
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


The T o w e r o f  Pisa and th e  S u rro u n d in g  S quare : R ecent O bse rva tion s

La T o u r de Pisa e t la P lace A u to u r: O bse rva tions R ecentes

9 /8

A . C R O C E  

A . B U R G H IG N O L I 

G . C A L A B R E S I 

A .  E V A N G E L IS T A  

C . V IG G IA N I

U n i v e r s i t y  o f  N a p le s  

U n iv e r s i t y  o f  R o m e  

U n iv e r s i t y  o f  R o m e  

U n iv e r s i t y  o f  N a p le s  

U n iv e r s i t y  o f  N a p le s ,  I t a ly

SYNOPSI S The r es ul t s  of  t he obs er v at i ons  made i n t he l as t  dec ade on t he Tower  of  Pi sa and on

t he s ur r oundi ng monument s  gi v e a gener al  pi c t ur e of  t he mov ement s  of  t he Tower  and al l ow t hem t o be 

c ons i der ed i n a mor e c ompl ex  and br oader  cont ex t .  The meas ur ement s  c onc er n t he s et t l ement  of  t he To= 

wer  and of  a number  of  poi nt s  i n t he s ur r oundi ng squar e,  and t he pi ez omet r i c  l evel  i n t he mai n 

l ayer s  of  t he subsoi l .

Si nce mos t  of  t he meas ur ement s  hav e been c ar r i ed out  by  means  of  i ns t r ument s  i ns t al l ed i n 1965 and 

t hei r  r es ul t s  s pan ov er  a per i od l ong enough t o be s i gni f i c ant ,  t hey  c ompl et e t he obs er v at i ons  made 

s i nce t he begi nni ng of  t hi s  c ent ur y  and al l ow a deeper  i ns i ght  of  t he Tower  behav i our .  I n par t i c ul ar ,  

pos s i bl e c or r el at i ons  among t he obs er v ed phenomena ar e poi nt ed out .

The c onc l us i ons  dr awn s eem t o be of  some use f or  a mor e s ui t abl e moni t or i ng of  t he Tower  and f or  a 

gui danc e t owar ds  per s pec t i v e s t abi l i z at i on of  t he monument .

I NTRODUCTI ON

The Commi s s i on set  up by  t he I t al i an Mi ni s t r y  

of  Publ i c  Wor k s  f or  pr epar i ng an i nt er nat i onal  

t ender  f or  c ons ol i dat i ng t he Leani ng Tower  of  

Pi s a t er mi nat ed i t s s t udi es  on t he mov ement s  

and on t he f oundat i on soi l s  about  12 y ear s  ago.  

At  t hat  t i me,  a new s er i es  of  meas ur ement s  was 

i ni t i at ed f or  a moni t or i ng of  t he Tower ,  t he 

near - by  monument s ,  t he s ur r oundi ng s quar e and 

some env i r onment al  c ondi t i ons ,  as t he gr ound 

wat er  l evel .

The v ar i ous  pr opos al  s ubmi t t ed f or  t he t ender  

wer e not  accept ed,  and t he c ons ol i dat i on wor k s  

hav e been no l onger  c ar r i ed out ;  t he obs er v a= 

t i ons  made s i nc e t hen,  however ,  s hed l i ght  on 

s ome as pec t s  of  t he c ompl ex  and uni que phenome= 

non of  t he r el ent l es s  mov ement  of  t he Tower .

I n t hi s  paper  t he mai n dat a c ol l ec t ed af t er  t he 

publ i c at i on of  t he Commi s s i on Repor t  ( 1971)  ar e 

r epor t ed and anal ysed,  s eek i ng pos s i bl e c onnec = 

t i ons  bet ween t he r ec ent  mov ement s  of  t he Tower  

and t he c hanges  i n env i r onment al  condi t i ons .

RECENT MOVEMENTS OF THE TOWER

Onl y  f r om 1965 onwar d t he s et t l ement  of  t he To= 

wer  has  been moni t or ed;  unt i l  1965,  t he r ot at i on 

of  t he Tower  had been t he sol e c onc er n of  t he 

many  peopl e who s t udi ed i t s behav i our .

Si nce 1911 t he i nc l i nat i on angl e was  meas ur ed 

( ever y s i x  mont hs  s i nce 1923)  t hr ough a geode= 

t hi c  met hod k nown as Pi zzet t i '  s met hod.  Si nce 

t he Tower  ax i s  i s cur ved,  t he angl e #  f or med by  

t he l i ne c onnec t i ng t he c ent er s  of  t he f i r s t

and t he s ev ent h c or ni ces ,  C-| and C7 , wi t h t he 

ver t i cal ,  i s bei ng us ed t o ex pr es s  t i l t i ng.

I n 1911 t hi s  angl e was  5° 14' 46" ,  whi l e t he angl e 

f or med by  t he bas i s  pl ane wi t h t he hor i z ont al  

was  about  11 ' gr eat er .

The pl ane of  max i mum i nc l i nat i on was  al mos t  coi = 

nc i dent  wi t h t he N- S di r ec t i on.

The v al ues  of  •& meas ur ed f r om 1911 t o 1934 ar e 

pl ot t ed agai ns t  t i me i n f i g.  1a ( dot t ed c u r v e ) .

I n 19 34 a pendul um ( known as  Gi r omet t i - Bonec h i 1s 

i nc l i nomet er )  was  i ns t al l ed bet ween t he f i r s t  

and t he s i x t h c or ni ce.  By  means  of  t hi s  appar a= 

t us,  t he Tower  r ot at i on has  been meas ur ed dai l y  

wi t h gr eat  ac c ur ac y  (1/ 100")  and r ef er r ed t o 

t wo v er t i c al  pl anes ,  one of  whi c h c oi nc i des  wi t h 

t he 1934 pl ane of  max i mum i nc l i nat i on and f or ms  

an angl e of  onl y  2° 26'  wi t h t he N- S di r ec t i on.

