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Stiffness of clayey silts of the Venetian quaternary basin from laboratory tests 

Deformability des limons argileux du bassin quaternaire venitien a partir d’essais de laboratoire

G. Ricceri, P.Simonini & S .Cola -  Istituto d iCostruzioniM arittim e ed iGeotec nic a, University ofPad ova, Italy

A B ST R A C T: T he cohesive soils o f  the  V enetian  quaternary  basin, m ainly com posed  o f  silty-clays and clayey-silts, show  a  g rea t non­

hom ogeneity. This is due  to  th e  very  com plex  p as t geological h istory  w hich has b rough t abo u t s trong  variations in soil particle- 

com position  and in th e  overconso lida tion  ratio  w ith  th e  change in depth. T he soil stiffiiess is influenced by this non-hom ogeneity , thus 

show ing appreciable variations even in sam ples o f  a  few  cen tim eters in length. In  o rd e r  to  characterize  th e  stiffiiess o f  th e  cohesive soils an 

extensive in-situ and labo ra to ry  experim ental investigation  has recen tly  been undertaken. Som e prelim inary resu lts obtained  a t the  

U niversity o f  P adova using  a  new  triaxial stress/stra in  path  appara tus equipped w ith  a  local strain  m easuring  system  are p resen ted  and 

discussed in this paper.

R ESU M E: Les sols cohesifs co nstituan ts le basem ent quaternaire  de la L agune de  V enise son t generalem ent com poses p ar des argiles 

silteuses e t des silts arg ileux tres  heterogenes. C ela est du a la com plexe h isto ire geo log ique  qui a determ ine des variations considerables 

avec la p ro fondeur de  la com position  g ranu lom etrique  et du deg re  de  surconsolidation . L 'he terogeneite  de  ces sols cohesifs influence leur 

deform abilite laquelle peu t varier considerab lem ent m em e dans les echantillons de dim ensions reduites. Afin de  determ iner le deform abilite 

des so ls cohesifs venetien  on  a com m ence une  recherche  geo techn ique in-situ e t en laboratoire. D ans cet article les A uteurs exam inent 

quelques resu lta ts o b tenus ju sq u ' au jourd 'hui chez  I'U niversite de  P ad o u e  p ar Pemploy d 'un  nouveau  system e triaxial avec le m esurage 

interne des deform ations.

1 IN T R O D U C T IO N

It is probably acknow ledged  w o rld -w ide  th a t th e  city o f  V enice 

show s a  p recarious equilibrium  and th a t th e  m argin  o f  safety is 

being eroded  annually  a t an ever-increasing  rate. T he ra te  o f  

deterioration  is being acce le ra ted  by th e  increasing  frequency o f  

the flooding o f  th e  o ld city, by th e  increase  in pollu tion  o f  bo th  the  

lagoon and the  a tm osphere , and by th e  reduction  in th e  freeboard  

o f the  city as a  resu lt o f  th e  eu sta tic  rise in sea level coup led  w ith  a 

subsidence o f  th e  lagoon  area  (R icceri e  B utterfie ld , 1974).

In the  early  eighties, th e  Ita lian  G overnm ent decided to  finance 

a large p ro jec t regard ing  th e  design  o f  special m obile barriers 

located a t th e  th ree  m ou ths o f  th e  lagoon  w hich  should  be  able to  

protect the  o ld city and th e  en tire  lagoon  against flooding.

T he design  o f  th e  b arrier foundations requ ires th e  know ledge o f  

the geo technical param eters  o f  th e  u p p er quaternary  basin. F o r 

this purpose, a  prelim inary geo techn ical investigation  w as carried 

out a t P o rto  di M alam occo  by  m aking deep boreho les to g e th er 

with piezocone, d ilatom eter, selfboring  pressurem ete r, sc rew  p late 

and c ross/dow n  ho le  tes ting  (M in istero  dei lavori pubblici - 

M agistrato  alle acque, 1994). In addition, in o rd e r to  obtain  high 

quality, und istu rbed  specim ens, a  new  large d iam eter (220  m m) 

sam pler w as also used.

T he geotechn ical labo ra to ries  o f  th e  U niversity  o f  P ad o v a  and 

ISM ES o f  B ergam o  have co llabo ra ted  w ith  M ag istra to  alle A cque 

and C onsorz io  V enez ia  N uova. T herefore, som e geo technical 

tests have been  carried  o u t a t th e  U niversity  o f  Padova.

