INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

SIMSG [} ISSMGE

s

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:

https://www.issmge.org/publications/online-library

This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.



https://www.issmge.org/publications/online-library

I,
'/
XIIt (CSMFE, 1994, New Delhi, India / XIll CIMSTF, 1994, New Delhi. Inde i\ /é

FOUNDATIONS OF OLD STRUCTURES AND MONUMENTS — PERFORMANCE
STUDIES

FONDATIONS DES STRUCTURES ET MONUMENTS ANCIENS —
ETUDES DE PERFORMANCE

S. Hultsjo

Managing Director, Grundforstarkningar AB
Stockholm, Sweden

Underpinning is a routine construction practice often chosen for ordinary buildings as an economical reasons alternative to demolition/
new construction . It is not only something exclusive for monuments and the like. In restoring, repairing or underpinning the foundations
of any old building its existing structure will form a major part of the finished product. its inherent properties are not fully known, nor
can they be controlled as in new construction. Hence, performance studies are widely used to gain new knowledge, to develop new
technology, to adapt designs and methods, to regulate contracts etc. Performance studies mainly comprise measurements over time of
deformations in the existing structure and perhaps the development of forces in ¢. g. new plies. This paper outlines standard methods and
objects of performance studies and cites one example of their use in contractual risk mangement.

Underpinning is to a large extent the Art of Sound Engineering
Practice or Know-how. New construction elements - often a whole
new foundation with piles and concrete beams - are added to an
existing structure without detailed pre-knowledge of its inherent state
of stress and strain. The final result of the work can often be evaluted
only after a long time. Obviously, a major part of the collective
knowledge among those engaged in this type of work has been
gained by performance studies.

Discretion - as in low noise and vibration levels - is a unconditional
requirement of working techniques. This property is often as
important regarding adjacent buildings that may have a technical need
of foundation restoration too, but another owner. If so, the project
entails a risk of indemnification claims. The development of the
discreet properties of underpinning methods and the subsequent use
of these methods for rebuilding and city-center construction is largely
based on performance studies in buildings around underpinning
projects, although the object usually was another one.

Objects of Performance Studies

Most foundation restoration and repair projects entail performance
studies. In many projects they are instrumental for planning and

During construction, many methods will entail temporary and local exccution. The primary object is often cither

reduction of a stability that was dubious before. The practical site ° collecting settlement data in order to identify the problem
experience from executed works - successful or not - is a major and 0!10086 a rel:ncdy )
0 adapting the design and execution to forthcoming results

component in today's methods and practices; another example of the

use of performance studies. during construction
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0 checking contractual obligations, particularly the function of
the completed reparation during the defects liability period

o checking the effect of the works on adjacent buildings

o gathering performance data for scientific or other purposes,
not immediately connected to the current project

or a combination of these, most to the point when used as part of a

Quality Assurance system for the project.

Methods.

Regardless of the object, performance studies basically use
measurements of deformation over time, measurement of vibration
and noise levels and maybe measurement of the development of
force and stress in construction elements

In this context deforration measurement almost always equals
measuring the settlement rate of existing strucures - the one to have
its foundations repaired or its neighbours. It is often done by means
of periodic levelling of bolts fixed to the structure at suitable points.
This method is rather expensive and somewhat slow; the latest results
may not be current when needed. Particularly for active management
of a project, current performance data must be fed back immediately
to those doing the practical work on site.

If uneven settlements have caused stability problems in the structure
or if the planned works may cause or cause to increase such
problems, they must certainly be supervised and compared to preset
safe limits. Methods will have to be adapted to site particulars and
may vary from hanging a pendulum from a listing wall to advanced
tree-dimensional recording of the movement of struclural elements.

Another type of deformation vs time data compilation is
documentation of 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 of crack
behaviour can also be used for project management, like the
execution of stability-reducing cuts. Again, the results must be readily
available on site. For instance, the unsophisticated method of putting
date-marked gypsum seals over existing cracks in the work area will
produce the desired effect.

