di amet er  and 2 cm i n hei ght .

For  t he peat  and or gani c soi l  ( l ayer  I )  t he f ol ­
l owi ng r epr esent at i ve ef f ect i ve pr essur e ver sus 
voi d r at i o r el at i onshi p has been deduced f r om a 
good f ew of  t est s:

TABLE I I

a '  kPa 0 10 20 50 100

e 4. 08 3. 96 3. 75 3. 34 2. 95

The r esul t i ng di agr ams have been pr esent ed i n 
Fi gs . 2 and 3.

For  t he expect ed st r ess i ncr ease i n t he dept h of  
t he l ayer  t he coef f i c i ent  of  vol ume change

bet ween 0. 0025 and 0. 0033 ( kPa)  has been ob ­
t ai ned f r om t he above r el at i onshi p.  The cor r e­
spondi ng aver age val ue of  t he coef f i c i ent  of  per ­
meabi l i t y  t o be cons i der ed i n t he consol i dat i on

_ 9
anal ysi s,  has been f ound as k = 10 m/ s.

For  t he snai l  c l ay ( l ayer  I I )  t he oedomet er  t est  
r esul t s  wer e gr ouped f or  s i ngl e sect i ons,  and f or  
each gr oup t he r epr esent at i ve ef f ect i ve st r ess 
ver sus voi d r at i o cur ve and coef f i c i ent  of  per ­
meabi l i t y  ver sus voi d r at i o pl ot  was const r uct ed.

Fi g.  2 Oedomet er  Cur ves f or  t he Snai l  Cl ay

I n or der  t o det er mi ne t he modul i  of  shear  def or ­
mat i on cor r espondi ng t o t he negl i gi bl e vol ume 
change at  t he ver y begi nni ng of  t he consol i dat i on 
pr ocess,  undr ai ned t r i axi al  t est s wer e per f or med 
on t wo undi s t ur bed sampl es of  t he snai l  cl ay,
10 cm i n di amet er  and 20 cm i n hei ght .  The sam­
pl es wer e t aken i n km 9. 100 i n t he dept hs of  2 
and 3 m r espect i vel y ;  t hei r  nat ur al  wat er  cont ent  
was 83 and 86 % r espect i vel y.  Af t er  consol i dat i on 
at  t hei r  ef f ec t i ve over bur den pr essur es,  t he co ­
ef f i c i ent  of  t he ear t h pr essur e at  r est  havi ng 
been assumed t o be K =0 . 8 ,  t he undr ai ned sam-
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Fi g.  3 Coef f i c i ent  of  Per meabi l i t y  -  Voi d 
Rat i o Pl ot s f or  t he Snai l  Cl ay

pi es wer e subj ect ed t o success i ve t ot al  l oad i n­
cr ease by i nt er val s = 20 and £0 3 = 12. 5 kPa

si mul at i ng t he expect ed st r ess i ncr ease i n t he 
dept h of  2. 5 m under  t he embankment  l oad i ncr e­
ment  of  20 k Pa. The r esul t i ng shear  modul i  G ar e 
pr esent ed i n Tabl e I I I .  For  st r ess st at es as ob­
t ai ned by el ast i c  anal yses,  i n t he mi ddl e of  
snai l  c l ay l ayer  i n t he cent r al  par t  of  t he hi gh­
way cr oss- sect i on,  val ues a c l ose t o t he modul i ,  
appear i ng i n Tabl e I I I  f or  s i mi l ar  st r ess r at i os,  
can be obt ai ned f r om oedomet er  t est  dat a by usi ng 
t he wel l  known r el at i on

wi t h t he Poi sson' s  r at i os bet ween 0. 25 and 0. 30.