The t wo c omponent s  of  t he Tower  r ot at i on ar e 

bei ng t her ef or e i ndi c at ed as OSyg and dj ^ t f i g.  1) .

The i nc l i nat i on of  t he Tower  f r om 19 34 onwar d,  

r epor t ed i n f i g.  1 , has  been obt ai ned by  addi ng 

t hese r es ul t s  t o t he geodet hi c  meas ur ement  r e= 

s ui t  i n t hat  y ear  ( $ = 5° 16' 50" ) .

The i nc l i nat i on i nc r ement s  per  y ear  s i nc e 1934,  

i n bot h di r ec t i on,  ar e pl ot t ed i n f i g.  2.  The 

di agr ams  c l ear l y  s how t he f l uc t uat i on of  r ot a= 

t i on v el oc i t i es  ar ound an al mos t  c ons t ant  and 

pos i t i v e val ue,  whi c h i s a c har ac t er i s t i c  of  t he 

Tower  behav i our .

Two mor e pr onounc ed phenomena mar k ed i t s  l i f e 

s i nce 1934:  a s udden i nc r eas e of  t i l t i ng r at e 

whi c h oc c ur r ed i n 35 and l at el y ,  s t ar t i ng i n t he 

s i x t i es ,  a pr ogr es s i v e and l ong l as t i ng i nc r eas e
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b)

Fi g.  1.  Tower  i nc l i nat i on meas ur ement s ,  a)  Val ues  of  9 meas ur ed by  Pi z z et t i ' s  met hod f r om 1911 t o 

1934 ( dot t ed l i ne) .  Af t er  1934,  t he i nc l i nat i on may  be ex pr es s ed as:

f t  —\/ ( f t  + a ) ^ ^  f t  + a
v 1934 NS EW 1934 NS

f t  i s as s umed pos i t i v e f or  s out hwar d i nc l i nat i on.

b)  Val ues  of  a „ , s i nce 1934;  eas t war d 
EW

of  bot h c omponent s  of  t he r ot at i on v el oc i t y .

The f or mer  was  c l ear l y  due t o t he gr out i ng of  

t he f oundat i on mas onr y  and of  t he ex t er nal  ba= 

si n,  whi c h was  c ar r i ed out  at  t hat  t i me.  The 

i nduc ed r ot at i on i nc r ement  mai nt a i ned t he N- S 

di r ec t i on and oc c ur r ed i n a f ew mo n t h s .

On t he c ont r ar y ,  t he l at t er  phenomenon i nt r odu= 

c ed a s ens i bl e c hange of  t he r ot at i on pl ane and 

went  on f or  a l ong t i me.  For  t hes e r easons ,  t he 

new t r end of  t he Tower  mov ement ,  as soon as i t  

was  f i r s t l y  not i ced,  appear ed of  mor e c onc er n 

and pot ent i a l l y  danger ous  as i t s  pos s i bl e causes  

r emai ned undet ec t ed.

The anal y s i s  of  t hi s  phenomenon and of  i t s  con=

i nc l i nat i on i s as s umed as pos i t i ve.

nec t i ons  t o t he ev ol ut i on of  t he env i r onment al  

c ondi t i ons  f or ms  t he mai n obj ec t  of  t hi s  paper .

Fi nal l y ,  f r om t he v el oc i t y  di agr ams  of  f i g.  2 

i t  seems t hat ,  when t he f i r s t  per t ur bat i on pe= 

r i od ended,  i n 1936,  t he mov ement  of  t he Tower  

r eassl uned i t s  pr ev i ous  t r end,  wi t hout  appar ent  

memor y  of  t he pr ec edi ng f ac t s ,  ex c ept  obv i ous l y  

t he ac c umul at ed angl e of  t i l t i ng.

Whet her  t he same oc c ur s  af t er  1978,  on t he c on= 

t r ar y ,  appear s  at  pr es ent  t o be doubt f ul .
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Fi g.  2.  I nc l i nat i on i nc r ement s  per  y ear  s i nce 

1934;  t he s i gn c onv ent i on i s t he same 

as i n f i g.  1

The r es ul t s  of  t he geot ec hni c al  i nv es t i gat i ons  

c ar r i ed out  at  d i f f er ent  t i mes,  but  mai nl y  i n 

1965- 66,  on t he Tower  subsoi l ,  hav e been al r eady  

publ i s hed ( M. P. W.  Commi s s i on,  1971) .

I n or der  t o gi v e a s y nt het i c  p i c t ur e of  t he 

f oundat i on soi l s  wi t h t hei r  mai n f eat ur es ,  how= 

ever ,  t he bor ehol e pr of i l es  and t he c one pene= 

t r at i on di agr ams ,  al i gned on t he N- S c r os s  sec= 

t i on t hr ough t he Tower  ax i s ,  hav e been c ompos ed 

i n f i g.  3.  Tabl e I  s ummar i z es  t he geot ec hni c al  

c har ac t er i s t i c s  of  t he v ar i ous  l ayer s .

