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FOUNDATIONS OF OLD STRUCTURES AND MONUMENTS —  PERFORMANCE 

STUDIES

FONDATIONS DES STRUCTURES ET MONUMENTS ANCIENS —

ETUDES DE PERFORMANCE

S.  Hu l t s j o

Managi ng Di rector,  Grundf orst arkni ngar  AB 

St ockhol m,  Sweden

U nderp in n in g  is a ro u tin e  con stru c tio n  prac tice  o ften  chosen Tor o rd in a ry  bu ild ings as an econom ical reasons alternative  to  dem olition / 

new co nstruction  . I t is n o t only som eth ing  exclusive Tor m onum en ts and  th e  like. In  resto rin g , rep a irin g  o r  u n d e rp in n in g  th e  fo undations 

o f  any old bu ild ing  its  existing s tru c tu re  will form  a  m a jo r  p a r t  o f  the  finished p ro d u c t  I ts  in h eren t p ro p e rtie s  a re  n o t fully know n, nor 

can they  be con tro lled  as in new  construction . H ence , p erfo rm ance s tu d ie s  are  w idely  used  to  gain  new  know ledge, to  develop  new 

technology, to  a d a p t designs and  m ethods, to  regu la te  co n trac ts  etc. P erfo rm an ce  stu d ie s  m ainly com prise  m easu rem en ts over tim e o f  

d efo rm ations in th e  existing s tru c tu re  and p e rh ap s  th e  developm en t o f  forces in e. g. new plies. T h is  p a p e r  ou tlines s ta n d a rd  m eth o d s and 

o b jec ts  o f  p erfo rm ance s tu d ies and  cites one exam ple o f  th e ir  use in co n trac tu a l risk  m angem ent.
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U nderpinning is to a large extent the Art o f  Sound Engineering 

Practice or K now -how . N ew  construction elem ents - often a whole 

new  foundation with piles and concrete beam s - are added to an 

existing structure w ithout detailed pre-know ledge o f  its inherent state 

o f  stress and strain. T he final result o f  the w ork can often be evaluted 

only after a long time. Obviously, a m ajor part o f  the collective 

knowledge am ong those engaged in this type o f  work has been 

gained by perform ance studies.

D uring construction, m any m ethods will entail tem poraiy  and local 

reduction o f  a stability that was dubious before. T he practical site 

experience from  executed works - successful o r no t - is a m ajor 

com ponent in today's m ethods and practices; another exam ple o f  the 

use o f  perform ance studies.

Discretion - as in low noise and vibration levels - is a  unconditional 

requirem ent o f  working techniques. This property is often as 

im portant regarding adjacent buildings that m ay have a technical need 

o f  foundation restoration too, but another owner. I f  so, the project 

entails a risk o f  indem nification claims. T he developm ent o f  the 

discreet properties o f  underpinning m ethods and the subsequent use 

o f  these m ethods fo r rebuilding and city-center construction is largely 

based on perform ance studies in buildings around underpinning 

projects, although the object usually was another one.

O b jec ts  o f  P e rfo rm an ce  S tu d ies

M ost foundation restoration and repair projects entail perform ance 

studies. In m any projects they are instrum ental fo r planning and 

execution. T he prim ary object is often either

o collecting settlem ent data in o rder to identify tbe problem  

and choose a rem edy

o adapting the design and execution to forthcom ing results 

during construction
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o checking contractual obligations, particularly the function o f  

the com pleted reparation during the defects liability period

o checking the effect o f  the works on adjacent buildings

o gathering perform ance data for scientific or other purposes, 

not immediately connected to the current project 

or a com bination o f  these, m ost to the point w hen used as part o f  a 

Quality Assurance system for the project.

M ethods.

Regardless o f  the object, perform ance studies basically use 

m easurem ents o f  deform ation over time, m easurem ent o f  vibration 

and noise levels and maybe m easurem ent o f  the developm ent o f  

force and stress in construction elements

In this context deform ation m easurem ent almost always equals 

m easuring the settlem ent rate o f  existing strucures - the one to have 

its foundations repaired o r its neighbours. It is often done by m eans 

o f  periodic levelling o f  bolts fixed to the structure at suitable points. 

This m ethod is rather expensive and som ew hat slow; the latest results 

may not be current w hen needed. Particularly for active m anagem ent 

o f  a project, current perform ance data m ust be fed back immediately 

to those doing the practical w ork on site.

If  uneven settlements have caused stability problem s in the structure 

or if  the planned works m ay cause or cause to increase such 

problems, they m ust certainly be supervised and com pared to preset 

safe limits. M ethods will have to be adapted to site particulars and 

m ay vary from  hanging a pendulum  from  a listing wall to advanced 

tree-dimensional recording o f  the m ovem ent o f  structural elements.

Another type o f  deform ation vs time data compilation is 

docum entation o f  existing and new  cracks in brittle materials. It is 

standard procedure to record the "crack state" in buildings adjacent to 

an underpinning site before and after the works. Checking o f  crack 

behaviour can also be used fo r project m anagem ent, like the 

execution o f  stability-reducing cuts. Again, the results m ust be readily 

available on site. F or instance, the unsophisticated m ethod o f  putting 

date-m arked gypsum  seals over existing cracks in the w ork area will 

produce the desired effect.

Studies o f  the developm ent o f  force o r stress in foundation 

restoration projects are not as com m on as deform ation studies. It is 

normally impossible to determ ine the total state o f  stress in the old, 

deform ed structure and that will m ake m easured changes o f  little use. 

W hen aim ed at the function o f  the project, this type o f  study m eets 

the difficulties o f  sam pling and representativity - w hich few  piles or 

beam s are typical fo r the behaviour o f  the w hole project? In some 

instances, the conservation o f  the initial state o f  stress in the existing 

structure is crucial to the correct execution o f  the project. Then 

prestressed load sensors can be incorporated at representative or 

sensitive points and checked fo r load changes against acceptable 

limits.

o r "acceptable" limits o r such stipulated in a contract have not been 

exceeded by the contractor through negligence. Results compiled 

from  a variety o f  projects have been used to refine m ethods arid to 

form ulate risk evaluation and m anagem ent systems.

P reserv a tio n  Bonus.

The econom ic uncertainties fo r the O w ner in underpinning projects 

can be reduced by a num ber o f  contractual tools for risk- and 

benefit-sharing. O ne prevalent solution is a contract fo r a Function "a 

settlem ent-free building" betw een an am ateurish Client and a 

specialist contractor. The verification o f  that function after the 

com pleted w ork by m eans o f  settlement m easuring is a com m on 

perform ance study.

T he underpinning o f  Argus 6 in Stockholm  som e years ago 

com prised another contractual use o f  perform ance studies. Adding to 

the norm al cultural value o f  a building in the Old Tow n were the 

facts that the tavern in it had  been a second hom e to Swedish poets 

and artists since the 17th century and that the ow ner is the Swedish 

Academy (that designates the N obel laureates). The building had 

original murals that under no  circum stances could be further 

dam aged by increased cracking o f  the walls. Som e years before, an 

adjacent underpinning project had  dem onstrated the settlement 

potential o f  that particular environm ent. T he extreme em phasis on 

absence o f  deform ation during the works led to the choice o f  

particularly discreet working m ethods and sequences. I addition to 

that, the contract had a substantial incentive sum  over the norm al 

lum p sum. I f  no settlem ents occurred in any o f  about 15 m easure 

points in the structure, the turn-key contractor earned the whole 

bonus. H e was to earn a  portion o f  the bonus sum, declining with 

increasing settlement, up to settlements considerably smaller than 

"normal" fo r this type o f  work. I f  settlem ents w ere larger, the 

contractor had  to pay a severe penalty, increasing w ith the settlement 

up to m axim um  well exceeding the original bonus sum . Obviously 

the contractor had  a strong incentive to m ake the fullest use o f  his 

know -how  both  regarding discreet working m ethods and the rapid 

and accurate m easuring o f  very small settlements on site.

The contractor chose to m anage his ow n w ork with a com puterized 

high-resolve settlement supervising system  with m easuring points 

distributed in all parts o f  the cellar. T he com puter display with 

m inute-fresh m easurem ents was installed prom inently in the working 

area, w here everyone could see it. A portion o f  actually earned bonus 

m oneys was prom ised to the personnel on site. Ih e ir  interest in 

perform ance studies as well as their readiness and creativity to adapt 

working m ethods to forth-com ing results reached hitherto unknow n 

heights. O n  com pletion o f  the projeet deform ations w ere very small. 

The contractor and his site personnel could both  collect the m ajor 

part o f  the bonus sum. M ore im portant, thanks to this use o f  a 

perform ance study, the building today has new m odem -standard 

foundations and the original murals are intact.