Studies of the development of force or stress in foundation
restoration projects are not as common as deformation studies. It is
normally impossiblc to determine the total state of stress in the old,
deformed structure and that will make measured changes of little use.
When aimed at the function of the project, this type of study meets
the difficulties of sampling and representativity - which few piles or
beams are typical for the behaviour of the whole project? In some
instances, the conservation of the initial state of stress in the existing
structure is crucial to the correct execution of the project. Then
prestressed load sensors can be incorporated at representative or
sensitive points and checked for load changes against acceptable
limits.

A different approach is to calculate the original load distribution in
the structure, design a corresponding new foundation, install it with
due discretion and preload it according to the original load
distribution. Also, if the new foundation is not preloaded one has to
wait until the "natural” subsidence of the building reaches a value
corresponding to the elastic deformation of the new foundations
before they work. Pre-loading and comparison with the designer's
intentions are common performance studies.

Vibration measurement is normally continuous in adjacent buildings
around an underpinning project. As methods are designed to be next
to vibration-free, this mainly serves to record the fact that "normal”
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or "acceptablc" limits or such stipulatcd in a contract have not becn
exceeded by the contractor through negligence. Results compiled
from a variety of projects have been used to refine methods and to
formulate risk evaluation and management systems.

Preservation Bonus.

The cconomic uncertaintics for the Owner in underpinning projccts
can be reduced by a number of contractual tools for risk- and
benefit-sharing. One prevalent solution is a contract for a Function "a
settlement-free building” between an amateurish Client and a
specialist contractor. The verification of that function afier the
completed work by means of settlement measuring is a common
performance study.

The underpinning of Argus 6 in Stockholm some years ago
comprised another contractual use of performance studies. Adding to
the normal cultural value of a building in the Old Town were the
facts that the tavern in it had been a second home to Swedish poets
and artists since the 17th century and that the owner is thc Swedish
Academy (that designates the Nobel laureates). ‘Lhe building had
original murals that under no circumstances could be further
damaged by increased cracking of the walls. Some years before, an
adjacent underpinning project had demonstrated the settlement
potential of that particular environment. The extreme emphasis on
absence of deformation during the works led to the choice of
particularly discreet working methods and sequences. I addition to
that, the contract had a substantial incentive sum over the normal
lump sum. If no settlements occurred in any of about 15 measure
points in the siructure, the tum-key contractor earned the whole
bonus. He was to eam a portion of the bonus sum, declining with
incrcasing settlement, up to settlements considerably smaller than
"normal” for this type of work. If settlements were larger, the
contractor had to pay a severe penalty, increasing with the settlement
up to maximum well exceeding the original bonus sum. Obviously
the contractor had a strong incentive to make the fullest use of his
know-how both regarding discreet working methods and the rapid
and accurate measuring of very small settlements on site.

The contractor chose to manage his own work with a computerized
high-resolve settlement supervising system with measuring points
distributed in all paris of the cellar. The computer display with
minute-fresh measurements was installed prominently in the working
area, where everyone could see it. A portion of actually eamed bonus
moneys was promised to the personnel on site. Their interest in
performance studies as well as their readiness and creativity to adapt
working methods to forth-coming results reached hitherto unknown
heights. On completion of the project deformations were very small.
The contractor and his site personnel could both collect the major
part of the bonus sum. More important, thanks to this use of a
performance study, the building today has new modem-standard
foundations and the original murals are intact.
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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. Lord
Ove Arup & Partners

In the United Kingdom, and probably many other countries,
the presence of cracks within a building is thought by
both non-engineers and structural engineers to be as a
result of either inadequate foundations and/or weak
soils. Underpinning is then undertaken as a means of
tackling the perceived prcoblem. But such underpinning is
often unnecessary, resulting in wasteful expense and
probably further damage to the structure. Before
embarking upon underpinning, the geotechnical engineer
should seek to relate the deformation to the fabric of
the structure to:

. soil conditions
. monument history
. environmental changes.

