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Session 9

Saving Cities and Old Buildings — General Report

Sauvetage des Cités et des Bâtiments Anciens

R. BUTTERFIELD Professor of Civil Engineering, The University, Southampton, UK

I NTRODUCTI ON

I would like to congratulate the I.C.S.M.F.E. Comnittee 

on having the foresight to introduce an entirely new 

session at this Conference - that of "Saving Cities and 

Old Buildings". Professor Smotczyk has already emphasised, 

in his Comprehensive State of the Art Review, that this is 

a field with great scope for ingenuity and innovation with

in Geo technical Engineering. It is also one with direct 

and immediate social consequences which offers us an 

opportunity for very favourable public exposure of both 

our art and our science. It is particularly relevant to 

the Conference that major contributions have been made 

to this Session by Swedish engineers working on an 

ambitious preservation scheme for Old Stockholm.

As co-reporter for this session, 1 had high hopes that 

we might receive a stimulating set of papers which not 

only enlightened us on the skills of past generations of 

geotechnical engineers, but also offered exciting and 

informative accounts of how some of our great international 

monuments were being examined, analysed and preserved, or 

re-founded using the very best of our skills and ingenuity. 

Alas, this has, in my opinion, not happened and, with a 

few notable exceptions, the 29 papers accepted for this 

Session form a polyglot collection of short (typically 

3-4 page) notes on a range of topics so wide as to 

preclude all but the crudest distillation of their 

collective essence, let alone provide a general, useful 

body of experience in each of the three fields outlined 

in the brief for this Session. (For brevity, papers will 

frequently be referred to by the number allocated to 

them in the list of Contents to Session 9).

Even setting aside the obvious lack of consistency within 

National Committees - for example in accepting; (i) "old" 

as 10 years (3), or, (ii) that, in two pages, it is 

possible to provide other than superficial enlightenment 

on "Settlement of loaded Loess and its silication" (28) 

or "Problems of the Akropolis Rocky Hill" (17) - the 

possible diversity of topics within the three specified 

fields:

(a) Geotechnical problems connected with the protec

tion of existing structures against subsidence 

and floods.

(b) Investigation of the integrity, durability and 

bearing capacity of structures.

(c) Underpinning and other methods of saving 

structures and ground.

is far too wide to be usefully encompassed within one 

session. It might, perhaps, be useful to look at a 

rather different grouping of the topics which fall within 

the Geotechnical aspects of the theme "Saving Cities

and Old Buildings" such as,

1. SAVING AND/OR PROTECTING; either whole cities (or

parts thereof) or single structures (structures 

rather than buildings for we have in the current 

Session papers on a bridge (27) , a drydock (26) 

and early Egyptian cliff tombs (9)) from -

2. HAZARDS; of which our main concern would be with

floodŝ , regional subsidence, failing foundations 

and modem development. All of the papers in this 

Session, apart from possibly those on Pisa (Croce 

et al (8)), the Mexico National Palace (Alberro 

and Hannell (1)), old cellars in Budapest (Gabos 

and Nagy (15)) and Ortigosa et al (21) would be 

grouped in the failing foundations category. 

[Ortigosa1s paper deals with underpinning problems 

arising from the construction of adjacent tinder- 

ground car parks and is the sole paper entirely 

concerned with modern development.1 In the treat

ment of failing foundations there are two main 

phases -

3. (i) INVESTIGATION; which comprises the location,

recording and mapping of foundations, their 

examination and testing together with the corres

ponding records of the ambient soil and groundwater 

conditions. This would be followed by their -

(ii) TREATMENT ; which, depending upon the severity 

of the problem will be one or other of preservation 

and protection, or repair and reinforcement or 

replacement by an alternative foundation system.

There are clearly a very large number of valid, single 

topic selections from this list, even though section 3 

refers only to failing foundations, and it would therefore 

be prudent for future Conferences to devise a much more 

limited brief for Contributors.

However, my task is to report on the 29 papers accepted, 

the majority of which refer to underpinning either 

specific structures or to groups of structures within a 

city« In addition to the subsidence papers already 

mentioned, three others concentrate on very detailed 

mapping and recording of foundation data over large 

areas of cities in Sweden, Finland and Germany (4, 2, 11). 