A different approach is to calculate the o rig ina l load distribution in 

the structure, design a corresponding new  foundation, install it with 

due discretion and p re load  it according to the original load 

distribution. Also, if  the new  foundation is no t preloaded one has to 

wait until the "natural" subsidence o f  the building reaches a value 

corresponding to the elastic deform ation o f  the new  foundations 

before they work. Pre-loading and com parison with the designer's 

intentions are com m on perform ance studies.

Vibration m easurem ent is normally continuous in adjacent buildings 

around an underpinning project. As m ethods are designed to be next 

to vibration-free, this m ainly serves to record the fact that "normal"
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THE NEED TO RELATE MONUMENT FABRIC DEFORMATIONS TO SOIL 

CONDITIONS, MONUMENT HISTORY, AND ENVIRONMENTAL CHANGES 

LE BESOIN D’ETABLIR UN RAPPORT ENTRE LES DEFORMATIONS DANS LES 

STRUCTURES MONUMENTALES ET LES CONDITIONS DE SOL, L’HISTOIRE DES 

MONUMENTS, ET LES CHANGEMENTS ECOLOGIQUES

J . A .  L o r d

Ov e  Ar up & Par t ner s
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I n  t h e  Un i t e d  Ki n g d o m,  a n d  p r o b a b l y  ma n y  o t h e r  c o u n t r i e s ,  

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

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

r e s u l t  o f  e i t h e r  i n a d e q u a t e  f o u n d a t i o n s  a n d / o r  we a k  

s o i l s .  Un d e r p i n n i n g  i s  t h e n  u n d e r t a k e n  a s  a me a n s  o f  

t a c k l i n g  t h e  p e r c e i v e d  p r o b l e m.  Bu t  s u c h  u n d e r p i n n i n g  i s  

o f t e n  u n n e c e s s a r y ,  r e s u l t i n g  i n  wa s t e f u l  e x p e n s e  a n d  

p r o b a b l y  f u r t h e r  d a ma g e  t o  t h e  s t r u c t u r e .  Be f o r e  

e mb a r k i n g  u p o n  u n d e r p i n n i n g ,  t h e  g e o t e c h n i c a l  e n g i n e e r  

s h o u l d  s e e k  t o  r e l a t e  t h e  d e f o r ma t i o n  t o  t h e  f a b r i c  o f  

t h e  s t r u c t u r e  t o:

s o i l  c o n d i t i o n s  

mo n u me n t  h i s t o r y  

e n v i r o n me n t a l  c h a n g e s .

I n  o r d e r  t o  a p p r e c i a t e  s o i l - s t r u c t u r e  i n t e r a c t i o n ,  o r  as  

T C1 9  ( 1 9 9 3 )  mo r e  a p p r o p r i a t e l y  t e r ms  i t ,  Gr o u n d  Mo n u me n t  

Sy s t e m ( GMS) ,  t h e  g e o t e c h n i c a l  e n g i n e e r  n e e d s  t o:  

u n d e r s t a n d  s t r u c t u r a l  b e h a v i o u r

u n d e r s t a n d  t h e  ma t e r i a l s  o f  wh i c h  t h e  s t r u c t u r e  i s  

c o mp o s e d

b e  a h i s t o r i a n  a n d  a n  a r c h a e o l o g i s t

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

o n  t h e  b u i l d i n g

a b o v e  a l l ,  a d e t e c t i v e .

T h e  l a s t  t h r e e  s k i l l s  wi l l  a l r e a d y  h a v e  b e e n  d e v e l o p e d  b y  

a n  e x p e r i e n c e d  g e o t e c h n i c a l  e n g i n e e r  a s  p a r t  o f  t h e  

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

g r o u n d  c o n d i t i o n s  b e n e a t h  a s i t e .  As  s u c h  t he  

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

p r o f e s s i o n a l s  t o  u n d e r t a k e  s u c h  wo r k .

He y ma n  ( 19 6 6 )  i n  " Th e  St o n e  Sk e l e t o n "  a d v a n c e d  t h e  t h e o r y  

t h a t  i f ,  o n  s t r i k i n g  t h e  c e n t r e  r i n g  o f  a f l y i n g  

b u t t r e s s ,  t h a t  b u t t r e s s  s t a n d s  f o r  5 mi n u t e s ,  t h a n  i t  

wi l l  s t a n d  f o r  5 0 0  y e a r s .  Th a t  f o u n d a t i o n  mo v e me n t s  wi l l  

n e v e r  p r o v o k e  c o l l a p s e  p r e s u p p o s e s  t h a t  t h e  s t a t u s  q u o  i s  

ma i n t a i n e d .  L o r d  ( 1 9 8 5 )  i d e n t i f i e d  t wo  p r i n c i p a l  c h a n g e s  

wh i c h  a f f e c t  t h e  p e r f o r ma n c e  o f  s t r u c t u r e s :

( i )  Na t u r a l  p r o c e s s  o f  l o n g  t e r m c h a n g e

( a)  we a r  a n d  t e a r / d e c a y  o f  s t r u c t u r e ;  eg.  t h e  

d e c a y  o f  t h e  t i mb e r  b a u l k s  wh i c h  p r o v i d e d  

r e i n f o r c e me n t  t o  t h e  No r ma n  f o u n d a t i o n s  o f  t h e  

Ce n t r a l  To we r  o f  Yo r k  Mi n i s t e r  ( L o r d  19 8 1 )  a n d  

t h e  d e c a y  o f  t i mb e r  l i n t e l s  ( Lo r d ,  1 9 8 5 ) .

( b)  Cr e e p  o f  s o i l  o r  t h e  mo n u me n t  f a b r i c  u n d e r  

s t r e s s ,  s u c h  a s  t h a t  p r e s e n t e d  b y  Po o r o o s h a s b  

( 1994)  i n  t h e  Pa n e l  Di s c u s s i o n .

(ii) Manmade changes (often short term)

(a) alterations to the structure; eg extensions or 

restyling such as that discussed subsequently

(b) changes to the environment; eg. subsidence 

due to mining, or lowering of the water tabltt 

as has affected Pisa and Venice.

T h e s e  c h a n g e s  a r e  a l l  t r a n s f o r ma t i o n s  a n d  mo d i f i c a t i o n s  

o f  t h e  Gr o u n d  Mo n u me n t  Sy s t e m i d e n t i f i e d  i n  T C1 9  ( 1 9 9 3 ) .

A  f u r t h e r  c a u s e  o f  f a b r i c  d e f o r ma t i o n  ma y  b e  i d e n t i f i e d ,  

n a me l y :

( i i i )  p o o r  d e s i g n  a n d / o r  c o n s t r u c t i o n ;  eg.  a b s e n c e  of  

e x p a n s i o n  j o i n t s .

Po l l o c k s  To y  Mu s e u m i s  a n  e x a mp l e  wh e r e  t h e  s t r u c t u r a l  

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

wh i c h  f u r t h e r  i n v e s t i g a t i o n  s h o we d  t o  b e  t o t a l l y  t o  b e  

u n n e c e s s a r y  a n d  i n a p p r o p r i a t e .  Th e  r e l a t i v e l y  s ma l l  

s t r u c t u r e ,  s i t u a t e d  c l o s e  t o  t h e  T e l e c o m To we r  i n  L o n d o n ,  

wa s  f o r me r l y  a d we l l i n g  d a t i n g  f r o m a b o u t  1750 .  I t  

h o u s e s  a u n i q u e  c o l l e c t i o n  o f  t o y s  a n d  d o l l s .  F o l l o wi n g  

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

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

t o g e t h e r  wi t h  a n  a s s e s s me n t  o f  t h e  mu s e u m' s  s t r u c t u r a l  

s t a b i l i t y .

Fi g .  1 Po l l o c k ' s  T o y  Mu s e u m:  e l e v a t i o n  f r o m 

Wh i t f i e l d  St r e e t
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The building co ns is t s  of a basement and ground f loo r  
surmounted by three  s toreys (see Fig. 1). A typ ica l  
f lo o r  plan i s  shown in  Fig. 2(a) ,  but on the ground f loo r  
one of the f i r e -p l a c e s  has been removed (Fig. 2 ( b ) ) .  A 
survey of the bu i ld ing  revealed various areas of 
d i s t r e s s :
1.  Th e  s o u t h e r n  h a l f  o f  t h e  wa l l  a l o n g  Wh i t f i e l d  

St r e e t  h a d  s e t t l e d  a b o u t  7 5 mm wi t h  r e s p e c t  t o  t h e  

r e ma i n d e r  o f  t h e  b u i l d i n g  l e a d i n g  t o  a s e r i e s  o f  

s e v e r e  s h e a r  c r a c k s ,  b e t we e n  t h e  l i n e  o f  wi n d o ws  

( AA'  i n  Fi g .  1) ,  i r r e g u l a r  b r i c k  c o u r s i n g  a l o n g  

Sc a l a  St r e e t  a n d  a n  o u t wa r d  l e a n  o f  u p  t o  5 0 mm o f  

t h e  d o o r wa y  a n d  c a s t  i r o n  c o l u mn s  o n  t h e  c o r n e r  o f  

t h e  b u i l d i n g .