TABLE I I I

Modul i  of  shear  def or mat i on G kPa

° v
° 3

25 45 65 85 105 125 145
20 32. 5 45 57. 5 70 82. 5 95

Sampl e 1 dr ai ned 1950 8 10 380 20 0 110 50

Sampl e 2 dr ai ned 1030 730 510 310 150 60

I n t he domai n of  st r ess i nt er val s  i n t he dept hs 
al ong t he l ayer  I I I ,  t he oedomet r i c  coef f i c i ent

_l
of  vol ume change var i es  bet ween 0. 00125 ( kPa)

_1
and 0. 00060 ( kPa)  , and t he cor r espondi ng coef f i -

_l  0
c i ent  of  per meabi l i t y  bet ween 5 and 1. 10 m/ s.  
The t est  r esul t s wer e not  uni f or m enough t o al l ow 
t he const r uct i on of  r epr esent at i ve char t s f or  
s i ngl e sect i ons.  The char t s obt ai ned on sampl es 
f r om t he near est  bor ehol e wer e cons i der ed f or  t he 
pr edi c t i on of  set t l ement s al ong t he hi ghway l i ne.

The l ayer  I V i s l ess compr essi bl e,  t he aver age 
coef f i c i ent  of  t he vol ume change bei ng about  

_l
0. 00033 ( kPa)  . On t he whol e i t  cont r i but es t o 
t ot al  set t l ement s by about  10  t o 20  cm,  t hi s i s 
some t en per  cent  onl y.

Shear i ng r es i s t ance

The r esul t s  of  t he undr ai ned shear i ng r es i s t ance 
as obt ai ned by f i el d vane t est s ar e pr esent ed i n 
Fi g.  4.  Owi ng t o t he gr eat  di sper s i on of  t est  r e-

—  X  k P a

Fi g.  4 Vane Test  Resul t s

sui t s , t he val ues at  t he l ower  boundar y  of  t he 
cor r espondi ng domai ns wer e cons i der ed as al l owa­
bl e shear  st r esses,  i . e.  by t aki ng,  i n s t abi l i t y  
anal yses,  t he saf et y f act or  F = 1.

CONTROL EXPERI MENTS UPON WI CK DRAI NS

I n or der  t o f or ce t he set t l ement s t o devel op 
mai nl y  dur i ng t he cons t r uc t i on of  t he hi ghway,  
pr el oadi ng was used and ver t i cal  wi ck  dr ai ns of  
Kj el l man' s  t ype have been dr i ven i nt o t he soi l  
i n al l  sect i ons wher e t he f or ecast ed set t l ement s 
had over passed 60 cm.  I n dr ai ns t he pl ast i c  f l at  
r i bbed wi ck i s pr ot ect ed by f i l t er i ng cover s made 
of  a synt et i c  subst ance cal l ed pol ypr opi l ene.
The per meabi l i t y  and dur abi l i t y  of  f i l t er s wer e 
checked by l abor at or y t est s of  l ong dur at i on.  Cy ­
l i ndr i cal  soi l  sampl es of  10  cm i n di amet er  and 
20  cm i n hei ght  wer e sur r ounded wi t h a r i ng of  
wi ck  dr ai ns,  cover ed by a r ubber  membr ane.  I n 
t he axi s of  t he sampl e a sand dr ai n of  1. 7 cm i n 
di amet er  and 12  cm i n hei ght  was i nst al l ed and 
connect ed wi t h a wat er  cont ai ner .  The f l ow of  
wat er  occur r ed under  a const ant  pr essur e of  55 kPa 
whi ch cor r esponds t o t he aver age por e pr essur e 
appear i ng i n t he soi l  i n t he ear l y consol i dat i on 
phase.  Fr om t he sandy cor e,  wat er  seeped t hr ough 
t he sampl e i n r adi al  di r ec t i on t owar ds t he wi ck  
dr ai ns and was col l ect ed i n a cal i br at ed vessel .
I n a t r i ax i al  cel l  t he sampl e was subj ect ed t o 
t he al l  ar ound pr essur e of  60 k Pa.

Two ki nds of  pol ypr opi l ene cover s wer e t est ed:  
t he non- woven pol ypr opi l ene cover  ( sampl e No 2)  
and t he woven pol ypr opi l ene cover  ( sampl e No 3) ,  
bot h on snai l  c l ay sampl es wi t h t he i ni t i al  wa ­
t er  cont ent  of  93 % and 81 % r espect i vel y .  I n 
or der  t o compar e t est  r esul t s  wi t h t he ef f i cacy 
of  a known wi ck  dr ai n syst em whi ch had been suc-  
cessf ul y  used i n numer ous si t es,  sampl e No 1 was 
equi pped wi t h t he Ter r af i go dr ai ns pr ot ec t ed by 
car dboar d cover s;  t he sampl e cons i s t s  of  t he same 
snai l  c l ay as t he sampl e No 2 ( wat er  cont ent  93%) .  
Ter r af i go dr ai ns wer e i nst al l ed al so on t he pe ­
r i pher y of  t he sampl e No 4 cons i s t i ng of  t he sof t  
s i l t y  c l ay f r om l ayer  I I I  ( wat er  cont ent  45 %) .  
Test  r esul t s  ar e pr esent ed i n Fi g.  5 by t he r at e 
of  di schar ge q ver sus t i me pl ot s wher eby q i s
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q  ■ 1 0 1 m / s - m 2