There are three papers which deal principally with 

specific underpinning techniques (13, 16, 27) and two 

which provide information on the decay and preservation 

of timber piles (19, 23).
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I t  i s  o n l y  p o ssi b l e  t o  r a t i o n a l i s e  an y c o n se r v a t i o n  

p rogram m e i f  v e r y  co m p r eh en si ve d a t a  ar e a v a i l a b l e  on 

t h e su b so i l  c o n d i t i o n s ( i n c l u d i n g  gr o u n d w at er  r eg i m es and  

t h e i r  v a r i a t i o n ) ,  t h e l o c a t i o n  and  fo r m  o f  e x i s t i n g  

b u i l d i n g  f o u n d at i o n s (an d  t h e r em ai n s o f  e a r l i e r  con 

s t r u c t i o n s)  an d t h e b a s i c  m ech an ism s w h i ch  u n d e r l i e  t h e 

d e t e r i o r a t i o n  o f  t h e su p p o r t ed  s t r u c t u r e s .  T h r ee o f  t h e 

p ap er s p r esen t ed  d e sc r i b e  m ajo r  c o n t r i b u t i o n s i n  t h i s  

f i e l d .  T h ey a r e  t h o se o f  Bohm an d  P r an b o r g  ( 4 ) , who d ea l  

w i t h  t h e m ap p in g o f  O ld  St o ck h o l m , A n t t i k o sk i  and 

Rau dasm aa ( 2) , who p r e se n t  s i m i l a r  r e s u l t s  f o r  H e l s i n k i ,  

an d D r esch er  ( 11) ,  a l e s s  d e t a i l e d  ac c o u n t , w h ich  

f o c u sses on t h e d r a m a t i c a l l y  v a r i a b l e  sa l t - d o m e geo l o g y  

o f  L u en eb u r g (FRG) .

The l a t t e r  p ap er  i s  co n cer n ed  w i t h  t h e r e l a t i v e l y  r a r e  

p r o b l em  o f  su b si d en ce g en er a t ed  b y  t h e e r o si o n  o f  s a l t  

c a v e r n s, t h e i r  ev e n t u a l  c o l l a p se  and  t h e f o r m at i o n  o f  

s i n k h o l e s.  Si n c e  170  b u i l d i n g s h ave h ad  t o  be ab an d on ed  

an d d em o l i sh ed  o v e r  t h e p a st  t en  y e a r s due t o  e x c e ssi v e  

d ef o r m at i o n  ( f o r  exam p l e up t o  300 mm v e r t i c a l  m ovem ent  

w as r ec o r d ed  b et w een  19 6 1 and  19 7 1 t o g e t h e r  w i t h  com 

p a r a b l y  l a r g e  l a t e r a l  m o vem en t s) , a su r v ey  h as b een  com

p l e t e d  d i v i d i n g  t h e c i t y  i n t o  5 zon es w i t h i n  w h i ch  

d i f f e r e n t  o r d er s o f  se t t l em e n t  h az ar d  e x i s t .  I t  i s  o f  

i n t e r e s t  t o  n o t e t h a t  t h e l a r g e  l a t e r a l  d i sp l ac em en t s 

ar e  r e l a t e d  t o  t h e p r esen c e o f  s t e e p l y  d i p p i n g  s t r a t a .  

R at h er  s i m i l a r  m ovem en t s a r e  m en t i o n ed  b y Bohm and 

St j e m g r e n  ( 5)  o r i g i n a t i n g  a t  t h e s t e e p l y  d i p p i n g  i n t e r 

f a c e  b et w een  t h e St o ck h o l m  g r a v e l  e sk e r  an d t h e l a t e r  

m ar i n e d e p o s i t s .

I n  common w i t h  t h e Bohm ( 4 )  an d  A n t t i k o sk i  ( 2)  su r v ey s 

t h a t  i n  L u en eb u r g a l s o  r e su l t e d  i n  m o d i f i ed  b u i l d i n g  

r e g u l a t i o n s w h i ch  r e s t r i c t ,  f o r  ex am p l e, t h e c o n st r u c t i o n  

o f  c e l l a r s  an d  d eep  b asem en t s an d , i n  som e a r e a s ,  t h e 

u se o f  p i l e s .