Two poi nt s ,  whi c h c l ear l y  ar i s e f r om f i g.  3,  ar e 

not ewor t hy .  Fi r s t l y ,  t he s t r at i gr aphi c  c or r el a= 

t i on of  t he v ar i ous  l ayer s  i s v er y  wel l  under = 

l i ned by  t he s har p c hanges  i n t he phy s i c al  and

SUBSOI L PROPERTI ES

TABLE I .  Geot ec hni c al  pr oper t i es  of  t he s ubs oi l  of  t he Tower

Dept h

(m)

Nat ur e of  t he soi l
WL

( %)

x p

( %>

CF

(%)

w

(%)

St at e of  

consol i = 

dat i on

C
o

c
v

( c m̂ / s )

c
u

( k N/ m̂ )
St

0- 3 Made gr ound

25

t o

3?

COMPLEX A
3- 8, 5 Yel l ow sandy si l t  t o si l t y 

cl ay,  wi t hout  st r at i f i cat i on
38 13 15

heav y

O. C.
0, 3 3 63 - -

8, 5- 10 Uni f or m gr ay sand wi t h i nt er bed= 

ded cl ay l ayer s and br oken f ossi l s
35 — — — — —

U
p
p
e
r
 

c
l

a
y

 

(
P
a
n
c

o
n

e
 

c
l

a
y

)
 

B
1

10- 14

14- 16

16- 21

Hi ghl y pl ast i c gr ay cl ay wi t h 

f ossi l s

Medi um pl ast i c gr ay cl ay wi t h 

f ossi l s

Hi ghl y pl ast i c gr ay cl ay wi t h 

f ossi l s

75 

• 55 

85

42

29

45

61

44

66

53

45

57

s l i ght

O. C.

N. C.

N. C.

0, 75 

0, 5 

0, 4- 0, 7

5

t o

2

2- 15

2- 20

40

45

50

5

5

5

I
n

t
e

r
m

.

c
l

a
y

B
2

21- 22

22- 25

Dar k gr ay or gani c cl ay

Bl ue gr ay t o yel l ow si l t y cl ay 

wi t h cal car eous nodul es

68

45

44

21

46

32

26

25

heav y

O. C.

heav y

O. C.

0, 2

0, 15

4- 10

40

100

160

2

2

X
w
3

§ I
n

t
e

r
m

.

s
a

n
d

B
3

25- 27, 5 Gr ay,  somet i mes yel l ow,  sand 

and si l t y sand
— — 10 30 - - — — — —

u
27, 5- 32 Medi um t o hi ghl y pl ast i c cl ay,  

wi t h f ossi l s and t hi n sand l enses 

i n t he upper  par t

35

t o

80

20
t o

50

30

t o

70

30

t o

48

s l i ght  

O. C.  

t o N. C.

0, 4

t o

0, 6

20
t o

2
70 5

PQ

>i  
f0 
i—1 
U

u
0)

32- 33, 5

33, 5- 37

Gr ay cl ay wi t h f r equent  t hi n sand 

l enses

Bl ue gr ay si l t y cl ay wi t h yel l ow 

spot s;  cal car eous nodul es;  some 

dar k or gani c cl ay at  cent er

53

55

26

30

28

30

34

45

t o

25

N. C.

?

0, 35 

0 , 2- 0 , 7

8

2- 9

140

120

3

3

0 37- 40 Gr ay cl ay wi t h yel l ow spot s;  f os= 

si l s i n t he l ower  par t
50 27 50 27-

34

? 0, 35 9 80 2

C O f4PLEX C
40- 60 Medi um uni f or m dense gr ay sand 

and si l t y sand
— —

5

t o

10

25

t o

18

—

30

N. B.  : 2- 15 means  a scat t er ;  t o means  a gr adual  v ar i at i on wi t h dept h.

48
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mec han i c al  pr oper t i es  of  t he soi l s .  Apar t  f r om 

t he appar en t  depr es s i on i n t he upper  f ace of  

l ayer  B1 ( Pancone Cl ay)  c aus ed by  t he we i gh t  of  

t he Tower ,  t he s epar a t i on s ur f ac es  ar e f l at  and 

t he t h i c k nes s  of  t he l ay er  cons t ant .

Secondl y ,  s i ngl e l ayer s  ar e no t  homogeneous .  The 

d i f f er enc es  among t he cone pene t r a t i on r es i s t an= 

ces  i n l ay er  B1 can be eas i l y  mar k ed i n t es t s  

P9 and P10 ( whi ch,  be i ng f ar  f r om t he Tower ,  ar e 

no t  i nf l uenc ed by  t he i nduc ed s t r es s ) , or  i n t he 

l ower  par t  of  t es t s  P7 and P8 .

Unf or t una t el y ,  t he deeper  l ayer s  ( B3,  B4 and C)  

wer e no t  r eac hed by  t he pene t r a t i on t es t s  and 

t he i r  mec han i c al  pr oper t i es  ar e not  s pec i f i ed 

by  l abor a t or y  t es t s  wi t h t he same de t a i l  as f or

l ayer  B1 . As a ma t t e r  of  f ac t ,  t he 1965- 66 Com= 

mi s s i on f oc us ed i t s a t t en t i on on l ayer s  A,  B1 

and B2;  howev er ,  as s hown i n Tabl e I ,  t he r ange 

of  par ame t er s  r es ul t i ng f r om l abor a t or y  t es t s  

i s adequa t e t o g i ve a p i c t ur e of  t he s t r eng t h 

and c ompr es s i b i l i t y  of  al l  so i l s  and of  t he i r  

s c a t t e r i ng.

As r egar ds  c l ays ,  bo t h geol og i c al  c ons i der a t i ons  

and t he av a i l abl e t es t  r es ul t s  s ugges t  t hat  l ayer  

B4 has  at  l eas t  t he same degr ee of  non- homogene= 

i t y  as l ay er  B1 , wh i c h i s k nown i n mor e det a i l .