Fi g.  5 Labor at or y  Test  Resul t s  Upon 
t he Wi ck Dr ai ns

r el at ed t o t he uni t  (1 i n2) of  t he i nner  sur f ace 
of  f i l t er i ng cover s.  The i ni t i al  decr ease of  t he 
r at e of  di schar ge up t o about  t en hour s f or  snai l  
c l ay sampl es,  somet hi ng mor e f or  t he sampl e No 4,  
has t o be at t r i but ed mai nl y  t o t he por e wat er  
squeezed out ,  dur i ng t he pr i mar y consol i dat i on,  
wi t h decr eas i ng vel oci t y,  and par t l y  t o t he i n­
f i l t r at i on of  smal l  par t i c l es i nt o t he f i l t er  
whi ch gover ns al so t he subsequent  di schar ge de ­
cr ease by di mi ni shi ng t he per meabi l i t y  of  t he 
f i l t er  wr apper .  Af t er  about  500 hour s t hi s ef f ect  
t oo despi r ed i n al l  f our  t est s,  f ur t her  seepage 
occur r i ng wi t h const ant  speed.

Si nce t he ef f i cacy of  t he non- woven pol ypr opi l ene 
cover s had been f ound cl ose t o t he ef f i cacy of  
t he Ter r af i go car dboar d wr apper ,  t hi s f i l t er  was 
used f or  al l  ver t i cal  dr ai ns al ong t hf e hi ghway.

At  t he end of  t he t est s t he st at e of  f i l t er s was 
checked.  The pol ypr opi l ene cover s coul d easi l y  
be separ at ed f r om t he soi l  and wer e pr oved t o be 
dur abl e.  The car dboar d wr apper s wer e f ound t o be 
st i cked t o t he soi l  on about  85 % of  t he t ot al  
cont act  sur f ace;  t he r i bs of  t he pl ast i c  cor e 
penet r at ed somewhat  i nt o t he soi l ,  l eavi ng enough 
f r ee pr of i l e f or  t he ef f i caci ous f l owi ng of  t he 
por e wat er .

PROCEDURE OF FORECASTI NG SETTLEMENTS

Consol i dat i on set t l ement s have been cal cul at ed 
wi t h t he assumpt i on t hat  t he st r ai n st at e i s l i n ­
ear .  Oedomet r i c  modul i  wer e used as st r ess and 
( owi ng t o secondar y  ef f ect s)  t i me dependent  v al ­
ues,  and t he dependence of  t he per meabi l i t y  on 
t he por os i t y  was t aken i nt o consi der at i on.  I n­
s t ant aneous set t l ement s have been comput ed as 
pur e dev i at or i c  set t l ement s appear i ng at  t he ver y 
begi nni ng of  t he consol i dat i on pr ocess ( zer o vol ­
ume st r ai ns,  Poi sson' s  r at i o v = 0. 5) ;  shear  mod ­
ul i  gover ni ng t hese set t l ement s wer e subst i t ut ed 
by t he dr ai ned val ues as obt ai ned f r om oedomet er  
t est s accor di ng t o equat i on (1)  by assumi ng t he 
Poi sson' s  r at i o v = 0. 4.  The det ai l s  of  t he pr o ­
cedur e have been pr esent ed i n a pr ev i ous paper  
( Gaber c & Vi di c,  1977) .