In order to appreciate soil-structure interaction, or as
TC19 (1993) more appropriately terms it, Ground Monument
System (GMS), the geotechnical engineer needs to:

. understand structural behaviour

- understand the materials of which the structure is
composed

. be a historian and an archaeologist

. be a pathologist capable of performing an autopsy
on the buillding

. above all, a detective.

The last three skills will already have been developed by
an experienced geotechnical engineer as part of the
standard procedure for investigating the history of and
ground conditions beneath a site. As such the
geotechnical engineer is probably the best placed of the
professionals to undertake such work.

Heyman (1966) in "The Stone Skeleton" advanced the theory
that if, on striking the centre ring of a flying
buttress, that buttress stands for 5 minutes, than it
will stand for 500 years. That foundation movements will
never provoke collapse presupposes that the status quo is
maintained. Lord (1985) identified two principal changes
which affect the performance of structures:
(1) Natural process of long term change
(a) wear and tear/decay of structure; eg. the
decay of the timber baulks which provided
reinforcement to the Norman foundations of the
Central Tower of York Minister (Lord 1981) and
the decay of timber lintels (Lord, 1985).
(b) Creep of so0oil or the monument fabric under
stress, such as that presented by Poorooshasb
(1994) in the Panel Discussion.
(ii) Manmade changes {(often short term)
(a) alterations to the structure; eg extensions or
restyling such as that discussed subsequently
{(b) changes to the envitonment; eg. subsidence
due to mining, or lowering of the water table
as has affected Pisa and Venice.

These changes are all transformations and modifications
of the Ground Monument System identified in TC19 (1993).

A further cause of fabric deformation may be identified,

namely:

(iii) poor design and/or construction; eg. absence of
expansion joints.

Pollocks Toy Museum is an example where the structural
engineer had proposed underpinning of an old building but
which further investigation showed to be totally to be
unnecessary and inappropriate. The relatively small
structure, situated close to the Telecom Tower in London,
was formerly a dwelling dating from about 1750. It
houses a unique collection of toys and dolls. Following
the fall of part of a ceiling, an investigation of the
causes of the cracking and deformations was initiated
together with an assessment of the museum's structural
stability.
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The building consists of a basement and ground floor
surmounted by three storeys (see Fig. 1). A typical
floor plan is shown in Fig. 2(a), but on the ground floor
one of the fire-places has been removed (Fig. 2(b)). A
survey of the building revealed various areas of
distress:

1. The southern half of the wall along Whitfield
Street had settled about 75mm with respect to the
remainder of the building leading to a series of
severe shear cracks, between the line of windows
(AA' in Fig. 1), irregular brick coursing along
Scala Street and an outward lean of up to 50mm of
the doorway and cast iron columns on the corner of
the building.

2. The first floor joists were pulling off the sole
plate attached to the beam spanning the shop front
along Scala Street.

3. Two areas of bulging brickwork in the basement.

The deformations appeared to be due to settlement of the
foundations but their cause was not obvious and, in view
of the age of the building, whether they were continuing.

Evidence from an archaeoclogical examination of the bricks
and mortar indicated that extensive rebuilding of the
ground floor toock place in the early part of the 19th
century involving removal of the ground floor fireplace
and the insertion of a timber beam to carry the loads of
the fireplaces and partition walls from the three floors
abave (see Fig. 2(b)). This beam was provided with an
intermediate cast iron support (D) bearing on the
fireplace of the basement. During the reconstruction,
the brickwork of the south east corner of the building
was removed to create a shop window and doorway. The
wall above was supported on timber beams encastered into
the brickwork at one end and propped with cast iron
columns. During the Second World War, the building
received considerable bomb damage; demolition was
contemplated but rejected. 1In 1949, major repairs were
carried out which involved the replacement of the timber
beam and cast iron column supporting the fireplaces and
partition walls with two steel joists.