To wha t  ex t en t  ar e t he l ower  s ands  ( l ayer  C)  ho= 

mogeneous  i s mor e d i f f i c ul t  t o assess .  The bor e= 

hol es  c ar r i ed ou t  i n t he Squar e de t ec t ed some 

c l ay  and s i l t  gener al l y  d i f f us ed t hr oughou t  t he 

coar s e sand;  onl y  one bor ehol e c r os s ed a s i l t y

Fi g.  3.  Cr os s  s ec t i on of  t he s ubs o i l  of  t he Tower  s howi ng bor ehol es  and c one pene t r a t i on t es t s.  

So i l s  des c r i p t i on and a s ummar y  of  geo t ec hn i c al  pr oper t i es  ar e r epor t ed i n Tabl e I

6 4
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c l ay  l ens,  abou t  1 m t hi ck ,  at  a dep t h of  4 6 m.

Bor ehol es  302,  303 and 304,  l a t er  c ar r i ed out  

at  a gr ea t er  d i s t anc e f r om t he Tower  ( Fi g.  4) ,  

a l l owed t o as c er t a i n  t hat  t he ma i n soi l  c ompl e= 

xes  A,  B and C hav e a s ubs t an t i al  c on t i nu i t y  

ov er  a l ar ge ar ea and t he s epar a t i on s ur f ac e 

be t ween B and C i s al mos t  pl ane.  On t he c on t r a= 

r y,  t he s t r a t i gr aph i e s ubd i v i s i on of  l ayer  B 

wh i c h v er y  un i f or ml y  appl i es  t o al l  t he bor eho= 

l es i n t he Squar e was  no t  gener al l y  f ound i n 

t he s ur r ound i ngs .

CHANGES I N THE ENVI RONMENT CONDI TI ONS

Pos s i bl e c onnec t i ons  bet ween t he behav i our  of  

t he Tower  and c hanges  of  phy s i c al  f ac t or s  i n 

i t s  env i r onment  had been al r eady  c ons i der ed i n 

t he pas t .  Ac c or di ngl y ,  at  t he end of  1965 a 

geodet i c  gr i d ( Fi g.  4)  was  set  up i n t he sur =

r oundi ng Squar e ( Pi azza del  Mi r acol i )  and on 

ot her  monument s  ( Cat hedr al ,  Bapt i s t r y ,  anc i ent  

wal l s ) .  Onl y  s i nc e 1973,  howev er ,  a s y s t emat i c  

s ur v ey i ng was  s t ar t ed at  s i x  mont hs  i nt er v al s .

Si nc e al l  t he meas ur ement s  hav e been r ef er r ed 

t o a benc hmar k  pl ac ed on t he Bapt i s t r y  ( poi nt  

<J> ’ i n f i g.  4) ,  onl y  r el at i v e s et t l ement  can be 

i nf er r ed f r om t hem.

I t  has  onl y  r ec ent l y  been di s c ov er ed t hat  t he 

whol e Pi s a pl a i n i s s ubj ec t ed t o an ex t ens i v e 

s ubs i denc e mov ement ,  t he amount  of  whi c h,  how= 

ever ,  has  been es t i mat ed onl y  appr ox i mat el y  

( Pal l a,  1978) .  I t  s houl d be pr es umed,  t her ef or e,  

t hat  t he Squar e i s s et t l i ng j us t  as t he s ur r oun= 

di ng ar ea i s but ,  s i nc e t he l evel  c hanges  of  

t he benc hmar k  ar e unf or t unat el y  unk nown,  s o ar e 

t he t ot al  s et t l ement s  of  t he Tower  and t he Squa= 

r e.  Tak i ng apar t  t he s ubs i denc e of  Pi s a pl ai n,  

t he r es ul t s  of  t he r epeat ed s ur v ey i ng c l ear l y

Fi g.  4.  Geodet i c  gr i d f or  s et t l ement  meas ur ement s  ( heavy dot s)  and l oc at i on of  p i ez omet er s  ( open 

do t s ) . Fi f t een meas ur i ng poi nt s  on t he t ower  bas i s  ar e i nc l uded i n t he gr i d,  but  ar e not  

shown i n t he f i gur e

5- 017129 65
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s how t hat  t he Squar e i s af f ec t ed by  some l ocal  

phenomenon f r om wh i c h d i f f er en t i a l  s e t t l emen t  

a r i s es .

I n or der  t o get  a be t t er  p i c t ur e of  t he beha= 

v i our  of  t he Squar e,  t he s ur v ey  da t a f r om de= 

cember  1965 t o may  1979 hav e been r ef er r ed t o 

t he po i n t  of  mi n i mum s e t t l emen t  ( poi nt  I 4 i n 

f i g.  4) .  The s e t t l emen t s  r el a t i v e t o po i n t  I 4 
ar e r epor t ed i n f i g.  5 as pr opor t i onal  v ec t or s  

and c l ear l y  s how t he i r r egul ar  def or ma t i on of  

t he gr ound sur f ace.  The po i n t s  wh i c h s e t t l e l ess  

ar e l oc a t ed i n t he nor t heas t er n par t  of  t he 

Squar e,  c l os e t o t he Tower ,  wh i l e t he max i mum 

s e t t l emen t  oc c ur s  al ong t he Sou t her n boundar y ,  

be t ween t he Ca t hedr al  and t he Bapt i s t r y .

Fi g.  6 r epor t s  t he pr ognes s i v e s e t t l emen t  f r om 

dec ember  1965 t o Sep t ember  1973 and may  1979 

al ong t he t hr ee c r os s  s ec t i ons  of  t he Squar e 

i nd i c a t ed i n f i g.  5.