I n t he dr ai ned sect i ons of  t he hi ghway a pr el oad­
i ng of  15 kPa was appl i ed f or  a per i od of  at  
l east  one year .  I n undr ai ned sect i ons t he pr el oa­
di ng was somewhat  l ower .  The devel opment  of  set ­
t l ement s had been pr edi c t ed f or  st r ess st at es 
dur i ng pr el oadi ng as wel l  as af t er war ds,  and t he 
expect ed consol i dat i on l i ne was const r uct ed by 
j oi ni ng bot h cur ves st ar t i ng at  t he t i me of  r e ­
moval  of  pr el oadi ng.

TEST EMBANKMENT

I n or der  t o check t he r el i abi l i t y  of  t he above 
descr i bed appr ox i mat e pr ocedur e of  f or ecast i ng 
set t l ement s and checki ng t he bear i ng capaci t y,  
a t est  embankment  was bui l t  t hr ee year s bef or e 
t he begi nni ng of  t he cons t r uc t i on i n km 9. 040 -
-  9. 200 of  t he hi ghway l i ne.  The embankment  was
160 m l ong,  t he t op wi dt h bei ng 26. 40 m and t he 
t ot al  wi dt h wi t h bot h l at er al  s t abi l i z i ng em­
bankment s  65. 40 m.  The ent i r e f i l l  was di v i ded 
i nt o f our  sect i ons i n i nt er val s  by 40 m:  P I  wi t h 
r emoval  of  or gani c soi l  t o t he dept h of  2. 1 m,  
wi t h f l y ash sandwi ch f i l l  and wi t h 13. 5 m deep 
sand dr ai ns i n di s t ances of  2. 31 m;  P I I  wi t h r e ­
moval  of  or gani c soi l  t o t he dept h of  3. 1 m,  wi t h 
f l y ash sandwi ch f i l l  and wi t h sand dr ai ns i n 
di s t ances of  4. 62 m;  P I I I  wi t h t he common heavy 
f i l l  pl aced on t he or gani c  soi l ,  and wi t h sand 
dr ai ns i n di s t ances of  4. 62 m;  and P I V as under  
P I I I ,  but  wi t hout  dr ai ns.

Por e pr essur es,  set t l ement s,  hor i zont al  def or ma­
t i ons and t ot al  pr essur es have been measur ed.  The 
r esul t s  of  t wo year s obser vat i ons have been pr es ­
ent ed i n a pr evi ous paper  ( Gaber c & Vi di c,  1977) .  
I n Fi g.  6 t he set t l ement  ver sus t i me pl ot s f or  
t wo cent r al  poi nt s i n t he t est  sect i ons P I I  and 
P I I I  ar e r epr oduced and suppl ement ed wi t h f ur ­
t her  measur ement s  up t o November  1977.  I n t he 
same f i gur e t he f or ecast ed set t l ement  ver sus 
t i me pl ot s ar e shown as obt ai ned by t he pr ev i ous ­
l y descr i bed pr ocedur e;  t he pr i mar y consol i dat i on 
anal ys i s  was per f or med i n sever al  t i me i nt er val s 
i n or der  t o t ake i nt o account ,  i n each i nt er val ,  
t he coef f i c i ent  of  per meabi l i t y  k = k( e)  cor r e­
spondi ng t o t he voi d r at i o obt ai ned i n t he pr e ­
v i ous t i me i nt er val .

The i ni t i al  dev i at or i c  set t l ement s have been cal ­
cul at ed by us i ng modul i  of  shear  def or mat i on ob­
t ai ned f r om equat i on (1)  wi t h an aver age Poi s-

- - - - - - - - »-  t year s

Fi f .  6 Set t l ement  Ver sus Ti me Pl ot s f or  t he 
Test  Embankment
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son' s r at i o val ue v = 0. 3 f or  al l  l ayer s,  neg­
l ect i ng t he di f f er ent  st r ess l evel s i n each l ay ­
er .  The r esul t s  of  t he descr i bed undr ai ned t r i ax ­
i al  t est s on snai l  c l ay show t hat  mor e accur at e 
val ues of  dev i at or i c  set t l ement s can be obt ai ned 
by choosi ng Poi sson' s  r at i o \> l ess t han 0. 3 i n 
t he domai n of  st r ess l evel s at  t he sur f ace of  
t he under gr ound,  but  hi gher  t han 0. 3 i n gr eat er  
deept hs ( l ayer s I I I  and I V) . For  t hat  r eason,  t he 
dev i at or i c  set t l ement s al ong t he hi ghway l i ne 
have been cal cul at ed by us i ng an aver age val ue 
of  Poi sson' s  r at i o v = 0. 4 f or  al l  l ayer s.