The rebuilding in the early 19th century, and in
particular the removal of the ground floor fireplace,
caused the load from the three floors above to be
concentrated in the outer wall AB on the Whitfield Street
frontage, leading to settlement of the foundations in
this area and a tendency for the brickwork around the
basement fireplace to bulge. As this settlement had
taken place many years previously and as there was no
evidence of significant recent settlement, it was
concluded that the foundations were adequate and did not
require underpinning. However, as the external brick
wall was quite heavily stressed by the weight of the
walls and fireplaces abave, it was felt prudent to
reinstate the cast iron column D that had existed up to
1949, but with a circular hollow section, to ensure a
better spread of load on to the foundations beneath the
ground floor fireplace. The basement fireplace which was
disused, was infilled with cement grout so as to be
capable of taking these loads without further bulging of
the brickwork. The beam over the shop front in Scala
Street was tied back into the structure to provide
lateral restraint and prevent sidesway of the cast iron
column that supported it.

This relatively simple remediation was inexpensive and
has proved satisfactory for the past 20 years.
Underpinning would not only have been much more expensive
but, more importantly, would have been totally
inappropriate in this situation.
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Discussion

Czech Experlences with the Preservation of
Historical Monuments

J. Feda (Czech Republic)

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.
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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 be:en
founded - Fig.2. It has been protected by a cascade of fortified w.alls whl_ch
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.
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Medieval town to Kutna Hora was famous for its silver mining since
11th to [3th century making the Bohemian kingdom one of the most rich
among the medieval empires. Silver veines deep in the gneiss were reached
b_y a system of shafts, adits and tunnels. They were stiffened by masonry
like wells and deeper by wooden sheathing through the fill underiain by
Cl_'et.aceous mari (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 barogue 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

Pierre Habib

Laboratoire de Mecanique des Solides
Palaiseau, France

INTRODUCTION : Dear Colleagues, Ladies and
Gentlemen,

I thank the Organizing Committee who gave me the
opportunity to chair this very interesting session.
The subject of to day is in fact very important. It is
useful to carefully study the foundations of ancient
monuments and of old structures for at least two
different reasons.

Firstly, we must keep the wonderful heritage let by
ours fathers and the fathers of ours fathers : it is
what we call in French "la sauvegarde du patrimoine
culturel”. It is a cultural matter and each generation
has to maintain artistic and technologic objects.

Secondly, old structures are a testimony of long
term resistance. It is an opportunity to get
information about long term stability. The well
known Pisa Tower -we shall have some
informations to day about it- is a six hundred year
duration mechanical experiment, the first
measurements of which having been done by

117

Galileo. And as you know it is very important to
have experiences which last a long time. For nuclear
waste of low level activity and short life time, we
have to build structures which must last 300 years.
For concrete, for foundations, for filters, for
drainage it is important to have realistic experiments
and not extrapolations as a fonction of time. But
ancient monuments give also informations about
seismic activity. If you have a bell-tower, a castle,
why not a still standing megalith, that means that the
seismic activity of the site is not too severe.

All the reasons to study and to maintain old
structures and ancient monuments for culture and
for education.

In our program we have a lot of interesting papers.
In the first part of the session authors selected by the
organizer will make a short presentation. The
second part, chaired by M. Stamatopoulos, will be
devoted to a free presentation. I hope that in both
cases we shall have enough time for questions from
the audience and for the author replies.
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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

Jan Maertens

Geotechnical Consultant, Formerly Smet-Boriing NV, Dessel, Belgium
Assoc. Professor, Leuven Catholic University, Belgium

SYNOPSIS: In a first paragraph it is demonstrated that for the underpinning and strengthening of existing foundations it is vety important to have
precise data about the dimensions of the foundations and about the characteristics of 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 of soil nailing
along historical buildings. An example is given of a soil nail wall realised along the foundations of a historical building.

transition zone is then only possible after that the groundwaterlevel has
been lowered over a rather large area. Such a groundwaterlowering is
running mostly out of the scope of a normal foundation inspection and
is therefore not realised

DIMENSIONS OF EXISTING FOUNDATIONS:

When dealing with foundations of old monuments or historical
buildings it is very important to have precise data about the dimensions
of the existing foundations and about the characteristics of the .

foundation materials. Na

In most European cities, a big part of the historical buildings is located < ~L

along rivers on places where a rather high waterlevel is encountered. x L
For the installation of the foundations of all historical buildins and ]
monuments excavations had to be performed When the waterlevel was /
reached, the excavations had to be stopped very soon because the soil 3 l |

was loosened due to the upward gradient of the groundwater flow. To W el

improve the bearing capacity of the loosened soils, often a layer of
stone cobbles or flat claystones was placed on the bottom of the
excavated trench (see Fig la. and 1b.). In other cases very short
wooden piles have been installed trough the loosened soil layer (see vitesn
Fig. 1c).