2. The f i r s t  f lo o r  j o i s t s  were pu l l ing  off  the  so le  
p la te  a t tached to the beam spanning the  shop f ro n t  
along Scala S t r e e t .

3.  Two  a r e a s  o f  b u l g i n g  b r i c k wo r k  i n  t h e  b a s e me n t .

The deformations appeared to be due to se t t lement  of the 
foundations but t h e i r  cause was not obvious and, in  view 
of the age of the bui ld ing,  whether they were continuing.

Ev i d e n c e  f r o m a n  a r c h a e o l o g i c a l  e x a mi n a t i o n  o f  t h e  b r i c k s  

a n d  mo r t a r  i n d i c a t e d  t h a t  e x t e n s i v e  r e b u i l d i n g  o f  t h e  

g r o u n d  f l o o r  t o o k  p l a c e  i n  t h e  e a r l y  p a r t  o f  t h e  1 9 t h  

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

a n d  t h e  i n s e r t i o n  o f  a t i mb e r  b e a m t o  c a r r y  t h e  l o a d s  o f  

t h e  f i r e p l a c e s  a n d  p a r t i t i o n  wa l l s  f r o m t h e  t h r e e  f l o o r s  

a b o v e  ( s ee  Fi g .  2 ( b ) ) .  Th i s  b e a m wa s  p r o v i d e d  wi t h  a n  

i n t e r me d i a t e  c a s t  i r o n  s u p p o r t  ( D)  b e a r i n g  o n  t h e  

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

t h e  b r i c k wo r k  o f  t h e  s o u t h  e a s t  c o r n e r  o f  t h e  b u i l d i n g  

wa s  r e mo v e d  t o  c r e a t e  a s h o p  wi n d o w a n d  d o o r wa y .  Th e  

wa l l  a b o v e  wa s  s u p p o r t e d  o n  t i mb e r  b e a ms  e n c a s t e r e d  i n t o  

t h e  b r i c k wo r k  a t  o n e  e n d  a n d  p r o p p e d  wi t h  c a s t  i r o n  

c o l u mn s .  Du r i n g  t h e  Se c o n d  Wo r l d  War ,  t h e  b u i l d i n g  

r e c e i v e d  c o n s i d e r a b l e  b o mb  d a ma g e ;  d e mo l i t i o n  wa s  

c o n t e mp l a t e d  b u t  r e j e c t e d .  I n  1949,  ma j o r  r e p a i r s  we r e  

c a r r i e d  o u t  wh i c h  i n v o l v e d  t h e  r e p l a c e me n t  o f  t h e  t i mb e r  

b e a m a n d  c a s t  i r o n  c o l u mn  s u p p o r t i n g  t h e  f i r e p l a c e s  a n d  

p a r t i t i o n  wa l l s  wi t h  t wo  s t e e l  j o i s t s .

Th e  r e b u i l d i n g  i n  t h e  e a r l y  19 t h  c e n t u r y ,  a n d  i n  

p a r t i c u l a r  t h e  r e mo v a l  o f  t h e  g r o u n d  f l o o r  f i r e p l a c e ,  

c a u s e d  t he  l o a d  f r o m t h e  t h r e e  f l o o r s  a b o v e  t o  b e  

c o n c e n t r a t e d  i n  t h e  o u t e r  wa l l  AB o n  t h e  Wh i t f i e l d  St r e e t  

f r o n t a g e ,  l e a d i n g  t o  s e t t l e me n t  o f  t h e  f o u n d a t i o n s  i n  

t h i s  a r e a  a n d  a t e n d e n c y  f o r  t h e  b r i c k wo r k  a r o u n d  t h e  

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

t a k e n  p l a c e  ma n y  y e a r s  p r e v i o u s l y  a n d  as  t h e r e  wa s  n o  

e v i d e n c e  o f  s i g n i f i c a n t  r e c e n t  s e t t l e me n t ,  i t  wa s  

c o n c l u d e d  t h a t  t h e  f o u n d a t i o n s  we r e  a d e q u a t e  a n d  d i d  n o t  

r e q u i r e  u n d e r p i n n i n g .  Ho we v e r ,  a s  t h e  e x t e r n a l  b r i c k  

wa l l  wa s  q u i t e  h e a v i l y  s t r e s s e d  b y  t h e  we i g h t  o f  t h e  

wa l l s  a n d  f i r e p l a c e s  ab o v e ,  i t  wa s  f e l t  p r u d e n t  t o  

r e i n s t a t e  t h e  c a s t  i r o n  c o l u mn  D t h a t  h a d  e x i s t e d  u p  t o  

1949,  b u t  wi t h  a c i r c u l a r  h o l l o w s e c t i o n ,  t o  e n s u r e  a  

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

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

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

c a p a b l e  o f  t a k i n g  t h e s e  l o a d s  wi t h o u t  f u r t h e r  b u l g i n g  o f  

t h e  b r i c k wo r k .  Th e  b e a m o v e r  t h e  s h o p  f r o n t  i n  Sc a l a  

St r e e t  wa s  t i e d  b a c k  i n t o  t h e  s t r u c t u r e  t o  p r o v i d e  

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

c o l u mn  t h a t  s u p p o r t e d  i t .

Th i s  r e l a t i v e l y  s i mp l e  r e me d i a t i o n  wa s  i n e x p e n s i v e  a n d  

h a s  p r o v e d  s a t i s f a c t o r y  f o r  t h e  p a s t  20 y ea r s .

Underpinning would not only have been much more expensive 
but, more important ly ,  would have been t o t a l l y  
inappropr ia te  in t h i s  s i t u a t io n .

Whitfield Street 
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Di scussi on 

Czech Exper i ences wi t h t he Preservat i on of  
Hi stori cal  Monument s

J. Feda (Czech Republic)

XIII ICSMFE, 1994. New Delhi, India / XIII CIMSTF, 1994. New Delhi, Inde

On the hill formed by a syenite rock the historic town of Tabor well 

known from the history of Hussitic revolution (1.5 century) has been 

founded - Fig.2. It has been protected by a cascade of fortified walls which 

recently became unstable. In the filling and weathered residual soil potential 

failure surfaces have shown lack of adequate stability affected to some extent 

also by excessive traffic. The adopted remedy was a series of micropiles 

(Fig.2) fixing the weakened platform to the bedrock.

Such monuments like Pisa Tower, Angkor Vat or St. Marcus Cathedral 

attract worldwide public attention. In his daily activity, the geotechnician 

meets much less famous monuments where safegarding poses, however, 

comparable problems. Some of them will be illustrated by the following 

examples:

Figure 1 depicts a cliff of a rocky hill crowned by a medieval castle. 

The rocky wall is attacked by weathering agents such as temperature, water, 

frost etc. and some parts of it become overhanging. There are many similar 

examples like that in Fig. 1 (castle Oravsky Podzamok) where the rock is 

Jurassic limestone locally microfolded. The unstable parts of the rock must 

be detected and fixed - by anchorage, rock bolting, grouting etc. Owing to 

the exposure it is neither easy nor inexpensive procedure.

F ' f :  i ,

Medieval town to Kutna Hora was famous for its silver mining since 

11th to 13th century making the Bohemian kingdom one of the most rich 

among the medieval empires. Silver veines deep in the gneiss were reached 

by a system of shafts, adits and tunnels. They were stiffened by masonry 

like wells and deeper by wooden sheathing through the fill underlain by 

Cretaceous marl (Fig.3). New buildings were built in the area of former 

mining activity hidden by fills. Subsidence due to rotten wood in the mining 

works caused cracking of the structures. Underpinning by micropiles was 
therefore undertaken.
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The last example shows the interaction of the modern construction 

activity - underground tunnel - with the historical core of the city of Prague, 

represented in this case by a baroque church (Fig.4). To avoid excessive 

deformations of Ordovician shales above the tube they were reinforced by 

grouted steel reinforcement and the stiffness of the church nave increased 

by tension bars in two levels.