The sat i s f ac t or y  agr eement  bet ween t he comput ed 
and measur ed set t l ement s has j ust i f i ed t he appl i ­
cat i on of  t he appr ox i mat e comput at i on pr ocedur e.  
The por e pr essur e measur ement s  have suppor t ed 
such a j us t i f i cat i on al t hough i n a l ess convi n-  
ci bl e way.  The sui t abi l i t y  of  t he appl i ed com­
put at i on has been cor r obor at ed al so by t he s i mul ­
t aneous compar i son of  measur ed set t l ement s wi t h 
t he r esul t s  of  mor e r i gor ous anal yses of  t he con­
sol i dat i on pr ocess ei t her  f or  sect i ons wi t hout  
( Gaber c & KovaCi S,  1975)  or  wi t h ver t i cal  dr ai ns 
( Sukl j e & Kovaci c,  1979) .

The exper i ence col l ec t ed by obser vat i ons oh t he 
t est  embankment  r equi r ed a denser  syst em of  ver ­
t i cal  dr ai ns t han t hey wer e bui l t  i n under  t he 
t est  embankment ,  as wel l  as t he combi nat i on of  
t he ef f ect  of  dr ai ns wi t h an over l oad dur i ng a 
per i od of  at  l east  one year .  Si nce t he hor i zon­
t al  di spl acement s,  measur ed al ong ver t i cal  bor e ­
hol es dr i ven under  t he l at er al  embankment s,  con­
t i nued t o i ncr ease wi t h mor e or  l ess const ant  
speed f or  a l ong t i me af t er  t he end of  f i l l i ng,  
a r at her  conser vat i ve st abi l i t y  cont r ol  has been 
car r i ed out .

COMPARI SON OF MEASURED AND COMPUTED SETTLEMENTS

For  t he dr ai ned c r oss- sect i on i n km 9. 500 wi t h 
2 m deep excavat i on t he combi ned f or ecast ed con­
sol i dat i on pl ot  has been compar ed,  i n Fi g.  7,  
wi t h t he measur ed set t l ement s t hat  over pass t he 
pr edi c t ed val ues by about  17 cm,  i . e.  by 12 I .
I n or der  t o poi nt  out  t he ef f ect  of  dr ai nage,  
t he consol i dat i on l i nes pr edi c t ed f or  undr ai ned

Fi g.  7 Consol i dat i on Pl ot s i n km 9. 500

under gr ound ar e shown i n t he same f i gur e.

The l ongi t udi nal  pr of i l es of  set t l ement s f or  en­
t i r e l i ne bet ween km 8. 500 and 12. 800 ar e pr es ­
ent ed i n Fi g.  8.  I n t he l ower  par t  of  t he f i gur e,  
t he t hi ck f ul l  l i ne r epr esent s  t he set t l ement s 
i n t he axi s of  t he hi ghway,  measur ed at  t he t i me 
of  t he end of  const r uct i on.  The dot t ed l i ne con­
nect s comput ed set t l ement s cor r espondi ng t o t he 
t i me t  = 22 year s,  i . e.  20 year s af t er  t he end 
of  const r uct i on,  whi l e t he f or ecast ed set t l ement s 
i mmedi at el y  af t er  r emoval  of  t he pr el oadi ng have 
been i ndi cat ed,  i n a f ew cr oss- sect i ons,  by smal l  
c i r cl es.  I n t he upper  par t  of  t he f i gur e,  as l i ne 
i ndi cat es t he post - cons t r uc t i on set t l ement s ob­
ser ved i n May 1980,  i . e.  about  ni ne mont hs af t er  
t he end of  const r uct i on.  The over l y i ng pr of i l e 
shows t ot al  pr essur e ont o t he gr ound sur f ace,  
i nc l udi ng t he pr el oadi ng.

