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L . D IA M A N T I  D r .  E n g . —  T e c h n ic a l  D e p a r t m e n t ,  G e o s o n d a  C o . —  R o m e , I t a ly

C . S O C C O D A T O  D r .  E n g . —  C o n s o l id a t io n ,  R e s to r a t io n  D e p .,  G e o s o n d a  C o . — R o m e , I t a ly

SYNOPSI S The r epor t ,  af t er  a br i ef  geol ogi cal  descr i pt i on of  t he ar eas,  descr i bes t he basi c mechani cs of  t he r ocky f ai  

l ur es of  t wo l ocal i t i es of  pecul i ar  hi st or i cal  and ar t i Bt i c i nt er est :  t he Rocca of  St .  Leo i n Romagna and t he t own of  Or  

vi et o i n Umbr i a,  as wel l  as t he met hods appl i ed t o pr event  r ockf al l s and f or  t he st abi l i zat i on of  t he cl i f f s.

The i nst abi l i t y of  t he cl i f f s i s i n bot h cases due t o t he geomechani cs char act er i st i cs of  t he bed r ock f or mat i ons on whi  

ch t he cl i f f s r i se,  as wel l  as t o t he nat ur al  exogenous agent s and t o t he men' s act i on ( cut  of  veget at i on,  l oss of  wat er  

of  t he hydr i c and sevage pl ant s ect .  ).  The met hods f or  i mpr ovi ng t he st abi l i t y of  of  t he cl i f f e consi der ed r egar d t he r e­

moval  or  t he l i mi t at i on of  t he causes of  t he f ai l ur es and t he r ecost i t ut i on of  t he or i gi nal  equi l i br i um of  cl i f f s.

The met hods,  descr i bed f r om t he desi gn t o t he pr at i cal  appl i cat i on,  ar e t he f ol l owi ng:

-  r educt i on of  t he t eor et hi cal  cl i f f  hei ^i t  wi t h pr est r essed anchor s;

-  dr ai nage of  t he sl ope i n t he bed st r at a;
-  use of  gabi ons and r ei nf or ced concr et e di aphr agm wal l s t o pr event  t he er osi on of  t he sl ope and t o but t r es t he sl ope;

-  r ei nf or cement  of  t he cl i f f  wi t h r ock- bol t s pat t er ns associ at ed wi t h ver y l ong pr est r essed anchor ages;

-  hor i zont al  and subver t i cal  dr ai ns t o r educe wat er  pr essur e;

-  r evi si on of  t he hydr aul i c and sevage pl ant s.

FOREWORD

The t owns of  St .  Leo and Or vi et o ar e t ypi cal  of  a ki nd 

of  I t al i an si t es t hat ,  l ocat ed i n hi gh posi t i on and wi t h 

abundant  wat er  r esour ces,  have had i n t he past  gr eat  st r a 

t egi cal  i mpor t ance.  These si t es have many poi nt s i n com­

mon,  as t hey ar e l ocat ed on r ocky pl at es,  l i mi t ed by sub 

ver t i cal  wal t e and hence sui t abl e f or  def ense wi t h l i t t l e 

ef f or t .

The al most  uni nt er r upt ed pr esence of  man i n t hese si t es 

si nce t he VI I I  — VI  cent ur y B. C.  i s demonst r at ed t y a num 

ber  of  ar cheol ogi cal  f i ndi ngs and hi st or i cal  monument s.  

The mor phol ogy,  t he nat ur e and t he condi t i on of  t he gr and,  

t he exogenous agent s and somet i mes t he pr esence of  man,  

have r esul t ed i n many of  t hese t owns havi ng been subj ect ,  

and bei ng subj ect  even t oday,  t o mor e or  l ess ser i ous ro 

cky f ai l ur es.

GEKERALI TY

The t wo si t es ar e basi cal l y subj ect  t o ext ended f ai l ur es 

i n t he cl i f f s and i n t he sur r oundi ng sl opes.  The t ypol ogy 

of  t hese f ai l ur es,  not wi t hst andi ng t he di f f er ent  geol ogi ­

cal  nat ur e of  t he pl at es,  i s si mi l ar  i n t he t wo cases.  

Act ual l y t he nat ur e of  t he soi l ,  under l ayi ng t he t wo cl i f  

f s,  r esul t s i n f l ow l andsl i des,  whi ch ar e t he pr i mar y cau 

seB of  t he anomol ouB t ensi ons i n t he over l ayi ng r ocky f or  

i l l at i ons,  wi t h t he consequence of  t oppl i ng f ai l ur es at  mo­

r e or  l ess r egul ar  i nt er val s.

Bot h cl i f f s ar e char act er i zed by t he al most  compl et e r emo 

val ,  at  t hei r  bot t om,  of  t he nat ur al  veget at i on.  The sl o­

pes of  t he bed st r at a ar e,  i n bot h cases,  at  t hei r  nat u­

r al  l i mi t .