In particular, som e very  accu ra te  undrained  triaxial com pression  

and ex tension  te s ts  w ere  perform ed  on  70 m m  diam eter and 140 

mm height specim ens, trim m ed from  th e  large undisturbed 

samples. T hese  te s ts  w ere  carried  o u t using  a  new  au tom ated  

stress/strain  path  triaxial system , recently  designed and set up  at 

the U niversity  o f  Padova. In addition , since it w as estim ated  that 

the am plitude o f  w ork ing  stress u nder the  barriers deform s the 

soil, thus inducing small strain  levels, th e  triaxial cell w as m odified 

to m easure internal strains on  soil specim ens.

T he analysis and in terp re ta tion  o f  te s t resu lts fo r the 

determ ination  o f  soil stiffiiess is p resen ted  in th is paper, w ith 

particu lar a tten tion  p laced on  th e  influence o f  non-hom ogeneity  

on th e  overall behav iour o f  th e  soil.

2 B R IE F  G E O L O G IC A L  H IS T O R Y  O F V E N E T IA N  SO ILS

T he quaternary  d eposits o f  th e  V enice L agoon , reaching a  depth  

o f  approxim ately  9 00-950  m, have been form ed th ro u g h o u t the  

P leistocene. T hey are  com posed  o f  a  com plex system  o f  

in terbedded sands, silts and silty clay sedim ents. T heir 

accum ulation  to o k  p lace  in different phases, during  w hich  m arine 

regression  and transg ression  a lternated  and the  rivers transported  

fluvial m aterials com ing from  th e  nearby  Alps. In the  tw elfth  

century, w hen  the  first w ou ld -b e  citizens o f  V enice se ttled  on  the  

islands, th e  rivers B ren ta , Sile, P iave  and o thers d ischarged w aters 

and sedim ents in to  th e  V enetian  lagoon. In o rd e r  to  p reven t this, 

the  rivers w ere  d iverted  in to  ex tensive canals a round  th e  lagoon 

periphery. A fter th e  e igh teen th  century , no fu rther hydraulic 

w orks w ere  carried  o u t and, consequently , the  lagoon  w as not 

subjected to  any significant alteration .

3 C O H E S IV E  SO IL  B A S IC  P R O P E R T IE S

D u e to  such a com plex geo log ica l history, the  sedim ents exhibit a 

grea t non-hom ogeneity  w ith  variation  in partic le-size d istribution 

even in a  sam ple o f  a  few  centim etres. T herefore, it w as very 

difficult to  schem atize a  soil profile w ithin w hich  the  different 

form ations (cohesive/granu lar) can  be  clearly  distinguished.

Figure 1 dep icts a  ten ta tive  soil profile, up to  60 m below  zero  

IG M  level (~  m ean sea  level), determ ined  from  a boreho le  log and 

com pared w ith  th e  resu lts o f  a  p iezocone tes t (qe =  tip  resistance; 

«„= pore pressure) carried  o u t on  a  nearby vertical. E leven basic 

form ations w ere  se lected  on  th e  basis o f  the  in situ testing  results.
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Figure 1. Soil profile at the Porto di Malamocco.

T he prediction  o f  in situ stress s ta te  is usually a  com plicated 

problem  and in th e  case o f  th e  V enetian  soils it is even m ore so 

mainly because  they  have u n d erg o n e  a  com plex stress h istory  o f  

unloading and reloading w hich  has been  show n to  be  very  difficult 

to  reconstruct precisely.

T he trend  o f  effective overbu rden  stress  o'™ w ith depth, 

estim ated  using th e  values o f  bulk  densities determ ined  in the 

laborato ry  from  th e  large-d iam ete r bo reho le  sam ples (called 

M S g M l), is rep o rted  in fig. 3a. T h e  fig. 3a  also  show s the  values 

o f  preconso lidation  stress  o 'p determ ined  from  o edom etric  tests 

using C a sag rande’s m ethod.