I t  c an be no t i c ed t hat  t he s e t t l emen t  has  an 

al mos t  homogeneous  i nc r ease:  t he po i n t s  wh i c h 

s e t t l e l ess  be t ween 1965 and 1973 s how t he mi n i = 

mum i nc r eas e al s o i n t he s ubs equen t  per i od,  and 

v i c ev er s a .

The s e t t l emen t  of  t he Tower  ax i s  has  been cal = 

c ul a t ed by  av er ag i ng t he d i s pl ac emen t s  of  t he 

15 meas ur i ng po i n t s  on i t s base,  and i s r epor t ed 

wi t h a heav y  do t  i n f i g.  6 . I t  may  be s een t hat  

t he pr es enc e of  t he monumen t s ,  par t i c ul ar l y  t he

Tower ,  wi t h t he i r  v er y  d i f f er en t  s t r uc t ur al  cha= 

r ac t e r i s t i c s , has  no appar en t  i nf l uenc e on t he 

s ur f ac e def or ma t i ons ;  ac t ual l y ,  bo t h t he l owes t  

and t he h i ghes t  s e t t l emen t  oc c ur  i n unl oaded 

z ones .

Fr om s ec t i ons  Q- Q and R- R ac r os s  t he Tower ,  i t  

bec omes  c l ear  t hat ,  as a c ons equenc e of  t he ge= 

ner al  t r end of  t he s ur r ond i ng ar ea,  t he Tower  

i s s ub j ec t  t o t i l t  bo t h i n t he N- S and E- W d i = 

r ec t i ons ,  as  was  pr ev i ous l y  po i n t ed ( f i g.  1) .  

Th i s  f ac t  r es ul t s  f r om f i g.  7 t oo.  Her e t he set = 

t l emen t  of  some s i gn i f i c an t  po i n t  of  t he Squar e 

( Fi g.  7a)  and t he r o t at i on angl es  of  t wo or t ho= 

gonal  al i gnemen t s  j o i ni ng t he po i n t s  H- L and I - M 

ac r os s  t he Tower  bas e ( Fi g.  7b)  ar e pl o t t ed aga= 

i ns t  t i me f or  t he s hor t  per i od ov er  wh i c h t he 

Squar e has  been s ur v ey ed at  r egul ar  i nt er val s .  

Al l  t hes e po i nt s ,  wh i c h i nc l ude t he Tower  ax i s  

( T) , t he Eas t  Bap t i s t r y  door  ( $' ) ,  t he Ca t hedr al  

aps e ( 20) and t he po i n t  of  max i mum s e t t l emen t  

( I V5) , l i ke t he o t her s  no t  s hown i n t he f i gur e,  

s how a r egul ar  i nc r eas e of  s e t t l emen t  wi t h  t i me.  

Meanwh i l e,  t he av er age s e t t l emen t  of  t he Tower  

i s ac c ompani ed by  an al mos t  pr opor t i onal  t i l t i ng 

of  t he gr ound sur f ace,  wh i c h r es ul t s  f r om t he 

r o t at i on angl es  i n t he or t hoganal  pl anes  HL and 

I M.

Go i ng now t o t he hy dr aul i c  c ond i t i ons  i n t he 

subso i l ,  t hes e hav e been mon i t or ed by  means  of

r °

-20

Fi g.  5.  Re l a t i v e s e t t l emen t  r ef er r ed t o t he benc hmar k  I 4 f r om dec ember  1965 t o may  1979
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Fi g.  6 . Di s t or s i on of  t he gr ound s ur f ac e i n t he d i r ec t i ons  N- S and E- W s i nc e dec ember  1965.

The l oc a t i on i n p l an of  t he c r oss  s ec t i ons  i s s hown i n f i g.  5.  The heav y  dot s  r epr e= 

s en t  t he av er age s e t t l emen t  of  t he Tower .

Fi g.

© m. l

b)

Gr ound s ur f ac e mov emen t s  s i nc e decem= 

ber  1965.  a)  Rel at i v e s e t t l emen t  r e= 

f er r ed t o t he benc hmar k  I 4 . b)  Rot a= 

t i o n s .

The s i gn c onv en t i on i s t he same as 

i n f i g . 1 .

p i ez ome t er s  i n t he v ar i ous  so i l  l ayer s .  

Pi ez ome t er s  110 and 112 hav e been i ns t a l l ed i n 

1966 ( M. P. W.  Commi s s i on,  1971) ;  t he r ema i n i ng 

ones  hav e been pl ac ed s ome y ear s  l at er .  The l o= 

c at i on of  al l  pi ez ome t er s  i s r epor t ed i n f i g.  4.  

As  t he di agr ams  r el a t i ng t o al l  t he pi ez ome t er s  

pl ac ed i n t he Squar e ( 110,  112,  201,  202)  ar e 

pr ac t i c al l y  i dent i c al ,  onl y  t hose i ns t a l l ed i n 

bor ehol e 112 hav e been r epor t ed i n f i g.  8 t o 

r epr es en t  al l  t hem,  t oget her  wi t h t he one l oca= 

t ed i n l ay er  A ( 201/ 1)  and t he t wo l at er  i ns t al = 

l ed i n l ayer  C out s i de t he Squar e ( 301/ 3 and 

304/ 3) .

The di agr ams  ar e a c ondens ed p i c t ur e of  t he hy= 

dr aul i c  s i t uat i on whi c h c har ac t er i z es  t he sub= 

so i l  of  t he Squar e.  They  s how t hat  t he av er age 

p i ez ome t r i c  l evel  i n t he d i f f er ent  l ayer s  dec r e= 

ases as t hei r  dept h i nc r eases ,  pas s i ng f r om a 

c ons t ant  v al ue of  about  + 2, 1 m above da t um i n 

l ayer  A ( 201/ 1)  t o a v ar i abl e l evel  i n l ay er  C 

( 112/ 3) ,  al ways  bel ow t he mean sea l evel .