Th e  d i t c h e s ,  wh i c h  a r e  l a y e d  o u t  r a d i a l l y  i n  t h e  c a s e  o f  

Or v i e t o  a n d  e n c o mp a s s  t h e  c l i f f  i n  t h e  c a s e  o f  St .  Le o ,  

a r e  s u p p l i e d  by  wa t e r  o f  b o t h  me t e o r i c  a n d  s e wa g e  p l a n t  

o r i g i n ;  t h e y  h a v e  no t  r e a c h e d  t h e  e q u i l i b r i u m  p r o f i l e  a n d  

t h u s  s how a  v e r y  r a p i d  e r o s i o n  t h a t  r e a c h e s  up  t o  t h e  bo t  

t om o f  t h e  c l i f f .

Th e  e x i s t e n c e  o f  a  l a r g e  c o l l e c t i o n  o f  h y s t o r i c a l  d a t a ,  

h a s  made  i t  p o s s i b l e  t o  r e c o n s t r u c t  t h e  t i me  e v o l u t i o n  

o f  f a i l u r e  a l s o  i n  r e l a t i o n  t o  t h e  p r e s e n c e  o f  man a n d  t o  

t h e  c h a n ge B b r o u g h t  a bo u t  b y  h i m.

Th i s  i s  p a r t i c u l a r y  t h e  c a s e  o f  Or v i e t o  b e c a u s e  o f  t h e  

p l e n t y f u l  i c o n o g r a p h i c  m a t e r i a l .

Th e  c o n s o l i d a t i o n  a n d  s t r e n g t h e n i n g  wo r ks  a r e  s i m i l a r  f o r  

t h e  t wo  c a s e s  a n d  o b t a i n  t h e  r e c o v e r y  o f  t h e  s i t e s  a c c o r ^ 

d i n g  t o  t h e  f o l l o wi n g  l i n e s :

-  r emova l  o f  t h e  c a u s e s  o f  t h e  f a i l u r e s

-  s t a b i l i z a t i o n  o f  t h e  wa l l s  o f  t h e  c l i f f  a n d  o f  t h e  s l o ­

p e s  a t  t h e  b o t t o m, wh e r e  t h e  f a i l u r e s  o c c u r .

Th e r e f o r e  a  p r e l i m i n a r y  i n v e s t i g a t i o n  wa s  s t a r t e d  i n  o r ­

d e r  t o :

-  o b t a i n  a  c o mp l e t e  g e o l o g i c a l  a n d  g e o t e c h n i c a l  p i c t u r e  

o f  t h e  c o n t i n u o u s  a n d i n c r e a s i n g  d e t e r i o r a t i o n  o f  t h e  

t wo  s i t e s ,  a l BO i n  o r d e r  t o  d e f i n e  t h e  b o u n d a r y  o f  t h e  

i n t e r v e n t i o n ;

-  ma ke  a n a s s e s s me n t , k n o wi n g  t h e  h y s t o r i c a l  e v o l u t i o n  o f  

t h e  p r o g r e s s  o f  t h e  f a i l u r e s ,  o f  t h e  r e a l  i n f l u e n c e  o f  

m a n ' s  p r e s e n c e ;

-  make  t h e  p r o p o s a l  f o r  t h e  r e c o v e r y  a n d  i n  p a r t i c u l a r  e-  

s t a b l i s h  t h e  p r i o r i t i e s  i n  t h e  p r o j e c t .
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Fur t her mor e,  i n st udyi ng t he consol i dat i on pr oj ect s,  a 

gr eat  at t ent i on was gi ven t o t he pr obl em of  t he conaer va 

t i on of  nat ur al  envi r onment  of  t he t wo ci t i es,  because of  

t hei r  gr eat  val ue bot h wi t h r egar d t o hyst or y and l and­

scape.

The above pr oj ect s ar e now under  way bot h i n Or vi et o and 

St .  Leo ( August  1980) .

ST.  LEO SI TE 

Ceomor phol ogy

The si t e of  St .  Leo has a squar e shape bounded by subver  

t i cal  cl i f f s,  mor e t han 80 met er s hi gh;  i t s per i met er  i s 

about  3, 5 Km.  and t he t op sur f ace Bl opes downwar ds f r om 

East  t o West .  Ther e ar e t wo peaks,  on t he hi ghest  and 

st eepest  of  whi ch t he f amous For t ezza i s l ocat ed.

The r ocky pl at e i s sur r ounded by t wo deep val l eys i n t he 

cl ay f or mat i on.

On t he bot t om of  t he di t ches t her e i s a l ayer  const i t u­

t ed by degr aded and r emol ded cl ays.  Det r i t us and boul ­

der s comi ng f r om t he f ai l ur es i n t he cl i f f  ar e i ncl uded 

i n t he upper  l ayer s.
The r ocky pl at e i s const i t ut ed by a f ossi l i f er ous l i me­

st one,  t ur ni ng gr adual l y,  goi ng t owar ds t he t op,  i nt o 

sandy l i mest on® and caL<Breou s —sandst on*  (La n g h i a n o ) .