C alculated  labo ra to ry  values o f  th e  overconso lida tion  ratio 

O C A = o 'p/o'vo are  p lo tted  in fig. 3 b and com pared  w ith  those 

estim ated  using  th e  d ila tom eter te s t (D M T ), carried  o u t c lose to 

the  M S g M l borehole. A n appreciab le  d ecrease  in the  O C R  w as 

clearly observed. T h e  high O C R  va lues (> 10) in fo rm ation  2 are 

characteristic  o f  th e  w ell-know n c aranto, an high o.c. clay on 

w hich m ost historical V enetian  build ings are  founded. T h e  deeper 

form ations are  usually  n.c. o r  slightly o .c ., b u t the re  are  som e 

layers w ith  O CR »  2: fo r these  soils, as in the  case o f  c aranto , the 

overconso lidation  is caused  by superficial oxidation  during  glacial 

periods.

T he in situ stress  s ta te  w as estim ated  by considering  th e  values 

o f  the  coefficient o f  p ressu re  a t rest K c a t various dep ths in the 

g round  (fig. 3c). T hese  w ere  determ ined  from  th e  D M T  and from 

the  uniaxial reconso lidation  stag e  in com p u ter con tro lled  CKoD/U 

triaxial tests. T he la tte r values have p roved  to  be  independent o f  

depth  and alw ays lo w er than  th e  D M T  values, b u t th is may 

probably be  due to  th e  effects o f  labo ra to ry  reconsolidation  

(M ayne and K uhlhaw y, 1982) and to  th e  stress re lie f caused  by 

sam ple d istu rbance w hich  is im portan t in silty soil. T he effect o f 

overconsolidation  on  horizon tal stress can  be  clearly  appreciated: 

Ko decreases strongly  w ith  dep th  sta rting  from  values m uch higher 

than  unity  above 20 m and app roach ing  0 .5 a t g rea t depths.

F igu re  2  highlights th e  variation  w ith  dep th  o f  som e soil 

characteristics determ ined on sam ples com ing from  standard  and 

large d iam eter boreho les: partic le  size com position , bulk density  

O w ), A tterberg  lim its (L L , P L )  and natural w a te r  con ten ts (w0). It 

can  be  no ted  th a t th e  g re a t m ajority  o f  sam ples, o th er than  sands, 

fall in the  ca tegory  o f  silt (PI<  10% , LL < 35% ) and very  silty clay 

(10< P /< 25% , 35<ZX <50% ). O bserving th e  m oistu re  con ten t 

profile it is ev ident th a t th e  subsoil has a  slightly decreasing  w ate r 

con ten t w ith  depth  b u t a lw ays above th e  p lastic limit.

0 20 40 60 80 10016 18 20 22 20 40 60 

Composition, % Ysat, kN/m3 PL, w0, LL %

Figure 2. Trend of some soil properties with depth.

5 E X P E R IM E N T A L  P R O G R A M

In o rd er to  carry  o u t th e  labo ra to ry  investigation  on  cohesive soil 

stiffiiess, several standard  com pression  and ex tension  triaxial tests, 

b o th  drained and undrained , w ere  carried  o u t a t th e  ISM E S  and 

the  U niversity  o f  P ad o v a  laboratories.

A m ong these, som e te s ts  w ere  perfo rm ed  on  large specim ens 

using a au to m ated  com pu ted  con tro lled  stress/stra in  path  triaxial 

system , recently  designed and se t up  a t th e  U niversity  o f  Padova

CTvo O C R  K o
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(Cola, 1992). T h is system  is equ ipped  w ith  a  special triaxial cell, 

capable o f  m easuring  local d efo rm ations on soil sam ples, th e  la tte r 

having height equal to  140 m m  and a  d iam eter/heigh t ratio  o f  0.5. 

To this purpose, 6 p rox im ete r tran sd u cers w ith  an accuracy  o f  5 

|j.m and a  reso lu tion  o f  1 (im  w ere  installed: 4  o f  these  w ere  used 

to m easure axial d efo rm ations w h ereas the  o th e r  tw o  reco rded  the  

horizontal ones (L o  P resti e t al. 1994).

T he CAToU triaxial com pression  and ex tension  tes ts  w ere  

carried o u t on  th e  cohesive soils com ing  from  form ations 3 and 4 

and draw n up from  a  large-d iam eter boreho le  (called M S gM 2), 

which w as drilled on  a  vertical c lose to  M S g M l. T h e  specim ens 

w ere conso lida ted  u n d er th e  estim ated  insitu vertical stress and 

driven to  failure w ith  a  strain  ra te  o f  0 .008% /m in.