I n l ay er  B1 ( 112/ 1)  t he pi ez ome t r i c  l evel  i s al = 

mos t  c ons t ant  at  + 1, 7 m,  wh i l e i n l ay er  B3 

( 112/ 2) a smoot h,  l ong t er m v ar i a t i on oc c ur s  

wh i c h seems t o f ol l ow,  at  a gr eat l y  r educ ed sca= 

l e,  t he mean t r end of  l ayer  C.

Her e ( 112/ 3)  t he p i ez ome t r i c  l ev el  has  a mar k ed

6 7
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Fi g.  8 . Pi ez ome t r i c  l evel s  obs er v ed by  p i ez ome t er s  i n t he v ar i ous  l ayer s  of  t he subso i l .

s eas onal  f l uc t uat i on ar ound an uns t eady  av er age 

val ue.  Thi s  one pr ogr es s i v el y  dec r eas es  f r om 

abou t  -  2 m i n 1967 t o about  -  6 m i n 1973,  r e= 

t ur ni ng t o t he pr ev i ous  v al ues  i n 1978.

The t r end of  pi ez ome t r i c  l evel s  i n l ayer  C i s 

r el a t ed t o pump i ng f r om deep wel l s  al l  ov er  t he 

Pi s a pl a i n.  I t  i s no t ewor t hy  t hat  al l  t he pi ez o= 

me t er s  i n l ay er  C,  i nc l ud i ng t hose at  a gr eat  

di s t anc e f r om t he Squar e ( 301/ 3,  302/ 3,  303/ 3,  

304/ 3) ,  s how t he same f l uc t uat i on and ma i n t a i n 

an al mos t  c ons t ant  di f f er enc e,  as c oul d be ex = 

pec t ed gi v en t he per meab i l i t y  and c ont i nui t y  of  

l ayer  C.  Howev er ,  t he p i ez ome t er s  c l os e t o t he 

Tower  meas ur e al mos t  t he l owes t  l evel s  i n t he 

c ons i der ed ar ea.

MOVEMENTS OF THE TOWER AND SETTLEMENT OF THE 

SQUARE

An ov er al l  ex ami na t i on of  t he c hanges  oc c ur r ed 

i n t he env i r onmen t  of  t he Tower  and t he Squar e 

s i nc e 1967 c l ear l y  s ugges t s  t he ex i s t enc e of  a 

t i ght  c onnec t i on among t he obs er v ed phenomena.  

The v ar i a t i ons  of  t he p i ez ome t r i c  l evel  i n t he 

l ower  sand,  un i f or m ov er  a l ar ge ar ea,  i nv ol v e 

a one- d i mens i onal  c ons ol i da t i on of  t he ov er l y i ng 

so i l  l ayer s .  Be i ng t hei r  t hi c k nes s  cons t ant ,  

t he di f f er ent i al  s e t t l emen t  mus t  be due t o soi l  

non- homogene i t y .

The pr oc es s  has  been s i mul a t ed by  means  of  an 

anal y t i c al  c ons ol i da t i on model ,  wh i c h i s one ­

d i mens i onal ,  non l i near  and ac c oun t s  f or  c r eep.  

The model  has  been des c r i bed el s ewher e ( Bur ghi = 

gnol i ,  1979) ;  i t  as s umes  t hat :

1 . t he ef f ec t i v e s t r es s - s t r ai n behav i our  of  

t he so i l  s k el e t on i s r epr es en t ed by  a 

v i s c oel as t i c  l ogar i t hmi c  l aw;

2.  t he s wel l i ng i ndex  Cs i s t en t i mes s mal l er  

t han t he c ompr es s i on i ndex  Cc ;

3.  t he per meab i l i t y  i s r el a t ed t o t he por os i t y  

by  a l ogar i t hmi c  l aw.

As s umi ng t he soi l  pr oper t i es  l i s t ed i n Tabl e I  

and t ak i ng as i npu t  t he dai l y  meas ur ed v al ues  

of  t he pi ez ome t r i c  l evel  i n l ay er  C,  a f i ni t e 

el emen t  s ol u t i on was  us ed t o anal y s e t he r es pon= 

se of  t he ov er l y i ng l ayer s  i n t er ms of  por e 

pr es s ur e at  v ar i ous  po i n t s  and s e t t l ement .

Tak i ng i nt o ac c ount  t hat  t he deep wel l s  i den t i = 

f i ed near  t he Tower  ( M. P. W.  Commi s s i on,  1971)  

began t o oper at e at  t he end of  f i f t i es  and t hat  

t he ma j or i t y  of  i ndus t r i es  as k i ng f or  pumped 

wa t er  under went  s ubs t ant i al  dev el opmen t s  i n t he 

same per i od,  i t  has  been s uppos ed t hat  t he l o= 

wer i ng of  t he p i ez ome t r i c  l evel  i n l ayer  C be= 

gan i n 1960.