When considering the above examples one can conclude that the 

problems posed by historical monuments are of two kinds: some are specific

- Fig. 1 and 3 (nobody will presently build a structure near a cliff or above 

the abandoned mining work), some comparable with the current geotechnical 

problems (Fig.2 - retaining walls. Fig.4 - nonuniform settlement).
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FOUNDATIONS OF OLD STRUCTURES AND MONUMENTS 

FONDATIONS DES STRUCTURES ET MONUMENTS ANCIENS

Pi e r r e  H a b i b

Laborat oi re de Mecani que des Sol i des 
Pal ai seau,  Fr ance

XIIIICSMFE, 1994. New Delhi. India / XIII CIMSTF, 1994. New Delhi. Inde

I NTRODUCTI ON : Dear  Col l eagues,  Ladi es and 
Gent l emen,

I t hank t he Or gani zi ng Commi t t ee who gave me t he 
oppor t uni t y to chai r  thi s ver y i nt erest i ng sessi on.  
The subj ect  of  to day i s i n f act  ver y i mpor t ant .  It i s 
usef ul  to caref ul l y st udy t he f oundat i ons of  anci ent  
monument s and of  ol d st ruct ures f or  at  l east  t wo 
di f f erent  reasons.

Fi rst l y,  we must  keep t he wonder f ul  her i t age l et by 
our s f at hers and t he f at hers of  our s f at hers : it i s 
what  we cal l  i n Fr ench "l a sauvegar de du pat r i moi ne 
cul turel ".  It i s a cul t ural  mat t er  and each generat i on 
has to mai nt ai n arti st i c and t echnol ogi c obj ects.

Secondl y,  ol d st ruct ures are a t est i mony of  l ong 
t er m resi st ance.  I t  i s an oppor t uni t y t o get  
i nf or mat i on about  l ong t er m stabi l i t y.  The wel l  
known Pi sa Tower  - we shal l  have some 
i nf ormat i ons to day about  i t- i s a si x hundr ed year  
dur at i on mechani cal  exper i ment ,  t he f i rst  
measur ement s of  whi ch havi ng been done by

Gal i l eo.  And as you know it i s ver y i mpor t ant  to 
have exper i ences whi ch l ast  a l ong t i me.  For  nucl ear  
wast e of  l ow l evel  act i vi t y and shor t  l i fe t i me,  we 
have to bui l d st ruct ures whi ch must  l ast  300 years.  
For  concret e,  f or  f oundat i ons,  f or  f i l ters,  f or 
drai nage it i s i mpor t ant  to have real i st i c exper i ment s 
and not  ext rapol at i ons as a f onct i on of  t i me.  But  
anci ent  monument s gi ve al so i nf or mat i ons about  
sei smi c act i vi t y.  I f  you have a bel l - t ower,  a cast l e,  
why not  a sti l l  st andi ng megal i t h,  that  means that  the 
sei smi c act i vi t y of  t he si te i s not  t oo severe.

Al l  t he r easons t o st udy and to mai nt ai n ol d 
st ruct ures and anci ent  monument s f or cul t ure and 
f or educat i on.

I n our  pr ogr am we have a l ot  of  i nt erest i ng papers.  
I n t he fi rst part  of  t he sessi on aut hors sel ect ed by the 
or gani zer  wi l l  make a shor t  present at i on.  The 
second part ,  chai red by M.  St amat opoul os,  wi l l  be 
devot ed to a f ree present at i on.  I hope that  i n bot h 
cases we shal l  have enough t i me f or  quest i ons f r om 
t he audi ence and f or t he aut hor  repl i es.
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DETERMINATION OF THE DIMENSIONS OF EXISTING FOUNDATIONS AND SOIL 

NAILING ALONG HISTORICAL BUILDINGS

DETERMINATION DES DIMENSIONS DE FONDATIONS EXISTANTES ET CLOUAGE 

DE SOL EN DESSOUS DE BATIMENTS HISTORIQUES

J a n  M a e r t e n s

Geot echni cal  Consul t ant ,  Former l y Smet -Bor i i ng NV,  Dessel ,  Bel gi um 

Assoc.  Prof essor,  Leuven Cat hol i c Uni versi t y,  Bel gi um

SYNOPSIS: In a first paragraph it is dem onstrated that for the underpinning and strengthening o f  existing foundations it is vefy im portant to  have 

precise data about the dimensions o f  the foundations and about the characteristics o f  the foundation materials. This is certainly true when a transition 

layer is encountered between the foundation masonry and the underlaying subsoil. The second paragraph deals with the execution o f  soil nailing 

along historical buildings. An example is given o f  a soil nail wall realised along the foundations o f  a historical building.

D IM EN SIO N S OF EX ISTIN G  FOUNDATIONS:

W hen dealing with foundations o f  old m onum ents or historical 

buildings it is very im portant to  have precise data about the dimensions 

o f  the existing foundations and about the characteristics o f  the 

foundation materials.

In most European cities, a big part o f  the historical buildings is located 

along rivers on places w here a rather high waterlevel is encountered. 

For the installation o f  the foundations o f  all historical buildins and 

monum ents excavations had to be perform ed W hen the waterlevel was 

reached, the excavations had to  be stopped very soon because the soil 

was loosened due to  the upw ard gradient o f  the groundw ater flow. To 

im prove the bearing capacity o f  the loosened soils, often a layer o f 

stone cobbles or flat claystones w as placed on the bottom  o f  the 

excavated trench (see Fig la. and lb  ). In o ther cases very short 

w ooden piles have been installed trough the loosened soil layer (see 

Fig. lc ) .

Fi g.  l a

W hen nowadays inspection pits are realised in such cases in order to  

determ ine the dimensions o f  the existing foundations, it is in most cases 

not possible to  reach the lowest foundation level because there is a lot 

o f  w ater coming trough the transition zone consisting o f  stone cobbles, 

flat claystones o r the loosened soil between the short w ooden piles (see 

Fig. 2). The inspection o f  the lowest foundationlevel and o f  the

transition zone is then only possible after that the groundw aterlevel has 

been lowered over a rather large area. Such a groundw aterlow ering is 

running mostly out o f  the scope o f  a normal foundation inspection and 

is therefore not realised

Fi g . l b

H ow ever when jet-grouting  or other underpinning techniques have to 

be applied underneath the foundations, problems may occur due to  the 

presence o f  the transition zone. In m ost cases a preliminary treatm ent 

o f  the transition zone is necessary before the real underpinning can be 

started. This leads often to  im portant additional costs.
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In such cases due information on the dimensions o f  the foundations can 

be obtained by perform ing destructive borings trough the foundations 

(see Fig. 3 ). For mediaval buildings it is also very im portant to  have 

precise information on the characteristics o f  the foundation materials. 

Indeed in many cases the walls o f  such buildings consist o f  tw o 

separate masonry plates and betw een them  a fill with very variable 

characteristics. It is then very im portant to  know  if such a system is 

also encountered in the foundations (see Fig. 4.).

At Antwerp a m ore than 7 m deep excavation has been realised around 

a historical building o f  6 by 10 m and having a heigth o f  12 m Here 

also vertical and subvertical grout colum ns have been installed in a first 

stage (see Fig 5 ) The excavation has been perform ed in three stages 

and three row s o f  subhorizontal soil nails have been installed During 

the realisation o f  this job  levellements have been perform ed regularly 

The m ost im portant m ovem ents occured during the installation o f  the 

first row  o f  nails, when an uplift o f  4 to  6 mm was m easured After the 

com pletion o f  the excavation an uplift o f  about 2 mm remained

Fig . 4

From the point o f  view o f  execution, the installation o f  the vertical and 

subvertical g rout colum ns is almost the m ost difficult stage due to  the 

risk o f  lifting up the existing foundations.

Very valuable inform ations on the characteristics o f  the foundation 

m aterials can be obtained by perform ing destructive borings with 

registration o f  the drilling param eters. In all cases the results o f  

destructive borings w ith registration o f  the drilling param eters have to 

be checked by the realisation o f  core drillings w here samples o f  the 

foundation materials are prelevated.

SOIL N A ILIN G  ALO N G  H ISTO R IC A L B U ILD IN G S:

In Belgium it becom es m ore and m ore popular that for the renovation 

o f  historical buildings only the front bearing walls are maintained and 

that a com pletely new building is installed behind. W hen deep 

excavations have to  be realised along the existing front bearing walls, 

the soil nailing technique by means o f  jet-grouting  is very appropriate. 

F or such applications a row  o f  vertical g rout colum ns is always 

installed in a first stage. The normal diam eter o f  these colum ns is 0,50 

m and the interm ediate distance varies betw een 0,75 and 1,00 m. When 

working along existing foundations inclined g rout colum ns are also 

installed through these foundations. A fterw ards the excavation is 

realised in successive stages. In each stage subhorizontal nails are 

installed by means o f  the je t-grouting  technique.