H ow ever , t h e m ost  r em ar k ab l e an d  d e t a i l e d  m aps a r e  t h o se 

o f  O ld  St o ck h o l m  an d  H e l si n k i  w h i ch , i n  each  c a se ,  h ave 

r e su l t e d  i n  co m p r eh en si ve G eo t ec h n i c a l  m aps ( 1/ 10 ,0 0 0 ) ,  

m any o t h e r  l a r g e  s c a l e  m aps ( e . g .  i n  H e l si n k i  690 a t  

1/ 20 0 0  o r  l a r g e r )  an d d e t a i l e d  " h o u se b y h o u se"  i n f o r m a 

t i o n  w h i ch  i s  a l l  u sed  e x t e n s i v e l y  as a r e f e r e n c e  b ase 

f o r  an y u n d er gr o u n d  c o n st r u c t i o n  a c t i v i t i e s  i n  t h e 

c i t i e s .  Gabos ( 15 )  a l so  m en t i o n s t h a t  s i m i l a r  G eo t ech 

n i c a l  m aps h av e b een  co m p i l ed  i n  H u n gar y . I n  a d d i t i o n  

t o  t h e sh ea r  sc a l e  o f  t h e i n v est m en t  ( A n t t i k o sk i  q u o t es 

130 ,0 0 0  d r i l l  h o l e s ,  m ore t h an  300 m o n i t o r i n g  t u b es and 

40 se t t l em e n t  gau ges)  i t  i s  i n t e r e s t i n g  t o  see t h a t ,  i n  

b o t h  c i t i e s ,  b u i l d i n g  o w n er s h av e b een  aw ak en ed  t o  t h e 

v i t a l  i m p o r t an ce o f  t h e f o u n d at i o n s o f  t h e i r  b u i l d i n g s 

t h r o u gh  p u b l i c  cam p ai gn s on  gr o u n d w at er  l e v e l s ,  ow n er  

i n v o l v em en t  i n  f o u n d at i o n  i n v e s t i g a t i o n s ,  l e g i s l a t i o n  

co n cer n ed  w i t h  p er m i ssi o n  t o  r e p a i r  f o u n d a t i o n s, e t c .  

G r o u n d w at er  l e v e l s  a r e  o f  p a r t i c u l a r  i n t e r e s t  b ec au se , 

i n  a d d i t i o n  t o  t h e o b v i o u s se t t l e m e n t  h a z a r d , t h e m a j o r i t y  

o f  t h e e a r l y  b u i l d i n g s a r e  su p p o r t ed  b y t i m b er  p i l e s  w h ich  

d ecay  r a p i d l y  when t h ey  ar e ex p o sed  ab o ve t h e w at e r  l e v e l .  

( T ec h n i c a l  i n f o r m at i o n  on t h e d ecay  o f  t i m b er  p i l e s  i 6 

p r o v i d ed  i n  t h e p ap er s b y L u n d st r om  ( 19 )  an d  Peek  and 

W i l l e i t n e r  ( 2 3 ) ) .  H en ce t h e r e s t r i c t i o n s  on d eep  b ase 

m ent  c o n st r u c t i o n ,  co n cer n  o v e r  t u n n el s an d d eep  t r en ch es 

g e n e r a l l y  an d  ( i n  St o ck h o l m )  t h e i n t r o d u c t i o n  o f  e x p e r i 

m en t al  gi D u n d w at er  r ec h ar g e  sch em es, some o f  w h i ch  ar e 

b ased  on w at e r  i n j e c t i o n  v e r t i c a l l y  up w ar ds fr om  t u n n el s 

( 2 5 ) .