Fig. 1b

— — However when jet-grouting or other underpinning techniques have to
be applied underneath the foundations, problems may occur due to the
presence of the transition zone. In most cases a preliminary treatment
of the transition zone is necessary before the real underpinning can be

7 started. This leads often to important additional costs.

Fig. la

When nowadays inspection pits are realised in such cases in order to
determine the dimensions of the existing foundations, it is in most cases
not possible to reach the lowest foundation level because there is a lot
of water coming trough the transition zone consisting of stone cobbles,
flat claystones or the loosened soil between the short wooden piles (see
Fig. 2). The inspection of the lowest foundationlevel and of the
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In such cases due information on the dimensions of the foundations can
be obtained by performing destructive borings trough the foundations
(see Fig. 3.). For mediaval buildings it is also very important to have
precise information on the characteristics of the foundation materials.
Indeed in many cases the walls of such buildings consist of two
separate masonry plates and between them a fill with very variable
characteristics. It is then very important to know if such a system is
also encountered in the foundations (see Fig. 4.).
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Very valuable informations on the characteristics of the foundation
materials can be obtained by performing destructive borings with
registration of the dnlling parameters. In all cases the results of
destructive borings with registration of the drilling parameters have to
be checked by the realisation of core drillings where samples of the
foundation materials are prelevated.

SOIL NAILING ALONG HISTORICAL BUILDINGS:

In Belgium it becomes more and more popular that for the renovation
of historical buildings only the front bearing walls are maintained and
that a completely new building is installed behind. When deep
excavations have to be realised along the existing front bearing walls,
the soil nailing technique by means of jet-grouting is very appropriate.
For such applications a row of vertical grout columns is always
installed in a first stage. The normal diameter of these columns is 0,50
m and the intermediate distance varies between 0,75 and 1,00 m. When
working along existing foundations inclined grout columns are also
installed through these foundations. Afterwards the excavation is
realised in successive stages. In each stage subhorizontal nails are
installed by means of the jet-grouting technique.

Ore of the major advantages of the soil nailing technique by means of
jet-grouting is that almost all ground conditions can be treated. After
the installation of the wvertical grout columns a considerable
improvement of the soil undemeath the existing foundations is
obtained. So for instance on a jobsite at Ghent several old water pits of
masonry have been encountered of which one was situated on the
border of the excavation to be realised. This pit has been completely
filled with grout during the installation of the vertical columns and so
no major problems occured during the excavation. After the installation
of the vertical grout columns the realisation of vertical excavations
over 2 to 3 meters is possible in almost all cases.
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At Antwerp a more than 7 m deep excavation has been realised around
a historical building of 6 by 10 m and having a heigth of 12 m Here
also vertical and subvertical grout columns have been installed in a first
stage (see Fig. 5) The excavation has been performed in three stages
and three rows of subhorizontal soil nails have been installed During
the realisation of this job levellements have been performed regularly
The most important movements occured during the installation of the
first row of nails, when an uplift of 4 to 6 mm was measured Afler the
completion of the excavation an uplift of about 2 mm remained

From the point of view of execution, the installation of the vertical and
subvertical grout columns is almost the most difficult stage due to the
risk of lifting up the existing foundations.
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INSTRUMENTATION FOR HISTORIC BUILDINGS — EXAMPLES IN NORTHERN ITALY
INSTRUMENTATION POUR DES BATIMENTS HISTORIQUES — EXEMPLES EN

ITALIE DU NORD
Andrea Tomiolo Santiago Marchini

Dr. Eng., Geotechnical Consultant, Milan, Italy

Synopsis. This paper illustrates a few applications of instrumentation to historic buildings and describes the approach

adopted by the authors to define the number,

the location and the type of instruments applied to various monuments in

northern Italy. Such approach includes the analysis of the static conditions and the use of FEM models to determine the

most strained zones of the construction

resulting from settlements and, or, materials decay. In addition are reported

results from instrumentation installed on tall buildings and on monuments strained by the excavation of tunnels below the

foundation level.