O ne o f  the m ajor advantages o f  the soil nailing technique by means o f  

jet-grouting  is that almost all ground conditions can be treated. After 

the installation o f  the vertical g rout colum ns a considerable 

im provement o f  the  soil underneath the existing foundations is 

obtained. So for instance on a jobsite at G hent several old w ater pits o f  

masonry have been encountered o f  which one was situated on the 

border o f  the excavation to  be realised. This pit has been completely 

filled with g rout during the installation o f  the vertical colum ns and so 

no m ajor problem s occured during the excavation. After the installation 

o f  the vertical grout colum ns the realisation o f  vertical excavations 

over 2 to  3 m eters is possible in almost all cases.
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INSTRUMENTATION FOR HISTORIC BUILDINGS —  EXAMPLES IN NORTHERN ITALY 

INSTRUMENTATION POUR DES BATIMENTS HISTORIQUES —  EXEMPLES EN 

ITALIE DU NORD

A n d r e a  T o m i o l o  S a n t i a g o  M a r c h i n i

Dr.  Eng. ,  Geot echni cal  Consul t ant ,  Mi l an,  Italy

XIII ICSMFE, 1994. New Delhi. India / XIII CIMSTF, 1994, New Delhi, Inde J | § |

Syropsis. Th is paper i l l u st r at es a few ap p l i cat i on s of  i nst r ument at ion t o h i st o r i c  bu i l d i ngs and descr i bes t he approach 

adopt ed by t he aut hor s t o def i ne the number, t he l ocat i on  and t he t ype o f  i nst rument s appl i ed  t o var i ous monuments in 
nor t hern I t al y .  Such approach includes t he an al ysi s of  t he st at i c  condi t i ons and t he use of  FEM models t o det ermine the 
most st r ai n ed  zones of  t he const r uct i on  r esu l t i n g from set t l em en t s and, or , m at er i al s decay. In add i t i on  ar e repor t ed 
r esu l t s from inst rument at ion i n st al l ed  on t a l l  bu i l d i ngs and on monuments st r ai n ed  by t he excavat i on  o f  t unnels below the 
foundat i on l evel .

1-  In troduction .

The inst r ument at ion used f o r  ancient  monuments does not  
d i f f e r  concept ual l y from t he one t hat  i s normal l y used in 
foundat i on  engi neer i ng. What i s d i f f er en t  i s t he 
envi ronment  i n which such inst r ument at ion i s i n st al l ed . In 
f ac t ,  si n ce t he p r i o r i t y  i s always gi ven  t o the 
conser vat i on  o f  t he i n t egr i t y  o f  t he monument, t he gr eat est  
car e must be used t o avoid  any di st urbance t o a l l  ex i st i n g 
pai n t i n gs, scu l pt ed st ones, o r i gi n al  const r uct i on  
m at er i al s. In t h i s cont ext  t he i n t er ven t i on  of  t he 
Inst rument s appl i ed  t o t he st r u ct u r e must be reduced t o a 
minimum and t h er efor e an ext remely impor tant  par t  of  the 
exper t i se con si st s i n t he choi ce of  t he ph ysi cal  magni tudes 
t o measure and moni t or .

The scope of  t h i s paper  i s t o present  t he exper i ence of  t he 
aut hor s concerning t he procedure fol l owed fo r  t he choi ce of  
t he inst r ument at i on , of  t he moni t or ing syst em and dat a 
co l l ect ed .

2-  Choi ce »nJ pl anni ng t he i nst r ument at i on.

The pl ann ing o f  an inst r ument at ion syst em t o i n st al l  on 
ancient  bu i l d i n gs r equ i r es a good knowledge of  the 
const r uct i on  methods and a c l ear  underst anding of  the 
causes t hat  brought  t he monument t o i t s present  st r ess 
cond i t i on . For t h i s reason t he choi ce of  the 
inst rument at ion must be guided by a st udy of  t he causes of  
the set t l em en t s and cr acks o f  t he st r u ct u r es i ncluding soi  1 
st r uct u r e i n t er act i on .

Fi gur e 1 shows t he const r uct i on  sequence of  t he ci st er c i an  
abbey of  Viboldone, near  M i lan, where impor tant  st r u ct u r al  
cr acks ex i st .  Since i t  was f e l t  t hat  t he const r uct i on  
sequence had played a fundamental  r o l e in t he set t l ement  
and cr ack i ng of  t h i s st r uct u r e t he ear l i est  par t  of  t he 
work con si st ed  in a resear ch  of  t he act ual  const r uct i on  
methods on t he base of  h i st o r i cal  documents. I t  was then 
found t hat  t he const r uct i on  of  t h i s church was car r i ed  out  
in t h ree phases from XI I  t o XIV cent u ry.

The const r uct i on  sequence of  t h i s kind of  st r u ct u r es was 
such t hat  most of  t he load was appl i ed  t o t he foundat i ons

befor e connect ing t he top o f  t he arches and t he vau l t . 
Ther efor e, si n ce t he r at e of  const r uct i on  was r el at i v el y  
slow, most of  t he set t l em en t s t ook p l ace dur ing t he 
er ect i on  of  t he main p i l l a r s and ar ches, p r i o r  t o t he 
app l i cat i on  o f  h yper st at i c l i n k s.

In t he lowest  par t  o f  f i gu r e 1 ar e repor t ed the out  l evel  
val ues f o r  t he t op of  t he cap i t al  measured by sur veyi ng in

t he abbey of  
Viboldone. Such 
out  of  l evel  
val ues reached a 
maximum of  156 mm. 
Si n c e  t he 
f i ssu r at i on  o f  the 
upper par t  of  t he 
church «as not  
con si st en t  wi t h 
such amount of  
set t l em en t  t he 
aut hor s t r i ed  t o 
d i s c r i m i n a t e  
b e t w e e n  t h e  
s e t t l e m e n t s  
occur red dur ing 
and af t er  the 
const r uct  i on.

The f i r s t  st ep 
u n d er t ak en  in  
or der  gi ve an 
answer t o t h i s 
quest ion  was the 
back anal ysi s of  
t he const r uct i on  
sequence by means 
of  a FEM numer ical  
model aiming to 
det ect  the cracks 
st r u ct u r al l y  most 
si gn i f i can t  and 

t he dimensions, l i k e t he chords of  t he ar ches, abl e t o 
repr esen t  t he act ual  st at i c  behavi our  of  t he church.

F i g u r e  V.  A b b e y  oT  V i b o l d o n e . 

C o n s t r u c t i o n  s e q u e n c e  a n d  

r e l a t e d  s e t t l e m e n t  o f  c a p i t a l s .
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The ai m of  such numer i cal  model  was t o pr ovi de i nf or mat i on 
i n t he f ol l owi ng ar eas:

-  i dent i f i cat i on of  t he most  st r ai ned zones of  t he 

st r uct ur e associ at ed t o t he const r uct i on sequence and t o 
t he set t l ement s of  t he f oundat i ons.
-  exi st ence of  act ual  hazar dous condi t i ons f or  t he 
st r uct ur al  i nt egr i t y of  t he chur ch as a consequence of  t he 
exi st i ng f i ssur e pat t er n.
-  i dent i f i cat i on of  t he par t s of  f oundat i ons and st r uct ur es 
necessi t at i ng r ei nf or cement  or  r ehabi l i t at i on.
-  consequence of  l ocal  r ei nf or cement  on t he gl obal  st at i c 
behavi our  of  t he st r uct ur e.

The pr ogr am used f or  t he numer i cal  model  was a l i near  
el ast i c FEM pr ogr am.  The di scont i nui t y r epr esent ed by t he 
pr esence of  cr aks was,  i n a second phase,  si mul at ed by 
dupl i cat i ng t he nodal  poi nt s associ at ed wi t h t he cr acks 
t hemsel ves.  The l oads appl i ed wer e i n accor dance wi t h t he 
st eps of  t he const r uct i on sequence of  f i gur e 1.

The r esul t s of  t he anal ysi s of  t he vaul t  submi t t ed t o t he 
l oads and set t l ement s der i ved f r om f i el d obser vat i on 
conf i r med t hat  t he cr acks associ at ed wi t h t he l oads added 
t o t he st r uct ur e di r ung t he subsequent  phases of  

const r uct i on.  The FEM numer i cal  model  pr oved t hen ext r emel y 

usef ul  i n t he choi ce of  t he t ype,  number  and l ocat i on of  
t he i nst r ument at i on.  I n par t i cul ar  i t  was deci ded t o 

measur e t he f ol l owi ng par amet er s:  openi ng of  cr acks,  
var i at i on of  l engt h of  t he chor d of  ar ches,  t emper at ur e.

3-  Measur ement  of  def or mat i ons «ni l  t emper at ur es.