One o f  t h e m ore r em ar k ab l e f e a t u r e s  o f  t h e su r v ey s i s  t h e 

sp eed  w i t h  w h i ch  t h ey  h ave b een  acco m p l i sh ed , i n  p a r t i c u 

l a r  t h a t  i n  St o ck h o l m  -  b et w een  19 74  an d  19 8 0 . I n  

H e l si n k i  d e t a i l e d  f o u n d at i o n  m aps w er e ad d ed , b et w een  19 77  

an d 19 8 0 , t o  gr o u n d w at er  m ap p i n g, b egu n  i n  19 7 2 , f o l l o w 

FOUNDATI ON MAPPI NG FOR CONSERVATI ON i n g  e x t e n s i v e  s o i l  su r v ey s w h i ch  s t a r t e d  i n  19 5 5 . R at h er  

l e ss  e x t e n s i v e  su r v ey s o f  so i l - f o u n d a t i o n  sy st em s u n d er  

c i t i e s  a r e  a l so  r ep o r t ed  b y Gabos an d  N agy ( 15 )  i n  

B u d ap est  an d  P a l k a  an d Z m u d z i n sk i  ( 22)  i n  Cr aco w .

SAVING OLD STRUCTURES

The m ost  c o n v en i en t  c a t e g o r i sa t i o n  o f  t h e r em ai n i n g  p a p e r s, 

w h i ch , w i t h  few  e x c e p t i o n s,  ar e co n cer n ed  w i t h  f a i l i n g  

f o u n d a t i o n s, i s  t o  d i v i d e  them  i n t o  t h o se d e a l i n g  g e n e r a l l y  

w i t h  p a r t s  o f  c i t i e s  an d  t h o se w h i ch  f o c u s on s i n g l e  

s t r u c t u r e s .

C i t y  A r eas

Per h ap s t h e m ost  s t r i k i n g  p o i n t  i s  t h e u n i f o r m i t y  o f  t h e 

f o u n d at i o n  p r o b l em s i n  many t ow n s w i t h  b u i l d i n g s a few  

h u n d r ed  y e a r s o l d .  The m ost  common f e a t u r e  b e i n g  r o t t i n g  

t i m b er  p i l e s ,  (so m et im es u sed  i n  d en se l y  p ack ed  r a f t s  and 

o n l y  1 -  l j i n  l o n g  ( 6 , 16 ) ) ,  cau sed  p r i m a r i l y  b y gr ou n d 

w a t e r  l o w e r i n g , o f t e n  b y  i n a d v e r t e n t  d r a i n a g e . I n  

St o ck h o l m  t h i s  i s  ag g r av a t ed  b y  l an d  u p l i f t  ( ab o u t  4m/ 

y e a r ) .

T h er e ar e p ap er s d e sc r i b i n g  n u m erous f o u n d at i o n  r e p a i r  

sch em es i n  Germ any ( 16 ,  2 4 ) ,  Sw eden  ( 5 ,  12 ,  2 5 ) ,  F r an ce 

( 13 ) ,  F i n l an d  ( 2 ) ,  R u ssi a  ( 6 ) an d  H un gary ( 15 ) ,  some 

o f  w h i ch  ar e  e s s e n t i a l l y  c a t a l o g u e s o f  w e l l - e s t a b l i sh e d  

t ech n i q u es a p p l i e d  t o  v a r i o u s o l d  b u i l d i n g s.  P i l e d  

u n d er p i n n i n g  sy st em s a r e  m en t i o n ed  f r e q u e n t l y  an d  on e 

i n n o v a t i o n  w o r t h  n o t i n g  i s  t h e u se o f  v e r y  sm al l  

d i am et er  p i l e s  f o r  t h i s  p u r p o se. H i l m er  ( 16 )  c a l l s  

240mm d i am et er  s t e e l  p i l e s  ( su p p o r t i n g  ab o u t  500kN )  

" sm a l l "  and Com te ( 7)  c a l l s  h i s ,  120  -  150mm d i am et er  x  

11m  l o n g  x  200k N , p i l e s  " m i c r o " - p i l e s , b u t  t h e r e a l l y  

sm al l  p i l e s  h av e b een  d ev el o p ed  i n  Sw ed en . Bohm and 

St j e m g r e n  ( 5)  d e sc r i b e  s e c t i o n a l ,  p l a s t i c  c o v e r ed , 76mm 

d i am et er , g r o u t ed , s t e e l  p i l e s  ( t y p i c a l l y  4m l o n g  and 

c a r r y i n g  up t o  14 0 k N ) . H ow ever , E r i k sso n  e t  a l  ( 12 )  

p r o v i d e  t h e m ost  d e t a i l e d  i n f o r m a t i o n  on su ch  p i l e s  