The gr adual  l i t hol ogi cal  t r ansf or mat i on i s par al l el ed by 

a gr adual  t r ansf or mat i on of  t he t ype of  l ayer  f r om homo 

geneous ( l i mest one)  t o st r at i f i ed ( sandst one) .

Li mest ones ar e f r act ur ed t o an i nt er medi at e degr e,  wi t h 

f r act ur es,  somet i mes open,  havi ng var i ous or i ent at i ons.

On t he cont r ar y,  sandst ones,  whi ch have a West - Sout h We 

st  i mmer si on,  ar e heavi l y f r act ur ed accor di ng t o pl anes 

nor mal  t o t he Bt r at i f i cat i on i n di r ect i on par al l el  t o t he 

st r at i f i cat i on p l a n e B.

The bedr ock i s const i t ut ed by st i f f  cl ays har dned by di a 

genesi s,  whi ch i s di vi ded i n weakl y bound .

The sur f ace l ayer  i s r emol ded and t her ef or e r educed t o a 

cl ay mass havi ng poor  consi st ency.

The posi t i on of  t he sandst one- 1i mest one compl ex over  t he 

ar gi l l e scagl i ose i s mer el y due t o t ect oni cs.

Fai l ur es

The si t e of  St .  Leo has t wo t ypes of  f ai l ur es:

— f l ow l andsl i des i n t he cl ay f or mat i on sur r oundi ng t he 

cl i f f ;

— t oppl i ng f ai l ur es i n t he sandst one—l i mest one f or mat i on.

The phenomenol ogy of  t he f ai l ur es may be summed up i n 

t he f ol l owi ng way:  t he cl ay soi l  due t o t he met eor i c wa 

t er  sof t ens gi vi ng r i se,  at  r egul ar  i nt er val s of  t i me,  

t o a r ot at i onal  sl i p,  unvei l i ng t he over l ayi ng l i mest one 

f or mat i on.  Reduct i on of  t he f or ceB act i ng at  t he bot t om 

of  t he cl i f f  and det er i or at i on i n t he geomechani cal  con­

di t i ons of  t he cl ays,  r esul t s i n t ensi l e st r esses i n t he 

sandst one- l i mest one compl ex,  such t hat  t r act i on f r act u­

r es ar e f or med.  These t r act i on f r act ur es t oget her  wi t h 

t he al r eady exi st i ng f r act ur es,  det er mi ng f avour abl e con 

di t i ons f or  f ai l ur es.

The wat er  i n t he f r act ur es,  whi ch nor mal l y i s dr ai ned 

t hr ough t he exi st i ng f i ssur es,  r i si ng t o consi der abl e a-  

mount s dur i ng heavy r ai nst or ms or  t he mel t i ng of  snows,  

can det er mi ne an i ncr ease of  t he t r act i on ar ea and br i ng 

t he hydr ost at i c pr essur e t o cr i t i cal  val ue r esul t i ng i n

t he f ai l ur e of  t he r ockB.

St r engt heni ng oper at i on

A det ai l ed sur vey was car r i ed out  i n or der  t o obt ai n,  be 

si des t he par amet er s necessar y t o det er mi ne t he t ype and 

t he di mensi on of  t he component s of  t he pr oj ect ,  al so t he 

ar eas havi ng pr i or i t y i n t he pr oj ect .

The wor ks ai med at  t he r emoval  of  t he causes of  t he f ai ­

l ur es and t o t he r ecover y of  t he ar eas,  ar e basi cal l y con 

Bt i t ut ed by r et ai ni ng st r uct ur es,  hydr aul i c wor ks,  r emo­

del l i ng of  sur f aces,  r eaf f or est at i on i n t he ar ea of  " ar ­

gi l l e scagl i ose" .

For  t he l i mest one- sandst one f or mat i on t he r ecover y of  t he 

wal l s was pl anned by t he f ol l owi ng means: pr et ensi oned an­

chor ages,  connect ed wi t h a dense sur f ace net  of  st eel  

nai l s,  cl eani ng of  t he f r act ur es wi t h wat er  and ai r ,  f i l ­

l i ng t he f r act ur es wi t h cement  i nj ect i ons,  r emoval  of  hy­

dr ost at i c pr essur e by means of  subhor i zont al  mi cr odr ai na-  

ges.

Sl opes

The i nt ensi t y of  t he act i ng f or ces and t he i mpossi bi l i t y 

of  avoi di ng set t l ement s,  whi ch coul d be consi der abl e con­

si der i ng t he nat ur e of  t he soi l ,  has l ed t o t he ut i l i za­

t i on of  f l exi bl e st r uct ur es ( gabi ons) ,  bot h f or  t he st a­

bi l i zat i on and f or  t he dr ai nage of  t he sl opes.