Si nc e t he pi ez ome t r i c  meas ur emen t s  ar e av a i l a= 

bl e onl y  f r om 1966 onwar d,  an as s ump t i on about  

t he ev ol ut i on of  t he pr oc es s  f r om 1960 t o 1966 

had t o be done.  Var i ous  such as s ump t i ons  hav e 

been t es t ed,  but  t hei r  i nf l uenc e on t he c al c u= 

l at ed s e t t l emen t  i nc r emen t s  af t er  1967 has  been 

f ound t o be v er y  smal l .  Ac c or d i ngl y ,  t he as s um= 

p t i on s hown by  do t t ed l i ne i n f i g.  9a has  been 

f i nal l y  sel ec t ed,  f eat ur i ng a l i near  dec r eas e 

be t ween 1960 and 1966 wi t h a s uper i mpos ed s i nu= 

s o i dal  f l uc t uat i on hav i ng t he same ampl i t ude of  

t he s eas onal  v ar i a t i ons  obs er v ed i n t he f ol l o= 

wi ng y e a r s .

The p i ez ome t r i c  l evel  i n t he l ower  sand,  as as= 

s umed f r om 1960 t o 1966 and r ec or ded f r om 1967 

onwar d,  i s r epor t ed i n f i g.  9a.  Cor r es pond i ng 

p i ez ome t r i c  l evel s  at  d i f f er ent  dept hs  i n t he 

l ower  c l ay ,  and s e t t l emen t ,  as pr ed i c t ed by  t he 

model ,  ar e pl o t t ed r es pec t i v el y  i n f i gs.  9b and 

9c.  Si nc e t he c ompr es s i b i l i t y  of  t he l ay er  B4 

has  a s i gn i f i c an t  ef f ec t  on t he c ompu t ed s e t t l e= 

ment ,  t he c al c ul at i on has  been r epea t ed f or  t wo 

v al ues  of  CR = Cc / ( 1+e0 ) ,  whi c h bound t he r ange 

of  ex per i men t a l  dat a.

I t  has  been al r eady  no t i c ed t hat  t he pi ez ome t r i c  

l evel  i n t he upper  l ayer s  i s not  af f ec t ed by  t he 

s eas onal  f l uc t uat i ons  i n t he l ower  sand,  wh i l e

1867 1974 1980
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Fi g.  9.  Res ul t s  of  one- d i mens i onal  c ons ol i da= 

t i on anal ys i s ,  a)  Pi ez ome t r i c  l evel s  

i n l ower  sand,  us ed as i npu t  i n t he 

anal ys i s ,  b)  Pi ez ome t r i c  l ev el s  ( i n 

m abov e dat um)  wi t h i n l ower  c l ay,

c)  Set t l emen t  of  gr ound s ur f ac e f or  

t wo di f f er ent  v al ues  of  CR of  l ay er  B4

i s s l i gh t l y  i nf l uenc ed by  t he l ong t er m t r end 

( f i g.  8) .  For  t he ex ami ned c ond i t i ons ,  t he model  

pr ed i c t s  a r ap i d s moo t h i ng down of  t he head va= 

r i at i on at  a v er y  s hor t  d i s t anc e f r om t he l ayer  

boundar y  ( f i g.  9b) .  Ther ef or e,  as al r eady  sai d,  

onl y  t he bot t om par t  of  t he l ower  c l ay  s houl d 

hav e been i nf l uenc ed by  t he p i ez ome t r i c  l evel  

c hanges  i n t he l ower  sand.

Si mi l ar  c onc l us i ons  can be dr awn f or  t he s e t t l e= 

ment .  By  i nc or por at i ng so i l  i nel as t i c i t y  and 

c r eep ef f ec t s ,  t he c ons ol i da t i on model  pr ed i c t s  

t he i r r ec ov er abl e s t r ai n pr oduc ed by  a c l os ed 

l oop c hange of  por e pr es s ur e.  Ther ef or e,  t he 

i nc r eas e of  p i ez ome t r i c  l evel  i n l ayer s  C and 

B4,  t hat  oc c ur r ed af t er  1974 ( f i gs 9a and 9b)  

i s no t  f ol l owed by  a r ev er s e def or ma t i on ( f i g.

9 c ) . The s ame t r end has  been obs er v ed i n t he 

Squar e s e t t l emen t  ( f i g.  7) .

Si nc e onl y  t he bot t om par t  of  l ayer  B4 i s i nvol = 

v ed i n t he c ons ol i da t i on pr ocess ,  t he di f f er en= 

t i al  s e t t l emen t  r ec or ded at  t he gr ound s ur f ace 

shoul d be as c r i bed t o i t s non- homogene i t i es .

Thes e c oul d ar i se f r om d i f f er enc es  i n t he ave= 

r age c ompr es s i b i l i t y  among d i f f er en t  v er t i c al s  

and/ or  f r om a d i f f er en t  pos i t i on of  mor e com= 

pr es s i bl e or  per meabl e l evel s  wi t h i n l ayer  B4 . 

Anyway ,  i t  may  be no t ed t hat  t he di f f er enc e bet = 

ween t he s e t t l emen t  c al c ul at ed wi t h t he r ange 

l i mi t s  of  l ayer  B4 c ompr es s i b i l i t y  ( f i g.  9c)  i s 

near l y  equal  t o t he max i mum d i f f er en t i a l  s e t t l e=

men t  r ec or ded f r om 1965 t o 1979 ( bet ween poi nt s  

I V5 and I 4 , f i g.  7) .

I n t hi s  c onnec t i on,  i t  i s no t ewor t hy  t hat  a se= 

r i es  of  f i ni t e el emen t s  c al c ul a t i ons  has  s hown 

t hat ,  f or  t he geome t r y  and t he pr oper t i es  of  

Pi s a subso i l ,  a d i s t or t i on oc c ur r i ng at  a dept h 

of  4 0 m i s t r ans mi t t ed t o t he s ur f ac e wi t h no 

s ens i bl e a t t enuat i on.