i n c l u d i n g  l o ad  t e s t  d a t a  on  a 76mm d i am et er  p i l ^  d r i v en  

b y a h an d - h el d  p n eu m at i c hammei; an d an  even  sm a l l e r  

50mm d i am et er  x  17m  l o n g  x  500kN  i n j e c t i o n  p i l e .  I n  t h i s  

c ase  t h e p i l e  i s  i n se r t e d  i n s i d e  t h e c a s i n g ,  i n  a 

d r i l l e d  h o l e ,  an d  cem en t  i n j e c t i o n  g r o u t ed  a t ,  o r  j u s t  

ab o v e, t h e p i l e  t i p  so  as t o  e s t a b l i s h  a l o ad  c a r r y i n g ,  

g r o u t ed  zon e i n  g r a n u l a r  s o i l  o f  s u f f i c i e n t  l en g t h  ah ead  

o f  t h e p i l e  -  i n  t h e ab o ve exam p l e t h er e  i s  ap p r o x i m at e l y  

10m  o f  50mm4> p i l e  t u b e an d  7m o f  g r o u t ed  sa n d / g r a v e l .

A l l  t h ese  t i n y  p i l e s  ap p ear  t o  b e e a s i l y  i n s t a l l e d  an d , 

c l e a r l y ,  h ave v e r y  w i d e a p p l i c a t i o n  i n  u n d er p i n n i n g  

sm a l l  s t r u c t u r e s ,  i n d eed , Su n d q u i st  an d  Brom s ( 25)  

m en t i o n  t h at  ab o u t  10 0 km o f  su ch  p i l e s  h ave a l r e a d y  

b een  i n s t a l l e d  i n  Sw ed en . P a l k a  an d  Z m u d z i n sk i  ( 22)  

d e sc r i b e ,  b r i e f l y ,  an o t h er  new  p i l i n g  t ech n i q u e i n  

w h i ch  an  en l a r g ed  b ase  i s  fo r m ed  b y  w ed gi n g open  a 

c o n i c a l  p i l e  and t h en  g r o u t ed  s o l i d .

D i am an t i  an d  So cco d at o  ( 10 )  p r o v i d e  a d e t a i l e d  acco u n t  

o f  t h e p r o b l em s o f  S. L eo  an d  O r v i e t o  -  two h i s t o r i c  

I t a l i a n  t ow n s s i t e d  on  t h e t op  o f  d e t e r i o r a t i n g  r o ck  

m asses. I n  b o t h  c a se s ,  v e r y  e x t e n s i v e  an d  h i g h l y  

i n st r u m en t ed  c l i f f  s t a b i l i s a t i o n  sch em es h ave j u s t  b een  

l au n ch ed . L o i z o s '  ( 17 )  p ap er  on  t h e r o ck y  h i l l  o f  t h e 

A k r o p o l i s i n d i c a t e s  t h a t  r a t h e r  s i m i l a r  p r o b l em s ar e 

d ev e l o p i n g  t h er e  a l s o .

Two o f  t h e p ap er s -  Gab os an d N agy ( 15 )  and P a l k a  an d  

Z m u d z i n sk i  ( 22)  -  r e f e r r i n g  t o  B u d ap est  and  Cr aco w , ar e 

co n cer n ed  w i t h  i n t e r e s t i n g  p r o b l em s w h i ch  h ave a r i se n  

f r om  m an 's su b t er r an ean  w o r k i n g s a t  e a r l i e r  t i m es. Gabos
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i s  co n cer n ed  w i t h  v e r y  e x t e n s i v e  (250km ) f deep  (6 -  20m) 