1- Introduction.

The instrumentation used for ancient monuments does not
differ conceptually from the one that is normally used in

foundation engineering. What is different is the
environment in which such instrumentation is installed. In
fact, since the priority is always given to the

conservation of the integrity of the monument, the greatest
care must be used to avoid any disturbance to all existing
paintings, sculpted stones, original construction
materials. In this context the intervention of the
instruments applied to the structure must be reduced to a
minimum and therefore an extremely important part of the
expertise consists in the choice of the physical magnitudes
to measure and monitor.

The scope of this paper is to present the experience of the
authors concerning the procedure followed for the choice of
the instrumentation, of the monitoring system and data
collected.

2- Choice and planning the instrumentation.

The planning of an instrumentation system to install on
ancient buildings requires a good knowledge of the
construction methods and a clear understanding of the
causes that brought the monument to its present stress
condition. For this reason the choice of the
instrumentation must be guided by a study of the causes of
the settlements and cracks of the structures including soil
structure interaction.

Figure 1 shows the construction sequence of the cistercian
abbey of Viboldone, near Milan, where important structural
cracks exist. Since it was felt that the comstruction
sequence had played a fundamental role in the settlement
and cracking of this structure the earliest part of the
work consisted in a research of the actual construction
methods on the base of historical documents. It was then
found that the construction of this church was carried out
in three phases from XII to XIV century.

The construction sequence of this kind of structures was
such that most of the load was applied to the foundations
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before connecting the top of the arches and the vault.
Therefore, since the rate of construction was relatively
slow, most of the settlements took place during the
erection of the main pillars and arches, prior to the
application of hyperstatic links.

In the lowest part of figure 1 are reported the out level
values for the top of the capital measured by surveying in

the abbey of
Viboldone. Such
out of level

values reached a
maximum of 156 mm.
Since the
fissuration of the
upper part of the

A
A
2

church was not
consistent with
such amount of
settlement the

authors tried to
discriminate
between the
settlements
occurred during
and after the
construction.

The first
undertaken
order give an
answer to this
question was the
backanalysis of
the construction
sequence by means
of a FEM numerical
model aiming to
detect the cracks
structurally most
significant and
the dimensions, like the chords of the arches, able to
represent the actual static behaviour of the church.

step
in

Figure 1. Abbey of Viboldone.
Construction sequence and
related settlement of capitals.




The aim of such numerical model was to provide information
in the following areas:

- identification of the most strained zones of the
structure associated to the construction sequence and to
the settlements of the foundations.

- existence of actual hazardous conditions for the
structural integrity of the church as a consequence of the
existing fissure pattern.

~ identification of the parts of foundations and structures
necessitating reinforcement or rehabilitation.

- consequence of local reinforcement on the global static
behaviour of the structure.

The program used for the numerical model was a linear
elastic FEM program. The discontinuity represented by the
presence of craks was, in a second phase, simulated by
duplicating the nodal points associated with the cracks
themselves. The loads applied were in accordance with the
steps of the construction sequence of figure 1.

The results of the analysis of the vault submitted to the
loads and settlements derived from field observation
confirmed that the cracks associated with the loads added
to the structure dirung the subsequent phases of
construction. The FEM numerical model proved then extremely
useful in the choice of the type, number and location of
the instrumentation. In particular it was decided to
measure the following parameters: opening of cracks,
variation of length of the chord of arches, temperature.

3- Measurement of deformations and temperatures.