The measur ement s of  def or mat i on and t emper at ur e i n t he case 
of  Vi bol done was ext ended over  a per i od of  t wo year s and 

was oper at ed by means of  a comput er i zed cont i nuous 
moni t or i ng syst em.  An exampl e of  t he r esul t  of  such 

moni t or i ng wor k i s r epor t ed i n f i gur e 2 f or  t he gr oup of  
i nst r ument s r el at ed t o one of  t he ar ches of  t he si de 
chapel s of  t he chur ch.  One shoul d r emar k t he r esul t s of

l ong span di spl acement  gauges.  These i nst r ument s i ncl uded 

I NVAR t ype st eel  wi r es connect ed t o di spl acement s sensor s 

and showed negl i gi bl e dr i f t  over  t he whol e t i me per i od of  

obser vat i on.  A t ot al  of  56 i nst r ument s wer e used f or  a 

cont i nuous comput er i zed moni t or i ng.

A si mi l ar  l ayout  of  t he st r uct ur al  cracks,  as 
shown i n f i gur es 3 t o 5,  was f ound i n t he abbey 
of  Chi ar aval l e 
t hat  was bui l t  
a t  f e w
ki  l omet er s  
f r om t he abbey 
of  Vi bol done 
appr ox i mat  el  y 
i n t he same 
per i od,  on t he 
same soi l s,  
and pr esumabl y 
usi ng t he same 
cons t r ue t i o n 
sequence.  I n 
t hi s case,  i n 
addi t i on t o 
t he phenomena 
i nvol ved i n 
t he case of  
Vi b o l d o n e  
abbey,  i t  was
pr oceeded t o Tr ansver sal  cr oss sect i on,  
measur e t he

4- Mrnranimuit of rib rations.

vi br at i ons i nduced on t he vaul t  of  t he chur ch by 
t he hi gh speed r ai l way r unni ng at  appr oxi mat el y 
15 met r es f r om t he abbey i t sel f .  The scope i f  
t hese measur ement s was t o obt ai n i nput  dat a f or  
a dynami c FEM anal ysi s r el at ed t p t he magni t ude 
of  such vi br at i ons and t hei r  t ypi cal  f r equency.

Fi gur e 3.  Abbey of  Chi ar aval l e.

e .

Longi t udi nal  sect i on and pl an wi t h 
l ayout  of  cracks.

LONGITUDINAL SECTION
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F i g u r e 6 r ep o r t s t h e s t a t i s t i c a l  a n a l y s i s  o f  t h e 
r e s u l t s  o b t a i n e d  w i t h  t h i s  s i m p l e  
i n st r u m en t at i o n .  I n  f i g u r e  6a i t  h as been  
r ep o r t ed  t h e maximum a c c e l e r a t i o n s  r eco r d ed  f o r  
each  t r a i n  a l o n g  t h e d ay  o v er  a week  t i m e. In  
f i g u r e  6b i t  h as been  h ave r ep o r t ed  t h e 
d i s t r i b u t i o n  o f  a c c e l e r a t i o n s  ap p l i ed  t o  t h e 
v a u l t  o f  t h e ch u r ch  and i n  f i g u r e  6c t h e sp e c t r a l  
a n a l y s i s  o f  su ch  v i b r a t i o n s .  I t  ap p ear s t h at  t h e 
t y p i c a l  a c c e l e r a t i o n  was o f  t h e o r d er  o f  18 mg 
and t h e t y p i c a l  f r eq u en c y  80 H er t z .  T h i s r e su l t  
p er m i t t ed  a r e a l i s t i c  i n p u t  v a l u e  f o r  t h e dyn am i c 
a n a l y s i s  o f  t h e b eh av i o u r  o f  t h e v a u l t  i t s e l f .

5-  Movement s  or  hi gh r i se bui l di ngs and bel l  t amer s.

In t h i s paragraph are repor t ed some si gn i f i can t  
measurements performed dur ing the moni t or ing of  the tower 
of  Pi azza del  Campo in Si ena. I t  appears t h at , as

schem at i cal l y shown 
of  the top of  the 
t ower are caused 
by d i f f e r e n t  
deformat ions of  
i t s si des exposed 
or not  t o t he sun. 
This i s usefu l  t o 
know because qui t e 
o f t e n  t h e  
i n c l i n at i o n  o f  
t h i s t ype of  
t owers i s done 
so l el y  by means of  
d i s c o n t  i n u o u s 
sur veyi ng methods 
t hat  cannot  t ake 
in t o account  the 
t e m p e r a t u r e  
v a r i a t  i o n s  
occur r in g dur ing 
t he day and the 
seasons or  caused 
by sun exposure.

F i g u r e  6 c .  S p e c t r a l  a n a l y s i s  
o f  v i b r a t i o n s .

in f i gu r e 7, non n egl i gi b l e movements

SI ENA -  TORRE DEL MANGI A
inclination and temperature vs time

F i g u r e  8 .  S i e n a .  I n e l i n a t  i o n  o f  

t h e  t o p  o f  t h e  t o w e r  a n d  

t e m p e r a t u r e  v s  t i m e .

SI ENA -  TORRE DEL MANGI A
inclination vs temperature

Figure 8 shows the 
i n cl i n at i on  of  the 
top of  t he tower as 
a funct i on  of  the 
t emperat ure, over  a 
per i od o f  t hree 
months spanni ng 
from September t o 
november. Figure 9 
s h o w s  t h e  
i n cl i n at i on  of  the 
top of  t he tower as 
a funct i on  of  the 
t emperat ure. The 
general  t rend i s 
qu i t e good whi le 
t he d i sper si on  of  
the val ues depends, 
in the aut hors 
vi ew, from t he fact  
t h a t  t h e  
t e m p e r a t u r e  
repor t ed i s the one 
measured at  the
sur face of  t he st r uct u r e wi thout  consi der i ng 
por t i on  of  t he w al l s which i s t he one t hat  
over al l  deformat ion of  the st r u ct u r e.

F i g u r e  9 .  S i e n a .  I n c l i n a t i o n  o f  

t h e  t o p  o f  t h e  t o w e r  v s  

t e m p e r a t u r e .

t he inner 
r u l es the

i n c l i n a t  i o n .
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VìOt Muro degli Zingari

F i g u r e  1 0 .  G e n o a  P a l a z z o  D o r i a .  M o n i t o r i n g  s y s t e m  

b y  m e a n s  o f  7 l i q u i d  l e v e l  g a u g e s  d u r i n g  t h e  
e x c a v a t i o n  o f  t h e  t u n n e l s .

l e v e l  g a u g e s  r e f e r r e d  t o  p o i n t  7 o f  f i g u r e  10 

a s s u m e d  a s  f i x e d .  S e t t l e m e n t s  d e p e n d  o n  t h e  

d i s t a n c e  f r o m  t h e  t u n n e l s  a n d  o n  w o r k i n g  p h a s e s .

6- Di f f erent i a]  sdt l emei i b.

Genoa Pal azzo Dor i a.  Thi s exampl e shows how,  when deal i ng 
wi t h si t uat i ons i n whi ch di f f er ent i al  set t l ement  may evol ve 
r api dl y,  comput er  dr i ven moni t or i ng syst ems based on l i qui d 
l evel  gauges must  be used.  An i nt er est i ng appl i cat i on of  
t hi s t ype of  cont r ol  i s r epr esent ed by t he measur ement  of  
di f f er ent i al  set t l ement s pr oduced by t he excavat i on of  an 
under gr ound r ai l way t unnel  bel ow t he Pal azzo Dor i a i n 
Genoa.

I n t hi s case i t  was f ear ed t hat  t he const r uct i on of  a 
t unnel  bel ow t he edge of  t hi s bui l di ng mi ght  pr oduce 
def or mat i ons i n t he super st r uct ur e and t he cr acki ng of  i t s 
pr eci ous mar bl e decor at i ons.  I t  was t hen deci ded t o i nst al l  
a ci r cui t  of  di f f er ent i al  l evel  gauges as i ndi cat ed i n 
f i gur e 10.  Such moni t or i ng syst em i ncl uded an al ar m t o 
al er t  whenever  pr edef i ned t r eshol ds of  di f f er ent i al  
set t l ement s wer e exceeded.  Fi gur e 11 r epor t s some r esul t s 
whi ch i ndi cat e t hat  t he movement s wer e st r i ct l y r el at ed t o 
t he wor ki ng phases of  t unnel  excavat i on and t he di f f er ent  
phases of  gr out i ng.

7-  Concl usi ons.

I n t hi s paper  i t  has been descr i bed t he i nst r ument at i on 
used by t he aut hor s f or  t he measur ement s r equi r ed by 
moni t or i ng and di agnost i c wor k r el at ed t o hi st or i c 
monument s and l andmar ks.

The appr oach descr i bed by t he aut hor s i ncl udës exampl es on 
t he f ol l owi ng aspect s:

-  appr oach t o t he choi ce of  i nst r ument at i on of  hi st or i c 
bui l di ngs.

-  numer i cal  model s f or  det ect i ng t he cr i t i cal  poi nt s t o 
moni t or  by means of  i nst r ument at i on.

-  choi ce of  t he i nst r ument at i on and aut omat i c dat a 
acqui si t i on.