17 t h / 16 t h  c en t u r y  c e l l a r  sy st em s ( t h e r e  w er e ab o u t  4500 

i n d i v i d u a l  c e l l a r s ,  each  o f  t hem  som e 6 -  15m 2 se c t i o n  

and 30 -  4m l o n g ) ,  an d  P a l k a 's  p r o b l em  i s  r a t h e r  s i m i l a r ,  

b u t  l e ss  w i d esp r ead , i n v o l v i n g  ab o u t  15k m  o f  e a r l y  19 t h  

c e n t u r y , r e c t a n g u l a r  (som e 1 -  2m2 se c t i o n )  sew er s and 

i s o l a t e d ,  deep  (8 -  12m ) su m p s. I n  b o t h  c a se s t h e 

p r o b l em  w as m ai n l y  on e o f  l o c a t i n g  an d  b a c k f i l l i n g  t h e 

o l d  s t r u c t u r e s  t o  rem ove an y su b si d en c e r i s k  t o  n ew er  

b u i l d i n g s ab o v e. I n  H u n gar y m ajo r  c e l l a r - c o l l a p s e s  

b egan  i n  19 70  an d  fr om  19 74  i n t e n s i v e  l o c a t i o n  (Gabos 

r e p o r t s l ac k  o f  su c c ess u si n g  g e o p h y si c a l  m et h o d s, 

si m p l e d r i l l i n g  an d  p r o b i n g  b e i n g  m ore r e l i a b l e )  and 

b a c k f i l l i n g  o p e r a t i o n s w er e s t a r t e d  u si n g  a r an ge o f  

p l a s t i c i z e d  cem en t  m o r t ar ; h y d r a u l i c  f i l l  an d  pumped 

c o n c r e t e  t ec h n i q u es.

I n d i v i d u a l  St r u c t u r e s

W i t h i n  t h i s  c a t e g o r y  we h ave s p e c i a l i s e d  acco u n t s o f  

u n d er p i n n i n g  b r i d g e  p i e r  f o u n d at i o n s i n  Fr an ce 

(W asch k ow sk i  e t  a l ,  2 7 ) ,  t h e d e t e r i o r a t i o n  o f  an c i en t  

E g y p t i an  t o m b s, cau sed  b y  t h e ex p an si o n  o f  sh a l e s due 

t o  w a t e r  i n f i l t r a t i o n  ( C u r t i s an d R u t h e r f o r d , 9 ) ,  an d 

a b r i e f  a n a l y s i s  o f  an  18 t h  c en t u r y  T u r k i sh  d r y - d o ck  

w h i ch  i s  s t i l l  i n  ev er y d ay  u se ( T o g r o l  and  A k so y , 2 6 ) .  

A g a i n , t h e m a j o r i t y  o f  t h e p ap er s r e f e r  t o  r a t h e r  

c o n v en t i o n a l  f o u n d at i o n  r e p a i r  o p e r a t i o n s.  Some a r e ,  

h o w ever , l e ss  c o n v en t i o n a l  -  C h er n ysh o v  e t  a l  ( 6 ) r e f e r  

b r i e f l y  t o  t r a n sp o r t a t i o n  o f  w h o l e b u i l d i n g s f o r  r o ad  

w i d en i n g  -  and h e r e ,  t h e p ap er  o f  F l o r e s ( 14 )  6 t an d s 

o u t  as h e m anaged t o  l i f t  a co m p l et e 18 t h  c en t u r y  ch u r ch  

t h r o u gh  3.5m .

H i s t ech n i q u e i s  t o  a t t a c h  y o k es a t  i n t e r v a l s  ar o u n d  t h e 

w a l l s  o f  a b u i l d i n g  an d , u si n g  i n t e r c o n n ec t ed  h y d r a u l i c  

j a c k s  w o r k i n g  a g a i n s t  p a i r s  o f  t u b u l a r  s t e e l  p i l e s ,  

j a c k - i n  t h e p i l e s  u si n g  t h e s t r u c t u r e  as k e n t l e d g e . 

E v e n t u a l l y  t h e ch u r ch  (58m  x  17m ) b egan  t o  l i f t  an d ,

9 t ep  b y s t e p ,  " c l i m b ed "  3jm  up t h e p i l e s  -  a l l  13 ,30 0  

t o n s o f  i t 1. F l o r e s  a p p a r e n t l y  l i v e d  t o  t e l l  t h e t a l e  

and  w i l l  u n d o u b t ed l y  h ave sp l en d i d  s l i d e s  o f  t h e b u i l d i n g  

t e e t e r i n g  i n  i t s  t e m p o r a r i l y  su sp en d ed  s t a t e .  Pecer o  (20)  

p r o v i d es a d e t a i l e d  acco u n t  o f  a l e s s  sp e c t a c u l a r  