Ther ef or e t he di mensi oni ng and t he l ocal i zat i on of  t he a-  

bove st r uct ur es was pl anned so t hat  t he r esi dual  movement  

of  t he l andsl i de coul d be absor bed,  al l owi ng t he mat er i al  

t o penet r at e i n bet ween t he var i ous el ement s f or mi ng t he 

whol e st r uct ur e.  Thus t he gr adual  compr essi on of  t he soi l  

and t he r emoval  of  wat er ,  dr ai ned away,  r esul t s i n t he 

consol i dat i on of  t he cl ay.

I n addi t i on and compl ement  of  t he above ment i oned r et ai ­

ni ng st r uct ur es,  t he pr oj ect  f or esees t he hydr aul i c ar r an 

gement  of  t he whol e ar ea,  t he r emodel l i ng and t he r eaf f o­

r est at i on of  t he sl opes.  Thi s r emedi al  measur es wi l l  l i ­

mi t  or  avoi d t he f r ee f l ow of  t he met eor i c wat er s,  t her e 

f or e r educi ng t he moi st ur e cont ent  of  t he sur f ace st r at a 

and achi evi ng a subst ant i al  i mpr ovement  i n st r ess—r esi ­

st i ng pr oper t i es of  t he soi l .

Rocky pl at e

The wor ks,  t hat  up t o dat e have been f i ni shed,  r egar d t he 

ar ea under l ayi ng t he gat e of  t he t own,  whi l e t he wor ks on 

t he N- NE si t e j ust  bel ow t he keep of  t he For t r ess ar e still, 

r unni ng.

On t he f i r st  si t e consi der ed t he r ock appear s heavi l y and 

var i ous f r act ur ed.

These di scont i nui t i es,  t hat  ext end ver y deep i nsi de t he 

r ock cl i f f ,  demonst r at e a st at e of  gener al  r el ease, t hey 

can be di vi ded i n t wo mai n syst ems,  t he f i r st  i s al most  

subver t i cal  and t he second one i s l i t t l e Bl opi ng on t he 

hor i zont .

The pr oj ect  f or esees t he anchor age i nt o t he deep sound 

st r at a of  t he ext er nal  cor t i cal  st r at a (5+10 m t hi ckness) ,  

wher e t he f ai l ur es occur ,  i n t he f ol l owi ng way.

A gener al  consol i dat i on of  t he ext er nal  sur f ace of  t he 

cl i f f  i s f i r st  car r i ed out  usi ng dense net  of  t he st eel  

nai l s and cement  i nj ect i on.  I n t hi s way t he si ngl e r ocky 

el ement s di vi ded by t he f r act ur e,  ar e connect ed each ot her 

and i s possi bl e t o avoi d a r el ease of  t he mass al ong t he
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Fi f > 1 -  St *  Leo map of  t he ci t e -  Mai n f ai l ur e syst ems occur  i n t he East  and Sout h si de*

j oi nt s,  and t he f ol l owi ng t oppl i ng f ai l ur e}  on t hi s sound 

cor t i cal  r ocky vol ume,  af t er war d t he necessar y r et ai ni ng 

st r esses,  ar e appl i ed usi ng pr et ensi onal  deep st eel  ancho 

r ages.

A car e f ul l  sur vey of  t he j oi nt  Bet s,  meet  dur i ng t he bo­

r i ng oper at i ons,  was car r i ed out  i n or der  t o modi f y,  whe­

re necessar y,  t he desi gn accor di ng t o t he r eal  si t uat i on.  

The st r engt heni ng oper at i on ar e car r i ed out  wi t h t he f ol  

l owi ng pr ocedur e:

1 — const r uct i on of  t he wor ki ng "br i dge (80+90 m hi gh )

2 -  const r uct i on of  a f i r Bt  ser i es of  t est  anchor ages i n

or der  t o obt ai n al l  t he necessar y dat a about  t he r ock 

condi t i ons and t o det er mi ne t he char act er i st i cs of  t he 

anchor ages;

3 — const r uct i on of  a n e t  of  Bt e e l  nai l s and consol i dat i on

of  t he sur f ace r ock st r at a wi t h gr out i ng and/ or  ce­

ment  i nj ect i ons;

4 -  const r uct i on of  t he anchor ages;

5 -  const r uct i on of  t he mi cr odr ai nage syst em,

The sur f ace nai l s,  wi t h a l engt h bet ween 6* 9 m,  ar e f or*- 

med by hi gh t ensi l e st eel  bar s (30 mm.  di a) ,  cement ed i n 

60 mm,  di a hol es.  The di r ect i on of  t he si ngl e bar s ar e l o 

cat ed i n or der  t o f or m a net  and t o st i ch t oget her  at  l e_a

st  t wo r ock el ement s.  For  t he gr out i ng t he maxi mum sand 

si ze was 2 mm.  , t he cement  cont ent  t wi ce t hat  of  t he sand 

and t he wat er / cement  r at i o i s about  appr oxi mat el y 0, 5» 

speci al  admi xt ur es wer e used i n or der  t o avoi d mor t ar  

shr i nkage.  Dur i ng t hi s oper at i on al l  t he open f r act ur es 

i n t he r ocks have been cl eaned and gr out ed and al l  t he vi  

si bl e open j oi nt s have been Beal ed i n or der  t o avoi d any 

l oss of  gr out  dur i ng t he f ol l owi ng i nj ect i ons.