-  measur ement  of  def or mat i ons,  t emper at ur e,  vi br at i on,  
i ncl i nat i on,  absol ut e set t l ement s,  di f f er ent i al  
set t l ement s,  over al l  t i l t i ng.

Aki vwl odgement s.  The aut hor s ar e i ndebt ed t o al l  t he 

or gani zat i on,  cont r act or s,  engi neer i ng compani es t hat  
pr omot ed t he moni t or i ng wor ks descr i bed i n t hi s paper  t hat  
i t  woul d be t oo l ong t o t hank i ndi vi dual l y.
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ANALYSIS OF THE MECHANICAL CHARACTERISTICS OF MASONRY STRUCTURES 

ANALYSE DES CHARACTERISTIQUES MECANIQUES DES STRUCTURES DE 

MAÇONNERIE

P i e r  P a o l o  R o s s i

I smes S. p. A.  
Ber gamo,  Italy

XIII ICSMFE, 1994. New Delhi. India / XIII CIMSTF, 1994, New Delhi, Inde ¡ U |

SYNOSPI S:  The most  si gni f i cant  test i ng t echni ques for t he anal ysi s of  t he mechani cal  charact eri st i cs of  exi st i ng masonr y st ruct ures 
are present ed.  Speci al  emphasi s is devot ed to t he use of  t est i ng t echni ques comi ng f r om rock mechani cs exper i ence:  f l at-j ack, 
bor ehol e di l at omet er,  cor i ng and vi deo camer a survey.  The met hodol ogi cal  appr oach used for t he st ructural  assessment  of  an exi st i ng 
masonr y st ruct ure is present ed by usi ng as an exampl e t he di agnost i c anal ysi s carr i ed out  on St. Mar k’s Basi l i ca in Veni ce.

INTRODUCTION

The static restoration of old buildings and historical monuments calls for a 

detailed knowledge of the parameters which define the structural behaviour. 

The methodological approach usually adopted for the static analysis initially 

requires a series of preliminary investigations which provide details of the 

structure's geometric characteristics, a crack pattern survey and analysis of 

construction phases and use. Following this, a second more investigative series 

of tests are carried out to determine and define the structural behaviour of the 

masonry structures. These tests includes both non destructive types which 

allow a qualitative evaluation of the structural characteristics of the masonry, as 

well as the slightly-destructive types which permit a quantitative evaluation of 

the mechanical parameters.

The in situ techniques which are proposed for the analisis of the mechanical 

parameters of the masonry structures come from rock mechanics experience. 

Som e sim p le  tes ts , w hich are used to id en tify  the stru c tu ra l 

and mechanical characteristics of the rock masses, have been recently applied 

for the study of masonry structures. The results obtained during 15 years of 

experience on more than 150 important monuments clearly show the great 

reliability and usefulness of these testing techniques. Coring and video camera 

survey are firstly applied to determine the structural characteristics of masonry. 

Then the flat-jack test is used to determine the existing state of stress, the 

defomiability characteristics, the compressive and shear strengths. The analysis 

of the deformability characteristics of the masonry in the inner part of the wall 

is carried out by using another rock mechanics test: the borehole dilatometer 

test.The testing techniques proposed for the study of masonry structures will be 

presented by using a very important example: the diagnostic analysis carried 

out on the supporting structures of St. Mark's Basilica in Venice.

ANALYSIS O F TH E STRUCTURAL ASSESSMENT O F ST. M ARK'S 

BASILICA IN VENICE

The Basilica of St. Mark is a structurally complex monument in which three 

major construction phases can be identified. The first dates from 828 A.D. 

when the Ducal Chapel was founded to house the body of St. Mark Evangelist 

which the Venetians had recovered from Alexandria in Egypt. The second 

phase began in 976 A.D. when the Ducal Palace and the Church were burnt by 

the populace to kill Doge Candiano IV; the structure was rebuilt with new

decorations by Doge Pietro Orsolo the Saint. The third phase began in 1063, 

when Venice gave the world a fine example of its power with the construction 

of the grandiose building designed by the most important Byzantine architects. 

The Church was consecrated and dedicated to St. Mark in 1094. Built over 

many centuries utilising pre-existing structures as far as possible, the Basilica 

is showing clear signs of deformation and damage to its walls, arches, vaults 

and domes, as well as the flooring. Numerous earthquakes exacerbated this 

situation, especially those in the XII century, which shook Venice and the 

Basilica to their foundations, as well as several devastating fires, requiring the 

rebuilding of entire sections of the monument; one can also mention in this 

context the stylistic modifications and the increased structural weight of the 

domes, joined, in turn, by all the other additions made over the centuries.

In 1990 ISM ES was com m issioned by the Venice W ater Board of the 

Ministry of Public Works to carry out a wide-ranging programme of surveys 

for the evaluation of the static conditions of the Basilica. This research 

programme, was carried out in collaboration with the "Procuratoria" (the 

Surveyor Board of the Basilica). At first a detailed historical survey was 

performed by cataloguing and integrating written documents, drawings and 

photographs in order to prepare report cards detailing the major restoration 

tasks implemented in the past. Then a topographic and photogrammetrical 

survey was carried out together with a detailed survey of crack pattern on the 

supporting structures of the Basilica.

Subsoil and Foundation Survey

A detailed survey of the subsoil of the Cathedral was carried out in order to 

define the stratigraphy of the soil as well as the mechanical characteristics of 

the different soil layers. Seven boreholes (30 m deep) were drilled around the 

perim eter of the Basilica and many undisturbed samples were taken for 

carrying out physical and mechanical laboratory tests. Static cone penetration 

tests were also carried out in three testing points, using a digital cone, in order 

to identify the mechanical characteristics of the different layers of soil. On the 

basis of in situ and laboratory tests, the stratigraphy of the soil was identified. 

As an example, fig. 1 shows the stratigraphic profile obtained by correlating 

the results of three boreholes drilled on the North side of the Cathedral. Under 

a surface layer of filling material, a silty-clay layer (about 5 m thick) has been 

observed. A silty-sand layer with higher mechanical characteristics is also 

present with a thickness varying between 5 and 10 m. Under the sand layer, 

silty-clay material was found. The presence of local lenses of sand inside the
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Underneath this stone basement there is a wood plate (10 cm thick) which is 

about 3.0 m below the floor. This wood plate rests on short wooden piles 

which are very poorly preserved.

Analysis of the Mechanical C haracteristics of the M asonry S tructures

The pillars and the perimeter walls of the Basilica were intensively investigated 

by using both non-destructive and slightly-destructive tests. Special attention 

was devoted to the pillars which were investigated in the only unlined portion 

(about 1 m high) along the women’s gallery. Under this layer, the pillars are 

lined with marble and over this layer the surfaces are covered by mosaics.

I ' 1 J Silty - clay 

V' Silty - sand

Riling - material

Static cone penetration test - cone resistance

Soni c t omogr aphy  af kd r adar  sur vey

At first a non-destructive investigation was carried by using sonic tomography 

and radar survey in order to check the presence of possible anomalies. The 

most significant results were obtained from the sonic tomography survey 

which provided a clear mapping of the different velocity zones. As an 

example, fig. 3 shows the results for pillars 1 and 2. It can be clearly observed 

that pillar 1, which was consolidated by grouting about 30 years ago, clearly 

shows high velocity values, especially in the internal zone which was involved 

in the grouting operation. On the contrary, the velocity values obtained for 

pillar 2 show that the mechanical characteristics of this pillar are very poor (in 

fact no consolidation work was performed on this pillar in the past).

Fig. 1. Stratigraphic profile along the North side of the Basilica. The results 

of static cone penetration tests are presented.

silty-clay material was observed as usual in lagoon-side environments. Three 

boreholes were equipped with electric piezometers and three with long base 

settlement-gauges connected to an automatic reading unit. This monitoring 

system will allow the settlement of the perimeter of the Cathedral to be 

controlled as a function o f time and water-table variations. An in-depth 

investigation was also carried out to analyze the geometric and structural 

characteristics o f the foundation masonry of the perimeter walls and of the 

pillars. Several small boreholes (diameter 62 mm) were cored by using a light 

diamond saw and the lateral surface of the boreholes was surveyed by means 

of a colour video camera. More than 50 subvertical boreholes were drilled to 

investigate the structural characteristics of the foundation masonries. In order 

to obtain qualitative information concerning the mechanical characteristics of 

the masonry structures, a sonic-log survey was carried out as well as cross-hole 

measurements by using two parallel boreholes. As a result of the coring and 

video camera survey, the typical structural scheme of the foundation masonry 

was determined (Fig. 2). At a depth of about 70-90 cm from floor level, a stone 

basement made with large blocks of sandstone is present with a thickness of 

about 2 m.