The measurements of deformation and temperature in the case
of Viboldone was extended over a period of two years and
was operated by means of a computerized continuous
monitoring system. An example of the result of such
monitoring work is reported in figure 2 for the group of
instruments related to one of the arches of the side
chapels of the church. One should remark the results of

of Viboldone. Example of

over two years.

Abbey
recorded

Figure r I
deformation

long span displacement gauges. These instruments included
INVAR type steel wires connected to displacements sensors
and showed negligible drift over the whole time period of
observation. A total of 56 instruments were used for a
continuous computerized monitoring.
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4- Meamnement of vibratioms.

A similar layout of the structural cracks, as
shown in figures 3 to 5, was found in the abbey
of Chiaravalle
that was built
a t f e w
kilometers A
from the abbey

of Viboldone [\
approximately
in the same
period, on the
same soils, W
and presumably N
using the same "
construction (\
sequence. In =t
this case, in L
addition to - 3
the phenomena f
involved in
the case of
Viboldone
abbey, it was
proceeded to
measure the

PO

Figure 3. Abbey of Chiaravatlle.
Transversal cross section.

LONGITUDINAL SECTION

s ve .4

S S T R T,

< -5 T
Figures 4, 5 Abbey of Chiaravalle.
Longitudina section and plan with

layout of cracks.

vibrations induced on the vault of the church by
the high speed railway running at approximately
15 metres from the abbey itself. The scope if
these measurements was to obtain input data for
a dynamic FEM analysis related tp the magnitude
of such vibrations and their typical frequency.




Abbey of Chiaravalle
cccolargiton vs Hime

Abbey ot Chiaravalle
disirbution of maximum accelerations

Abbey of Chiaravalle

Wluence of faltway.

o

Figure ba.
by trains vs time.

Figure 6 reports the statistical analysis of the
results obtained with this simple
instrumentation. In figure €a it has been
reported the maximum accelerations recorded for

each train along the day over a week time. In
figure 6b it has been have reported the
distribution of accelerations applied to the

vault of the church and in figure 6c the spectral
analysis of such vibrations. It appears that the
typical acceleration was of the order of 18 mg
and the typical frequency 80 Hertz. This result
permitted a realistic input value for the dynamic
analysis of the behaviour of the vault itself.

5- Movements of high rise buildings and bell towers.

In this paragraph are reported some significant
measurements performed during the monitoring of the tower
of Piazza del Campo in Siena. 1t appears that, as

)

Figure 7. Siena. Influence of sun on

inclination.

amplitude of vibrations.

123

e 5 o — )
I ey e E—— ] Powe—— T+

S S _:.::-_ a 5 !-r-,l. % }[‘ —
3 IR REER” = F B [ Y — .
SR e 0 I

L / < I I A B X
] P o | el L B -

0400  0aa0 |”1u1:n 1800 2000 0000 " :;,.,,“,‘ [,,J,] " L ! = 37-.-— m’. =

Vibrations . caused Figure 6b. Distribution of Figure 6c. Spectral analysis

of vibrations.

schematically shown in figure 7, non negligible movements
of the top of the
tower are caused
by different
deformations of
its sides exposed
or not to the sun.
This is useful to
know because quite
of ten the
inclination of
this type of
towers is done
solely by means of
discontinuous
surveying methods
that cannot take
into account the
temperature
variations
occurring during
the day and the
seasons or caused
by sun exposure.

SIENA — TORRE DEL MANGIA

inclination and {emperature vs time

Figure 8. Siena. Inclination of
the top of the tower and
temperature vs time.