The maxi mum i nj ect i on pr essur e was 2, 5 at m,  t val ue car e­

f ul  consi der ed i n or der  t o avoi d dur i ng t hi s st age any 

addi t i onal  st r ess on t he out si de par t  of  t he cl i f f .

Af t er  t he gr out i ng ever y out Bi de l oss of  gr out  was car e­

f ul l y washed away wi t h cl ean wat er .

Ther  per manent  anchor s have t he f ol l owi ng char act er i st i cs;

aver age l engt h 35tOO m;

maxi mum l engt h 55j OO

car r yi ng capaci t y 45»00 t on»
hol e 100 mm.  di a.

The dr i l l i ng oper at i on wer e car r i ed on usi ng i n t he f i r st  

wor ks ( 1969- 70) nor mal  ai r  compr essed per cussi on dr i l l i ng 

wi t h ai r  l i f t  t han i n t he f ol l owi ng wor ks ( 1979“ 0O)  down 

t he hol e hammer s wi t h a good i ncr ease i n t he dai l y pr o­

duct i on.
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‘ i f *  ■- ~ — • Leo -  A pen er f  1 vi ew of  t he East  si de.

The val ue of  t he car r yi ng capaci t y of  t he anchor s was f i  

xed,  accor di ng t o t he maxi mum admi ssi bl e st r ess on t he 

r ock under  t he anchor  heads.  The per manent  anchor s ar e of  

t he gr out ed body under  t ensi on t ype.  The cor r osi on pr o­

t ect i on consi st s,  i n t he f i r st  wor k (1969“ 70) onl y i n ce 

ment  gr out  cover i ng at  l east  2 cm.  t he bond l engt h,  i n 

t he f ol l owi ng wor ks ( 1979“ 6° ) t he pr ot ect i on was assur ed 

by a r i bbed pl ast i c t ube,  chos en met hods have gi ven 

no t r oubl e dur i ng t he i nst al l at i on and i n t he f ol l owi ng 

year s.

I n addi t i on t o t he nor mal  sui t abi l i t y t est ,  f or  a number  

of  anchor s t he t est  was car r i ed on over  a per i od of  120 
days.  Dur i ng t he l oadi ng and unl oadi ng cycl eB,  i n or der  

t o know t he el ast i c and pl ast i c def or mat i ons t he maxi mum 

l oad was t aken up t o a l oad 1, 5 t i me t he wor ki ng l oad.

I n t he ar ea near  t he t own gat e,  a f al l  of  t he 2C$ of  t he 

i ni t i al  val ue of  t he l oad was not i ced.  Ther ef or e i n t hi s 

ar ea al l  t he anchor ages wer e agai n pul l ed t o t he f or eseen 

l oad and t est ed f or  anot her  100 days.

Onl y af t er  t hi s t i me,  consi der i ng t hat  no ot her  l oss i n 

t ensi on occur ed,  t he f r ee l engt hs wer e i nj ect ed and t he 

anchor  heads cement ed.

The anchor  heads wer e cement ed i n ni ches dug i nt o t he TO 

ck and seal ed wi t h t he or i gi nal  r ocky f r agment s,  so coul d 

be avoi ded any al t er at i on of  t he vi sual  appr oach of  t he 

cl i f f  and cont empor ar y obt ai n t he cor r osi on pr ot ect i on 

necessar y f or  t he heads because of  t he possi bi l i t y of  ho 

st i l e l i qui d agent s seepi ng i nt o t he anchor  heads.

Consi der i ng t hat  t he cl i f f  i n t he r ecover ed ar ea was no 

mor e wat er  per vi ousT a syst em of  mi cr odr ai ns 85 nnn.  di a,  

401-50 mt .  i n l engt h was t han const r uct ed i n or der  t o a-  

avoi d any danger  of  over pr essur es.

F i e *  3  -  G e n e r a l  v i e w  o f  t h e  w o r k i n g  b r i d g e
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O R V I E T O  

Geomor phol og. cal  aspect s

The cl i f f  of  Or vi et o may be si mpl i f i ed consi der ed as a 

r ocky pl at e f or med by pyr ocl ast i c deposi t s of  var i ous 

consi st ency over l ayi ng t he " bed r ock” f or med by mi ddl e 

pl i oceni c cl ays ( wi t h a t hi ckness of  mor e t han 2000 mt ) .  