Table 1 sum m arizes th e  te s t characteristics perform ed up to  

now. Som e o th ers  a re  presen tly  in p ro g ress a t th e  P adova 

G eotechnical L ab o ra to ry  and th e ir resu lts will be  p resen ted  in a 

future paper.

Table 1 M ain  ch aracteristics o f  som e perform ed  tes ts

T est D ep th

(m )

L L  

(av. value)

P I

(av. value)

CT vc

(kPa)

M SgM 2-V E 4-C 14.75-14.93 36 18 121

M S gM 2-V E 4-E 14.75-14.93 36 18 121

M S gM 2-V E 8-C  1 21 .8 0 -2 2 .0 0 48 29 202

M S gM 2-V E 8-C 2 21 .8 0 -2 2 .0 0 48 28 202

C =com pression, E =ex tension

To m easure th e  variation  o f  elastic  p ro p erties  o f  cohesive soil w ith 

the strain  level during  th e  app lication  o f  dev iato ric  stress, several 

small unload ing-reload ing  cycles w ere  perfo rm ed  (T a tsu o k a  and 

Shibuya, 1992).

6 T R IA X IA L  T E S T  R E S U L T S

Figure 4  show s typical stress  pa ths (com pression  te s ts  V E 4-C  and 

V E 8-C 2) fo r th e  V enetian  silty form ations. N o te  th e  very  low  

pore p ressu re  - ch aracteristic  o f  silty soils - developed  during the 

shear stage. K a coeffic ient during  conso lida tion  tu rned  o u t in each 

case to  be  a round  0 .64 , independent o f  th e  in-situ acting  stress 

state. A lthough  th e  te s ts  reached  a  final axial deform ation  o f  only 

4-5% , th e  critical s ta te  line w as, nonetheless, determ ined: it is 

characterised  by M c= 1 .34  m eaning th a t ^„= 33°.

y from external measure, %

y from internal measure, %

Figure 5a,b. Shear modulus G vs. external and local strain measurements.

T he secan t shear m odulus G  =  q /3ea w as calculated  using both  

external and internal m easurem ents, on th e  stress-strain  curve  q-ea 

(q  =  dev iato ric  stress, sa =  axial strain) determ ined from  the  

triaxial tests. T he trends o f  G  are  rep o rted  in figures 5a  and 5b. 

T he effects o f  local m easu rem en t can  be  apprecia ted  especially fo r 

strain  levels be low  0 .005% , w here  th e  local m easuring  system  

allow s us to  define th e  behav iour o f  soil even a t 0 .001%  strain.

The high heterogeneity  o f  V enetian  soil suggested  th a t the 

position  o f  p rox im ete rs be  m odified  in o rd er to  m easure the  

d istribution  o f  axial defo rm ations also w ithin th e  specim en. T o  this 

purpose, th e  specim en V E 8-C 2  w as divided into five parts, as 

show n in table 2, and th e  axial strains o f  th e  th ree  central ones 

w ere  considered. N o te  th a t th e  position  o f  th e  fo u r p rox im eters 

does no t allow  us to  tak e  in to  consideration  here  som e possible 

bulging effects w hich  are, therefore , om itted  in th e  in terp re ta tion  

o f  tes t results. T o  avoid  these  effects p rio r to  perform ing new  

tests, fo u r additional p rox im ete rs are  being presently  installed in 

the  triaxial cell.

Table 2 C om position  o f  sam ple in th e  te s t V E 8-C 2.

p ' ,  k P a

Figure 4. Typical stress-paths for triaxial CfQU tests.

P a r t T h ic k n e ss

cm

w„

%

W f

%

r

k N /m 3

L L

%

EP

%

IC

m
2.02 36 29.5 21.4 37 12 0.08

■ ■ S i
1 1 1 1 1

1.52 36 32 20.5 39 13 0.23

3 4.99 35 30 .5 19.2 37 10 0.20

j T " 1.18 31 .5 29 19.4 43 14 0.82

3.19 33 28 20.2 39 15 0.40
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T hese d ifferences have surely  som e repercussions on  the 

deform ation  param eters o f  specim ens. In figure 6 th e  cu rves q-ea 

fo r the  th ree  central layers are  com pared  w ith  th e  internal average 

m easure fo r sam ple V E 8-2C . In figure 7 the  secant shear m odulus 

G  is p lo tted  against th e  shear d efo rm ation  y  in doub le log  scale. A t 

the  sam e stress level q  th e  axial deform ation  ea fo r th e  th ree  layers 

could show  very  large d ifferences w hich  tend  to  d isappear at 

strain levels beyond 0 .1% . N o te  th a t in the  in terp re ta tion  o f  local 

m easurem ents, th e  perfec t horizon ta l layering w ithin each sam ple 

w as assum ed.