Fi g.  8 Longi t udi nal  Pr of i l e of  Set t l ement s 
i n t he Hi ghway Axi s

FI ELD CONTROL OF THE EFFI CACY OF WI CK DRAI NS

I n km 10. 200,  t he por e wat er  squeezed out  t hr ough 
t wo wi ck dr ai ns,  12 m di s t ant  f r om t he hi ghway 
axi s,  has been separ at el y  col l ec t ed and measur ed 
dur i ng a per i od of  about  one year  st ar t i ng wi t h 
t he begi nni ng of  f i l l i ng.  Si mul t aneousl y,  set t l e ­
ment s  s wer e obser ved i n t he same poi nt s.  The s 
ver sus t  ( t i me)  pl ot s have been opposed t o t he 
cor r espondi ng H ver sus t  pl ot s i n Fi g.  9,  H bei ng

t  d a y s

Fi g.  9 Fi el d Test s of  t he Ef f i cacy of  Dr ai ns
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the height of the cylinder whose radius equals 

the effective drain radius R, and whose volume is 

equal to the quantity of the pore water squeezed 

out till time t. The distance between the corre­

sponding plots increases with time up to the val­

ue of 22 cm. It may be attributed to additional 

deviatoric settlements increasing with increasing 

embankment load q ; the forecasted initial (con­

stant volume) settlements had been evaluated as 

high as 29 cm whereby the load of the basic em­

bankment layer filled before the beginning of 

measurements had not been taken into account.

BEARING CAPACITY

The bearing capacity was checked by the common 

stability analysis applying circular potential 

failure surfaces and the ' = 0 irsthod. Cohesion 

varying with depth was taken into account accord­

ing to vane test data in the way explained in 

the last paragraph of the section "Soil Proper­

ties". The safety factor F > 1 was obtained pro­

viding lateral protecting embankments on both 

sides of the highway embankment (see Fig. 1) with 

varying width and height. This rather expensive 

safety measure has been proved satisfactory; no 

sliding occurred due to overpassing the bearing 

capacity. The width and the height of lateral 

embankments depends on the elevation of the high­

way and on the thickness of soft layers; e.g. in 

a section with the final elevation of 3.2 m above 

the soil surface and a preloading of 15 kPa, lat­

eral embankments 21 m in width and 1.1 m in 

height have been required.

In order to check the need of such extensive lat­

eral embankments in further construction of high­

ways in the Marsh domain, two test embankments 

have been recently deposited in km 9.100 outside 

the highway, one on drained and second on un­

drained soil. Owing to the small thickness of the 

snail clay and to stiff lenses in the underlying 

soft clay, the location of these test embankments 

is not representative for the soil composition 

along the highway line. Nevertheless, the com­

parison of the observed failure loads with the 

results of the stability analyses used for the 

highway design has given useful information con­

cerning favourable drainage effects on the bear­

ing capacity of soft soils.

CONCLUSIONS

- Large and non-uniform settlements of very soft 

clayey and silty deposits as appearing in the 

Ljubljana Marsh can efficiently be accelerated 

during the highway construction by applying 

vertical drains and preloading.

- Wick drains with filtering polypropilene wrap­

pers have been proved efficacious.

- The non-uniformity of settlements due to vary­

ing thickness of soft deposits can success­

fully be overcome by using different construc­

tion modes in different sections of the high­

way line.

- The excavation of the superficial peat and or­

ganic soil and the use of sandwich fill with 

prevailing light fly ash layers are suitable 

means for reducing the total amount of settle­

ments

- The first fill layer is recommended to be put 

on a continuous carpet of porous polypropile­

ne or similar plastic material. In sections 

where peat or organic soil need not to be ex­

cavated, this carpet is preferably to be put 

directly onto the grass cover.

- The settlements and consolidation process may 

reliably enough be predicted by simplified 

computation procedures provided that the fore­

casted values were favourably checked by field 

measurements made on an appropriate test embank­

ment. Furthermore soil parameters evaluated 

from simple tests are recommended to be veri­

fied by few perfect tests (e.g. shear moduli

by undrained triaxial tests) using advanced 

procedures, and the results of simplified com­

putations to be compared with the results of 

more rigorous analyses.

- The bearing capacity control taking into ac­

count initial values of the vane test results 

and neglecting the increasing shearing resist­

ance with increasing degree of consolidation 

seems to be conservative. Special bearing ca­

pacity field tests on drained soil would be 

useful.
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