A l ayer  of  al l uvi al  deposi t s ( si l t y sands and coar senen 

gr avel s)  i ncl udi ng al so some pyr ocl ast i c mat er i al s,  a-  

bout  10 m i n t hi doi ess,  f or me an i nt er medi at e el ement  cn 

t he st r at i  g r a p h i c a l  ser i es.  The Bha pe  of  t he c l i f f  i s 

near l y el l i pt i c,  l engt heni ng i n t he di r ect i on E- NE,  0-  

S0f wi t h di mensi ons r oughl y 1. 600 met er s t i me 050 met ers.  

The wal l s of  t he cl i f f  ar e subver t i cal  and some cases 

over  hangi ng;  t hei r  hei ght  r ai ses t o 50 m.  Mor phogenet i  

cal  pr ocesses have det er mi ned t he pr ogr essi ve r educt i on 

of  t he or i gi nal  vol cani c " pl at eau” , t he separ at i on of  

t he cl i f f  f r om t he sur r oundi ng ar eas and t he f or mat i on 

of  t he val l eys,  wher e t wo smal l  r i ver s f l ows,  f o r me  d 

i n t he cl ay sedi ment  of  t he bed r ock,  wheat her ed by t he 

nat ur al  exogenous agent s.

The bed r ock cl ays,  sur r oundi ng t he cl i f f  ar e cover ed 

by a t hi ck det r i t al  cover  or gi nat ed by t he pr ogr essi ve 

er osi on of  t he pyr ocl ast i c cl i f f ;  t he cover  cont ai ns 

l oose el ement s and r ock f r agment s,  t he di mensi ons of  

whi ch may ar i se up t o sever al  cubi c met er s.

I n t he det r i t al  cover ,  t he t hi ckness of  whi ch decr ease 

l i near  wi t h t he di st ance f r om t he cl i f f ,  i s l ocat ed t he 

wat er  t abl e.

Spr i ngs appear  al ong t he cont act  wi t h t he i mper vi ous 

st r at a of  cl ay al l  ar ound t he sl opes.

The p y r o c l a s t i c  p l a t e ,  g e n t l y  d i p p i n g  N- NE,  i s c l e a r l y  

l a y e r e d  wi t h  g i a n t  s u b h o r i z o n t a l  b e d d i n g .  We c a n  d i s t i n  

gui sh a l wa y s  t he f o l l o wi n g  l e v e l s ,  mor e  o r  l e s s  a l t e r e d  

t y  d i a g e n e s i s : h a r d - t u f f ,  p o mi c e o u s  t u f f  ma r ke d  by s t r a  

t i f i c a t i o n  p l a n e B,  h a r d  c o h e r e n t  t u f f  wi t h  bl ack s c o r i a * 

i n d u r a t e d  ashes a n d  v e i y  p o o r  c o h e Bi v e  t u f f .

The t h i c k n e BS of  t h e  v a r i o u s  d e p o s i t s  i s v a r i a b l e ,  e nd 

t h e  p a s s a g e  f r om o ne  l e v e l  t o  a n o t h e r  i s  c o n t i n u o u s  wi t h  

ou t  i n t e r r u p t i o n  i n  t h e  Bt  r a t i  g r a p h i c a l  s e r i e s .  The b e d  

d i n g  i s i n f l u e n c e d  b y  t h e  p a l e o mo r p h o l o g y .

The t u f f s  a r e  f r a c t u r e d  a n d t h e i r  j o i n t s  a r e  g e n e r a l l y  

c l o s e d .  I n s ome p l a c e s  t h e  f r a c t u r e s ,  who r un  a l o n g  t h e  

wh o l e  h e i g h t  o f  t h e  c l i f f ,  a r e  o p e n  i n  t h e  u p p e r  p a r t  

a n d  t e n d  t o  c l o Be  c o mi n g  t o  t h e  bo t t o m o f  t h e  c l i f f .  The 

s e  s y s t e ms  o f  j o i n t s  d i v i d e  t h e  r o c k  i n t o  c o l umns  a n d  

p i l l a r s .

The geomet r i cal  f eat ur e of  col umnar  j oi nt i ng may be ac­

count ed by f r act ur i ng by t ensi onal  st r esses devel opped 

due t he st at i c f at i gue and t o t he di f f er ent  geomechani cs 

char act er i st i cs bet ween t he pyr ocl ast i c deposi t s and t he 

under l ayi ng st r at a.

The number  of  f r act ur e decr ease i nsi de t he pl at e wi t h 

t he di st ance f r om t he out si de boundar y of  t he cl i f f .

Fai l ur es

The gener al  condi t i ons of  i nst abi l i t y of  t he t uf f  cl i f f  

and of  t he under l ayi ng cl ay sl opes ar e wel l  known and 

descr i bed si nce t he Mi ddl e age.

I t  i s i nt er est i ng t o not i ce t hat ,  on t he basi s of  t he 

avai l abl e hi st or i c and i conogr aphi c document at i ons back 

t o 1528 AD,  i t  appear s t hat  t he ar eas of  t he cl i f f ,  whe

r e t he most  of  t he f ai l ur es occur ,  ar e al most  al ways t he 

same.  These ar eas cor r espond mor e or  l ess t o t he si des,  

wher e t he t emper at ur e changes,  t he met eor i c wat er s and 

i n addi t i on t he man* s r ol e have been and ar e mor e ef f ec­

t i ve.