Fi nal l y ,  c omi ng bac k  t o t he r ot at i on of  t he To= 

wer ,  an at t emp t  has  been done t o i s ol a t e t he ef = 

f ec t s  of  d i f f er en t i a l  set t l ej net i t  of  t he s ur r oun= 

d i ng gr ound f r om t he l ong t er m r o t at i on i nc r ea= 

se,  c har ac t er i s t i c  of  t he Tower  behav i our  ( Cr o= 

ce,  1978)  .

The r ot at i ons  of  t he gr ound s ur f ac e i n N- S and 

E- W di r ec t i ons ,  ac r os s  t he bas e of  t he Tower  

( 0 h l  and 0I M/  f i g.  7b) ,  hav e been s ub t r ac t ed 

f r om t he c or r es pondi ng r ot at i ons  a ^ s  an( i  ®EW 

of  t he Tower ,  meas ur ed by  t he pendul um i nc l i no= 

met er .  The r es ul t s  ar e pl ot t ed i n f i g.  10.

I t  can be eas i l y  r emar k ed t hat  t he c or r ec t ed E- W 

t i l t  d i agr am i s par al l e l  t o t he l i ne ex t r apol a= 

t i ng t he t r end of  t he per i od 1950- 1960,  and v e= 

r y c l os e t o i t .  I t  seems,  t her ef or e,  t hat  t he 

gr ound s ur f ac e r ot at i on i s s i mpl y  added t o t he 

Tower  r ot at i on.

On t he c ont r ar y ,  i n t he N- S pl ane t he c or r ec t i on 

r es ul t s  i n a l i ne s omewhat  d i v er gi ng f r om t he 

c or r es pondi ng ex t r apol at i on of  t he 1950- 1960 

t r end.  The c or r ec t ed t i l t  d i agr am seems  r at her  

t o f i t  t he t r end of  t he Tower  i nc l i nat i on i n 

t he l at e s i x t i es .

The t ype of  dat a av ai l abl e and t he r el at i v e br e= 

v i t y  of  t he per i od of  obs er v at i on do not  al l ow 

a def i ni t e c onc l us i on;  howev er ,  i t  seems  t hat ,  

i n t he di r ec t i on of  t he max i mum Tower  i nc l i na= 

t i on,  t he r ot at i on of  t he gr ound has  an ampl i = 

f y i ng ef f ec t  on t he i nc l i nat i on of  t he Tower .

SUMMARY AND FI NAL REMARKS

The r es ul t s  of  t he obs er v at i ons  made i n t he l as t  

dec ade on t he Tower  of  Pi s a and t he s ur r oundi ng 

Squar e and monument s  hav e been r epor t ed and di = 

s c us s ed .

Par t i c ul ar  r el ev anc e i s t o be as c r i bed t o t he 

c hanges  of  pi ez omet r i c  l evel  oc c ur r i ng i n t he 

l ower  s and bec aus e of  pumpi ng f r om deep wel l s .  

The obs er v a t i on per i od,  t hough r el at i v el y  shor t ,  

appear s  t o be r at her  s i gni f i c ant  f r om t hi s  v i = 

ewpoi nt ,  s i nc e i t  i nc l udes  a s ens i bl e dec r eas e 

of  t he p i ez omet r i c  l evel ,  f ol l owed by  an i nc r e= 

a s e .

A s i mpl e one- di mens i onal  c ons ol i dat i on anal y s i s  

poi nt s  out  t hat  t he por e pr es s ur e dec r eas e af = 

f ec t s  onl y  t he bot t om par t  of  t he l ower  c l ay .

Al t hough t he pi ez omet r i c  l evel  v ar i at i ons  ar e 

f ai r l y  un i f or m i n t he Squar e ar ea,  t hey  gi ve 

r i se t o di f f er ent i al  s et t l ement  at  t he gr ound 

sur f ace,  due t o soi l  non- homogenei t i es .
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Fi g.  10.  I nf l uenc e of  t he c hanges  of  env i r onment  c ondi t i ons  on t he mov ement s  of  t he Tower .

The t hi n s t r ai ght  l i nes  ex t r apol at e t he 1950- 1960 t r end;  t he t hi c k  l i nes  bet ween 

1973 and 1979 ar e t he c or r ec t ed t i l t  di agr ams .

The r es ul t s  of  t he anal ys i s ,  i n t er ms  of  por e 

pr es s ur e and s et t l ement ,  s eem t o agr ee wi t h t he 

av ai l abl e dat a on t he behav i our  of  t he Squar e.

As a c ons equenc e of  t he di f f er ent i al  s et t l ement ,  

an i nc r eas e of  t he Tower  i nc l i nat i on r at e oc= 

cur s ,  t oget her  wi t h a c hange of  i t s  k i nemat i c  

c har ac t er i s t i c s .

The pr omp t  r es pons e of  t he Tower  t o c hanges  i n 

t he env i r onment  c ondi t i ons  s houl d be poi nt ed 

out .  Ac c or di ngl y ,  a t i ght er  c ont r ol  of  t he pi e= 

z omet r i c  l evel  i n t he l ower  sand,  s t i l l  af f ec= 

t ed by  pumpi ng f r om deep wel l s ,  i s of  t he ut mos t  

i mpor t anc e;  i ni t i at i v es  on t hi s  l i ne ar e bei ng 

t ak en by  t he Mi ni s t r y  of  Publ i c  Wor ks .

On t he ot her  hand,  t he pr ec edi ng anal y s i s  sug= 

ges t s  t hat  a pos i t i v e c or r ec t i on of  t he pr es ent  

t r end c oul d be pos s i bl y  ac hi ev ed by  means  of  

s l i ght  adj us t ment s  of  t he env i r onment  condi t i ons .
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