l e v e l l i n g  e x e r c i se  a t  t h e N a t i o n a l  P a l a c e  i n  M ex i co  C i t y  

w h ere t h e b u i l d i n g  h ad  s e t t l e d  6m s i n c e  19 0 0

( w i t h  som e 2m d i f f e r e n t i a l  m ovem ent ) due t o  a r ed u c t i o n  

i n  t h e p o r ew at er  p r e ssu r e s i n  t h e u n d e r l y i n g  s o f t  c l a y  

cau sed  b y  w at e r  e x t r a c t i o n .  H ow ever , t h e c u r r e n t  p o r e 

p r e ssu r e  i s  a p p ar en t l y  o n l y  ab o u t  1.3m  o f  w a t e r  b el o w  

t h e h y d r o s t a t i c  v a l u e  an d  t r i a l s  ar e  i n  h an d  t o  c o u n t er  

f u r t h e r  se t t l em e n t  b y  i n j e c t i n g  sm a l l  q u a n t i t i e s  

( 0 .4 £ / s)  o f  h i g h  p r e ssu r e  w a t e r ,  a t  d ep t h s o f  7 -  25m , 

fr om  sm al l  w e l l s  ar o u n d  t h e b u i l d i n g .  [ A n o t h er  h i g h  

p r e ssu r e  ( 10 0  -  300 B ar )  t ec h n i q u e , i s  r ep o r t ed  b y 

R i z k a l l a h  ( 2 4 ) ,  t h i s  t im e u si n g  cem en t  g r o u t ,  w h i ch  i s  

u sed  t o  fo r m  " S o i l c r e t e "  g r o u t ed  col u m n s o r  200mm t h i c k  

w a l l  el em en t s as a si m p l e v i b r a t i o n - f r e e ,  m inimum 

d i st u r b a n c e , u n d er p i n n i n g  sy st em ] . Th e g en e r a t i o n  o f  

se t t l em e n t s b y w at e r  e x t r a c t i o n  a l so  fo rm s p a r t  o f  t h e 

( C r o ce e t  a l  8) p ap er  on  r e c e n t  o b se r v a t i o n s o f  t h e 

T ow er  o f  P i sa  and  t h e su r r o u n d i n g  sq u a r e . T h i s i s  

e s s e n t i a l l y  a p r e se n t a t i o n  o f  new se t t l em e n t  d a t a  w h ich  

i l l u s t r a t e s  t h r ee  m ai n  p o i n t s ;  ( i )  t h a t  an n u al  c y c l e s  

o f  p i e z o m e t r i c  l e v e l s ,  due t o  p u m p i n g, ap p ear  t o  p r o d u ce 

a "sh ak e- d o w n "  e f f e c t  o f  i n c r e a s i n g  su b si d en c e ; ( i i )  

t h a t  t h e se t t l em e n t  i s  i n c r e a s i n g  o v er  t h e w h o l e a r ea  

su r r o u n d i n g  t h e T ow er  w h i ch  m oves i n  c o n f o r m i t y  w i t h  t h e 

g en er a l  p a t t e r n ;  ( i i i )  t h a t  t h e s o i l  s t r a t a  u n d er  t h e 

Tow er  a r e  e s s e n t i a l l y  o f  u n i f o r m  t h i c k n ess an d , t h e r e f o r e ,  

t h e m ajo r  t i l t i n g  w as p r o b ab l y  t r i g g e r e d  b y  a q u i t e  m i n o r  

i n i t i a l  i r r e g u l a r i t y .

Th e o n l y  o t h e r  p ap er  I  w i sh  t o  r em ar k  upon i s  t h a t  b y 

L o r d  ( 18 )  w h i ch  I  c o n si d e r  t o  be t h e o u t st an d i n g  

c o n t r i b u t i o n  t o  t h i s  su b se c t i o n . H is p ap e r , w h i ch  i s  

l o n g e r  t h an  m o st , p r o v i d es an  e x c e l l e n t  acco u n t  o f  

e x t e n s i v e  u n d er p i n n i n g  o p e r a t i o n s on t h e 15 t h  c en t u r y  