Fai l ur es can be so cl assi f i ed:

— l andsl i des al ong t he sl opes ( i n t he pl i oceni c cl ays and 

i n t he r ocky debr i se;

— ear t h f l ows,  mud f l ows and soi l  cr eep;

— l andsl i des i n t he t uf f  cl i f f  ( al ong t he ext er nal  boun­

dar y of  t he pl at e) :  r ockf al l s,  desquamat i ons;

— l ocal  subsi dences due under mi ni ng i nsi de t he t own.

The sl ope of  t he debr i ses ar e at  t hei r  nat ur al  l i mi t  and 

t her ef or e pot ent i al l y unst abl e.

Any change i n t he under gr ound wat er  t abl e,  due t o unusual  

r ai nf al l s or  t o t he l osses of  t he hydr aul i c pl ant s,  t hr ou 

gh t he per vi ous t uf f  st r at a of  t he pl at e,  may t r i gger  

a l andsl i de.

Long anal ysi es of  t he hydr ol ogi cal  bal ance and of  t he di  

st r i but i on of  t he pol l ut i on al ong t he wat er  wel l s and 

t he spr i ngs l ayi ng on t he sl opes have been car r i ed out  i n 

or der  t o eval uat e t he i nci dence of  t he hydr i c pl ant s l os 

ses ( acqueduct ,  sewage pl ant )  i n compar i son wi t h ot her  

causes.  The hydr i c consumpt i on and t he cor r espondi ng i n 

f l ow of  wat er  on t he cl i f f  have i ncr ease i n t he l ast  cen 

t ui y f r om 1 t o 4, wi t h a l i near  connect i on wi t h t he i n­

cr ease i n t he number  and di mensi ons of  t he f ai l ur es.

The met eor i c wat er s ar e dr ai ned by 5 di t ches,  i n whi ch 

al so t he sewage wat er s ar e car r i ed.  The hydr aul i c capa­

ci t y of  t hese di t ches ar e now t ot al l y i nsuf f i ci ent  consi  

der i ng t he t oday' s wat er  out f l ow.

Because t he nat ur al  veget at i on has been compl et el y r emo­

ved,  t he er osi on of  t he di t ches,  now per enni al ,  due t o 

sewage pl ant s,  al l ows t he f or mat i on of  l ocal  l andsl i des 

and cr eej £l at er al l y al ong t he si des and at  t hei r  head.

The pl i oceni c cl ays ( bed r ock) ,  have been i nt er est ed du­

r i ng t he pr ehi st or i cal  and hi st or i cal  t i mes by many l and 

sl i des.  The st r uct ur es of  t he l ar ge Et r uscan necr opol i ,  

f ounded on t he pl i oceni c cl ays,  t hat  embr aces t he t uf f  

cl i f f ,  or i gi nal l y f l at ,  appear  t oday backt i l ded and t he­

r e i s bet ween t he var i ous bur i al s a di f f er ent i al  set t l e­

ment  accor di ng t o t he di st ance f r om t he cl i f f .

At  t he begi nni ng of  t he cent ur y about  2/ 3 of  t he Nor t h 

Si de col l apsed due t he under cut t i ng of  t he cl ay sl ope 

f or  t he const r uct i on of  t he r ai l way Rome- Mi l an.

The f ai l ur es,  t hat  occur  on t he wal l s of  t he t uf f  cl i f f ,  

var y accor di ng t o t he r ock condi t i ons f r om si ngl e smal l  

f r agment s t o t he col l apse of  a whol e f r ont ,  wi t h no de­

f i ned sl i pe pl ane.

Fai l ur es depend on t he i ncr ease of  t he t ensi on st r esses 

i n t he t uf f  f or mat i on due t o t he gr eat er  def or mabi l i t y 

of  t he bed r ock ( cl ay)  i n compar i son t o t he pyr ocl ast i c 

deposi t s,  and t o t he l andsl i des,  i n t he debr i 6es and i n­

t o t he cl ays,  t hat  have r educed or  el i mi nat ed t he r et ai n­

i ng f or ces on t he f oot  of  t he cl i f f .  The st at i c f at i gue,  

t he weat her i ng and t he cl i mat i c act i ons have i mpr oved 

t he f or mat i on of  f r act ur es due t o t he t r act i on i n t he u£ 

per  si de of  cl i f f .  A f i nal  but  not  negl i gi bl e cause ar e 

t he wat er s f l owi ng i nt o t he f r act ur es,  t hat  may i ncr ea­

se,  wher e not  suf f i ci ent l y dr ai ned,  t hei r  hydr aul i c head 

t her ef or e i mpr ovi ng t he hydr ost at i c pr essur e on t he i n­

t er nal  f aces of  t he f r act ur e and t r i gger i ng t he f al l s
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f i g.  4 ”  Or vi et o -  Map of  t he si t e f ai l ur es occur  i n t he gr ey nr eae

of  si ngl e l ar ge r ocky f r agment s or  of  a whol e wal l .  Al l  

t hese aspect s have been i nvest i gat ed wi t h a comput er  i n 

or der  t o see t he mut ual  i nt er di pendence of  t he Bi ngl e e-  

l ement s of  t he pr obl em.