In figure 8 th e  values o f  m odu lus G  calculated  from  unload- 

reload cycles are  p lo tted  against th e  y  strain. A s th e  cycles usually 

show  a perm anent d efo rm ation  (the ir  deform ation  am plitude being 

less then  0 .01% ), d ifferences o f  an o rd e r  o f  m agnitude w ere  found 

in som e cases b etw een  th e  un load  and th e  re load  m odulus: these 

variations are  g rea te r fo r stiffer layers, as it is ev ident from  the  

com parison o f  G„ (un load) and G , (re load ) fo r part 3 w ith  th o se  o f  

parts 2 and 4.

Figure 6. Deviatoric vs. axial strain in three parts of specimen VE8-C2.

Figure 7. G modulus vs. shear strain in three parts of specimen VE8-C2.

Figure 8. G values from unload-reload cycles vs. shear in three parts of 

specimen VE8-C2.

T he com parison  betw een  th e  index p ro p erties  o f  each  layer 

(table 2 ) and the  values o f  shear m odulus m ay ten tatively  suggest 

th a t G  (secant, during  u no load  and reload) are  con tro lled  to  a 

g rea te r ex ten t by partic le  com position  than  by soil consistence: in 

fact, a h igher silt co m ponen t m eans h igher values o f  G, as 

observed  fo r part 2 o f  sam ple V E 8- C2. R esu lts o f  fu rther tests 

are, o f  course, necessary  to  confirm  these  first experim ental data.

7 C O N C L U SIO N S

In o rd er to  ch aracterize  th e  stiffiiess o f  th e  cohesive soils an 

extensive labo ra to ry  experim ental investigation  have been 

undertaken  a t th e  G eotechnica l L ab o ra to ry  o f  th e  U niversity  o f  

Padova.

Som e prelim inary resu lts ob ta ined  using  a  new  triaxial stress- 

strain  path  device equ ipped  w ith  a  local strain  m easuring  system  

have been p resen ted  and d iscussed  in th is paper.

T he undrained stress-stra in  b ehav iou r o f  Venetian cohesive soil 

is typical o f  silty soil and ch aracterised  by th e  developm ent o f  low 

po re  p ressu re  during  shear. In addition , th is particu lar soil is very 

sensitive to  sam pling d istu rbance, as can  be  apprecia ted  by 

observing the  independence o f  dep th  o f  th e  K „  coeffic ient during 

laborato ry  reconsolidation .

T he secan t shear m odulus w as determ ined  from  th e  stress-strain  

curves o f  triaxial com pression  and ex tension  te s ts  using both  

external and internal m easurem ent system s. T he effect o f  local 

m easurem ent has been  ap precia ted  especially  fo r strain  levels 

below  0 .005% , w here  th e  local m easuring  system  allow ed us to 

define clearly th e  b ehav iou r even a t 0 .0 0 1 %  strain.

T o  check  the  effect o f  soil non -hom ogeneity  on  soil stiffiiess, 

the  position  o f  in ternal m easu rem en t sensors w as m odified to 

m easure axial defo rm ations o f  the  five parts  w ithin th e  specim en. 

T he com parison  b e tw een  th e  index p ro p erties  and th e  m odulus o f  

the  different specim en parts  suggested  th a t the  value o f  shear 

m odulus is con tro lled  m o re  by soil com position  and to  a  lesser 

exten t by soil consistence: i.e. th e  h igher values are  fo r th e  soils 

w ithin w hich  th e  silt frac tion  is p redom inant.

H ow ever, this research  is still in p ro g ress and th e  resu lts o f  

o th er tes ts  deem ed necessary  to  confirm  the  first experim ental 

data, will be  p resen ted  in a  fu tu re  paper.
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