Yo r k  M in 6 t e r  C a t h e d r a l .  I n  t h e p ap er  t h e su b so i l  

c o n d i t i o n s a r e  ad eq u at e l y  d e sc r i b e d ; t h e r ec o r d ed  

d a t a  an d t h e d i sc u ssi o n  o f  i t  i s  e x c e l l e n t  ( e .g .  

p r e c i se  l e v e l l i n g  o f  b en ch -m ar k s w as m ai n t a i n ed  a t  

t w i c e p er  w eek  t h r o u gh o u t  t h e w h o l e u n d er p i n n i n g  

o p e r a t i o n ) ,  an d t h e s a f e t y  f a c t o r  o f  t h e p i e r s  u n d er  

t h e c e n t r a l  t o w er  w as a sse sse d  and fo u n d  t o  b e ar ou n d  

1. 8  a g a i n s t  g en er a l  sh ea r  f a i l u r e ,  b u t  v e r y  much l e ss  

a g a i n s t  l o c a l  f a i l u r e .  T h i s ,  i n  t u r n , al l o w ed  

a l t e r n a t i v e  u n d er p i n n i n g  sch em es t o  b e e v a l u a t e d  and 

h e p r o v i d es a co m p ar r i so n  o f  t h e f i v e  p o s s i b i l i t i e s  

c o n si d e r e d . T h ese w er e P a l i  R a d i c e ; P y n f o r d  s t o o l s ;  

gr ou n d  f r e e z i n g ;  Cem en t at i o n  p i l i n g ,  a l l  o f  w h i ch  

w er e r e j e c t e d  i n  f av o u r  o f  an  ex t en d ed  c o n c r e t e  pad  

( r a f t )  f o u n d at i o n  so l u t i o n  o f  s u f f i c i e n t  a r e a  t o  

r ed u ce t h e n e t t  c o n t ac t  p r e ssu r e  fr om  ab o u t  750 kN/ m2 

t o  t h e g en er a l  m agn i t u d e, u n d er  t h e w a l l s  e t c ,  o f  

290 kN/ m2 . Th e r a f t  so l u t i o n  e l i m i n a t e d  t h e r i s k  o f  

c r e a t i n g  an  an om ol ou s " h ar d  sp o t "  b y t h e new f o u n d at i o n  

w h i ch  w o u l d  h ave o c c u r r ed  i f ,  f o r  ex am p l e, p i l e s  h ad  

b een  u sed . I n  o r d er  t o  en su r e t h at  t h e n ew l y  en l a r g ed  

b ase t o o k  up i t s  l o ad  w i t h  t h e m inimum o f  a d d i t i o n a l  

se t t l e m e n t , a two l a y e r  c o n c r e t e  c o n st r u c t i o n  w as u sed  

w i t h i n  w h i ch  f l a t  j a c k s w er e i n se r t e d ,  and p r e ssu r i se d ,  

t o  t r a n s f e r  l o ad  t o  t h e new se c t i o n s o f  t h e f o u n d at i o n  

b e f o r e  i t  w as g r o u t ed  s o l i d .  A l l  t h i s  i s  d e sc r i b e d  

i n  d e t a i l ,  t o g e t h e r  w i t h  m easu r em en t s o f  t h e s e t t l e 

m en t s w h i ch  o c c u r r ed  t h r o u gh o u t  t h e e x c a v a t i o n  and 

u n d er p i n n i n g  o p e r a t i o n s, (20  -  30mm o v e r a l l ,  d u r i n g  

t h e c o m p l et e, f o u r  y e a r  p r o j e c t ) .  The se t t l em e n t s 

a c c e l e r a t e d  d u r i n g  an y r em o val  o f  o v er b u r d en  w h ich  

m ean t  t h a t  e x c a v a t i o n  an d  c o n c r e t i n g  o p e r a t i o n s h ad  t o  

b e co m p l et ed  as q u i c k l y  as p o ss i b l e .  T h i s i s  a p ap er  

t o  b e r ead  and  s e t s  a st an d ar d  w h i c h , I  h o p e, m igh t  

b e n e f i c i a l l y  i n f l u e n c e  su b m i ssi o n s t o  t h e co r r esp o n d i n g  

se ss i o n  a t  t h e n e x t  I .S .M .F .E .  C o n f er en c e.
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