\
___SÊÈm
Velocity m/s H  600.800 

□  800. 1000 
I I 1000. 1600

Fig. 3. Results of tomographic survey in two pillars with different 

mechanical characteristics.

Cor i ng and bor ehol e vi deo c amer a sur vey

In every pillar, horizontal and vertical boreholes (more than 60) were drilled 

by using light drilling equipment. Then a video camera survey was performed 

with a detailed description of the surface o f the boreholes. By drilling 

subvertical boreholes (about 4 m long) starting from the level of the women’s 

gallery, it was possible to investigate the lower part of the pillars lined with 

marble plates. Several boreholes were also carried out along the perimeter 

walls of the Basilica.

Fi g.  2. St ructural  scheme of  the f oundat i on masonry.

Me a s u r e me n t  of  t he st at e of  st r ess a n d  anal ysi s of  t he def or mabi l i t y 

char act er i st i cs

For the evaluation of the static conditions of the Basilica it seemed advisable to 

measure the actual state of stress on the main supporting structures with special 

attention to the pillars. For this purpose the well-known flat-jack test was used. 

This non-destructive test, developed by ISMES about 15 years ago, is based on 

the release o f the state of stress by making a small slot in a mortar layer and 

then reloading by means of a thin flat-jack inserted into the slot. (Fig.4) This test 

is very simple and reliable, as proven by calibration tests carried out in the 

laboratory. More than 80 flat-jack tests were carried out (about 65 on the pillars 

and 20 on the perimeter walls). The stress values measured on the pillars are 

shown in fig. 5.

A certain heterogeneity of the state o f stress in the pillars can be observed, 

which is related not only to the position and size of the pillars but also to the 

type and extent o f the consolidation works which some pillars have undergone 

in the past. High stress values (up to 1.1 MPa) were measured in some pillars. 

Furthermore, in the above-mentioned pillar 2 (the south-east pillar of the St. 

John's Dome), a state o f stress of 0.95 MPa was measured. This value was 

considered very high in relation to the results obtained by sonic tomography, 

coring and video camera survey.
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Fig. 4. Scheme of the flat-jack testing phases on brick masonry.

Fig. 5. General lay-out o f the flat-jack testing points with the indication of 

the measured states o f  stress.

By using two parallel flat-jacks the deform ability characteristics of the 

masonry were determined. Two flat-jacks were inserted in the masonry in 

order to delimit a specimen of appreciable size (40 x 50 cm) on which a 

uniaxial state of stress was applied.

D uring the loading phase, the axial and transversal deform ation of the 

specimen was plotted as a function of the applied load. This simple testing 

technique allow ed the deform ability  m oduli o f the d ifferen t types o f 

masonries analyzed to be determined. These values have been used as input 

data for the finite element model.

The deformability characteristics of the pillars are a function of the type of 

consolidation works performed on the masonry. The tests carried out on the 

original unconsolidated masonry show values for Young's modulus varying 

between 800 and 2000 MPa (for a stress range of 0.4 + 0.8 MPa). The values 

determined on the masonry consolidated by grouting are higher (between 

1600 and 4000 MPa) in the same stress range. In some pillars, where the 

masonry was completely rebuilt about 30 years ago, Young's modulus has an 

average value of about 5000 MPa.

Suppl ementary i nvesti gati on on the south-east pi l lar of  St. John' s Dome

The com bined analysis o f the results obtained by fla t-jack  test, sonic 

tomography, coring and video camera survey clearly shows that the pillar n. 2 

(sout-east pillar of St. John's Dome) has to withstand very severe loading 

conditions in comparison with the poor mechanical characteristics o f the

m asonry. For this reason, il was decided to carry oul a more detailed 

investigation in the lower part of Ihe pillar after removing the marble lining. At 

first a detailed crack pattern survey was carried oul which showed the presence 

of several vertical small cracks, especially near the comers. Sonic tomography 

was performed at three sections of the pillar at different heights from the floor 

and the results obtained confirmed the low velocity values presented in fig. 3. In 

several points of the pillar, the stale of stress was measured by flat-jack test and 

an average value of 0.85 MPa was found. Then, in two points, the deformability 

characteristics were determined by two parallel flat-jacks. The typical slress- 

strain curve of the masonry is shown in fig. 6, where axiall and transversal strain 

values are presented as functions of axial stress.

Fig. 6 Stress strain diagrams obtained by flat-jack tests on the pillar n. 2 

with the indication o f the measured state o f stress.

The average value of the measured state o f  stress is also indicated. It can be 

observed that the masonry presents a linear behaviour up to a stress level of 

about 0.8 MPa with a value of Young's modulus of about 2.000 MPa. For higher 

stress levels, up to 1.2 MPa, Young's modulus decreases to a value of about 900 

MPa and for the stress range between 1.2 and 1.5 MPa the modulus is lower than 

300 MPa. It can be observed that the average state of stress measured in the 

p illa r exceeds the lim it betw een e las tic  and p las tic  behaviour. T his 

supplementary investigation clearly confirmed that the static conditions of the 

pillar are not satisfactory and for this reason it was decided to carry out urgent 

consolidation works which are now in the design phase.

Borehol e di l atometer

U sing the  tes ts  w ith  p a ra lle l fla t ja c k s  one can  only  dete rm in e  the 

deformability characteristics of the superficial layer of masonry. In order to 

acquire inform ation on the deform ability characteristics o f the internal 

masonry it becomes necessary to conduct dilatometric tests using boreholes 

made by coring. A special probe about 25 cms long applies a pressure on the 

borehole surface, and the m easurem ent o f the consequent deform ation 

determines the modulus of deformability (fig. 7).

Fig. 7. Scheme of borehole dilatometric test that determines the

deformability characteristics o f the surface and inner layers.
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As the portion of masonry used for this test is very limited, the values obtained 

by the dilatometric test are less representative than those obtained by the flat- 

jack tests. This testing technique, however, is undoubtedly useful as it 

determines Ihe ratio of deformabilily of the internal masonry to the outer layer. 

Dilatometric testing is also important for testing the deformability characteristics 

of the foundation structures.

M onitoring System

In order to obtain a continuous control of the static behaviour of the Basilica, 

in 1991 a monitoring system was installed by 1SMES. The principal features 

which are monitored are as follows:

- opening of the main cracks in the pillars (8 extensometers)

- relative horizontal movements of the pillars (11 long base extensometers)

- tilting of the vertical structure (4 inclinometers)

- internal and external temperature (5 temperature-gauges)

- vertical settlement of the soil foundation (3 long base settlement gauges)

- water-table variations (3 piezometers).

All the instrum ents are connected to an autom atic data acquisition and 

recording unit which can quickly indicate possible anomalies in the structural 

behaviour. The analysis of the deform ations as a function of time and 

tem p era tu re  m akes it p o ss ib le  to se p a ra te  th erm al e ffe c t from  the 

deformations arising from other structural causes. As an example', fig. 8 

shows the diagrams of the relative horizontal movements between some 

pillars measured by three long base extensometers during the first period of 

observation. It can be clearly seen that the deformation diagrams follow 

temperature changes and no permanent deformation is noticed at the end of 

the first yearly cycle.

The high degree of complexity of the structure suggested the opportunity of 

considering the whole building as the sum of different substructures: the roof 

with its domes, the pillars and the perimetral walls. The resultant global finite 

element model has about 210.000 degrees of freedom (fig. 9). The validity of 

the model has been tested by using the measured values of the state of stress 

and the information obtained by the monitoring system.

Gen Feb Mar Apr Mag Giu Lug Ago Set Otl Nov Die 
1

Gen Feb Mar Apr Mag Giu Lug Ago Set Ott Nov Die

Gen Feb Mar Apr Mag Giu Lug Ago Set Ott Nov Die

Gen Feb Mar Apr Mag Giu Lug Ago Set On Nov Die

Fig. 8. Diagrams of the relative horizontal displacements of some pillars 

during the first years o f observation.

Num erical Modelling

A significant contribution to the knowledge of the static conditions of the 

Basilica will be provided by the mathematical model which will utilise all the 

data  and in fo rm atio n  ob ta in ed  th rough  in -situ  in v e s tig a tio n s . This 

mathematical analysis, has the following aims:

to set up a mathematical model capable of providing a reasonable picture of 

the present stress distribution due to dead loads; the validity of the model in 

achie  ving this aim w ill be tested by com paring  experim ental stress 

measurements with analytical results in certain points of the structure; to 

estimate the effect that a reduction of stiffness in some structural elements 

could produce in terms of displacement and stress redistribution; 

to forecast the displacement trend under cyclic loads, such as thermal loads, 

in order to obtain a better understanding and a more meaningful interpretation 

of data provided by the monitoring system.
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Fig. 9. Finite element model of St. Mark's Basilica.
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