S t r e n g t h e n i n g  a n d  r e c o v e r y  o p e r a t i o n s

The met hods t o i mpr ove t he st abi l i t y of  t he cl i f f  r egar d 

t wo di f f er ent  aspect s:

-  r emoval  or  l i mi t at i on of  t he causes of  t he f ai l ur es,

-  r eest abl i shment  of  t he or i gi nal  equi l i br i um of  t he hi l l *

Ther ef or e t he f or eseen wor ks now st ar t i ng ( 1980) ai m:

-  t o l i mi t  or  el i mi nat e t he wat er  ci r cul at i on i nsi de t he 

t uf f  pl at e and t he det r i t al  cover  ( bot h per vi ous) ;

-  t o avoi d t he under mi ne at  t he bot t om of  t he pl at e due 

t o possi bl e l andsl i des;

-  t o r educe t he t r act i on st r esses,  t hat  cause t he t ensi on 

st at e i nsi de t he t uf f  f or mat i on;

-  t o st r engt hen t he si t es,  wher e t he f ai l ur e occur ed.

The wor ks consi st  i n :

-  t he gener al  over haul i ng of  bot h t he sewage pl ant  and of  

t he hydr i c pl ant ,  wi t h t he const r uct i on,  wher e necessar  

i y,  of  new l i nes;

-  t he const r uct i on of  a new syst em of  sever  and wat er  

dr ai ns t o assur e pr oper  get t i ng of  t he met eor i c and 

r esi dual  wat er s al ong t he edge of  t he cl i f f ;

-  t he over haul i ng and t he compl et i on of  t he dams on t he

r adi al  di t ches t o assur e a pr oper  f l ow of  t he wat er s r un 

ni ng now savegel y al ong t he sl opes;

-  t he r eaf f or est at i on al l  al ong of  t he upper  edge and t he 

f act  of  t he cl i f f  denudat ed by t he man;

-  t he dr ai nage of  t he cl i f f  wi t h a syst em of  subhor i zon-  

t al  mi cr odr ai ns;

- t he  r eest abl i shment  of  t he or i gi nal  r et ai ni ng f or ces 

at  t he f oot  of  t he cl i f f ,  usi ng a net  of  deep pr et en-  

si oned anchor ages;

-  t he st r engt heni ng and r ecover i ng of  t he si t e of  t he 

cl i f f ,  wher e t he f ai l ur es occur ed,  wi t h anchor ages i n 

t he upper  si de of  t he f ace of  t he cl i f f  and wi t h a net  

of  st eel  cement ed nai l s al ong t he f ace.

Al l  t hese wor ks wi l l  be cont r ol l ed wi t h t he pr el i mi nar y 

i nst al l at i on of  a di f f use f i el d i nst r ument at i on.

The pur pose of  t he i nst r ument at i on,  t hat  wi l l  be appl i ed 

bot h on t he cl i f f  and al ong t he sl opes,  i s t o st udy t he 

behavi our  of  t he r ock masses,  subj ect ed t o t he consol i da 

t i on,  bef or e,  dur i ng and af t er  t he st r engt heni ng oper a­

t i ons,  i n or der  t o see t he di f f er ences bet ween pr edi ct ed 

and act ual  per f or mances.

The measur es,  t hat  wi l l  be car r i ed on,  consi st  i n l oa­

di ng and unl oadi ng cycl es on t he anchor ages,  i n anal ysi ng 

t he i nf l uence of  t er mi c gr adi ent  on t he i ock movement s i n 

t he cl i f f ,  i n measur i ng t he por e wat er  pr essur e and wat er  

t abl e changes ver sus t he ear t h pr essur e and t he movement s
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f i g.  5 ~ Sout h si de Fai l ur es and Pr oposed wor ks.
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i n. t he sl opes.

Al l  t he i nst r ument s wi l l  be f ul l y aut omat i sed i n or der  

t o get  cont i nuous r esul t s and t o avoi d any er r or ,  i n t he 

measur es due t o t he man.

The i nst al l at i ons of  t he r et ai ni ng and dr ai ni ng st r uct u­

r es,  ar e si mi l ar  t o t hat  al r eady execut ed or  i n execut i on 

i n St .  Leo and t hey ar e descr i bed i n t he encl osed f i gur es 

f or  t he di f f er ent  si t es.

Pi g*  6 -  The Rocca of  Al bor noz.  Gener al  vi ew and 

pr oposed vor ks
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