Figure 8 shows the

inclination of the
top of the tower as
a function of the
temperature, over a
period of three
months spanning
from september to
november. Figure 9 )
shows the ' f = Mo g¢
inclination of the 5
top of the tower as |3 -1
a function of the |*¥

temperature. The
general trend is
quite good while
the dispersion of
the values depends,

SIENA — TORRE DEL MANGIA

inclination vs lemperature
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surface of the structure without considering the inner

portion of the walls which is the one that rules the
overall deformation of the structure.



a Mura degll Zngari

r-!l"\l’ﬂf‘ ™ e rs
B E Al

GENOVA PALAZZO DORIA

LIQUID LEVEL GAUGES DURING TUNNELING

A 1 TN T ]
: A
E - ML B
> AW # | w
: ~ B
z e .
w
> '\\‘ o x )y w—,
(N ; e
B sl \‘ > — WEX
3 - -+ -
b A el T A 4
u = _ ry - -
2 -~ » - b
> L
« 3 T
: ! |
1] T T
) 3 60 30 120 3 180 0 w0 ] 30 350 36

Figure 10. Genoa Palazzo Doria. Monitoring system
by means of 7 liquid level gauges during the
excavation of the tunnels.

6~ Differential settlements.

Genoa Palazzo Doria. This example shows how, when dealing
with situations in whichdifferential settlement may evolve
rapidly, computer driven monitoring systems based on liquid
level gauges must be used. An interesting application of
this type of control is represented by the measurement of
differential settlements produced by the excavation of an
underground railway tunnel below the Palazzo Doria in
Genoa.

In this case it was feared that the construction of a
tunnel below the edge of this building might produce
deformations in the superstructure and the cracking of its
precious marble decorations. It was then decided to install
a circuit of differential level gauges as indicated in
figure 10. Such monitoring system included an alarm to
alert whenever predefined tresholds of differential
settlements were exceeded. Figure 11 reports some results
which indicate that the movements were strictly related to
the working phases of tunnel excavation and the different
phases of grouting.
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Figur= 11. Settlement records by means of ligquid
level gauges referred to point 7 of figure 10
assumed as fixed. Settlements depend on the
distance from the tunnels and on working phases.

7- Conclusions.

In this paper it has been described the instrumentation
used by the authors for the measurements required by
monitoring and diagnostic work related to historic
monuments and landmarks.

The approach described by the authors includés examples on
the following aspects:

- approach to the choice of instrumentation of historic
buildings.

- numerical models for detecting the critical points to
monitor by means of instrumentation.

- choice of the instrumentation and automatic data
acquisition.

- measurement of deformations, temperature, vibration,
inclination, absolute sett lements, differential
settlements, overall tilting.

Alowwledgements. The authors are indebted to all the
organization, contractors, engineering companies that
promoted the monitoring works described in this paper that
it would be too long to thank individually.
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ANALYSIS OF THE MECHANICAL CHARACTERISTICS OF MASONRY STRUCTURES
ANALYSE DES CHARACTERISTIQUES MECANIQUES DES STRUCTURES DE

MACONNERIE
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SYNOSPIS: The most significant testing techniques for the analysis of the mechanical characteristics of existing masonry structures
are presented. Special emphasis is devoted to the use of testing techniques coming from rock mechanics experience: flat-jack,
borehole dilatometer, coring and video camera survey. The methodological approach used for the structural assessment of an existing
masonry structure is presented by using as an example the diagnostic analysis carried out on St. Mark's Basilica in Venice.

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.
Some simple tests, which are used to identify the structural
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
deformability 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 OF THE STRUCTURAL ASSESSMENT OF ST. MARK'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 bumt by
the populace to kill Doge Candiano IV; the structure was rebuilt with new
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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 ISMES was commissioned by the Venice Water 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
perimeter 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
10 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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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 of time and water-table variations. An in-depth
investigation was also carried out 10 analyze the geometric and structural
characteristics of 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 conceming the mechanical characteristics of
the masonry structures, a sonic-log survey was carried out as well as cross-hole
measurements by using two paralle]l 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.

Fig. 2. Structural scheme of the foundation masonry.
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Undemeath 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 Characteristics of the Masonry Structures

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.

Sonic tomography ald radar survey

At first a non-destmictive 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 | 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. 3. Results of tomographic survey in two pillars with different
mechanical characteristics.

Coring and borehole video camera survey

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 of 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.

Measurement of the state of stress and analysis of the deformability
characteristics

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 of 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 of 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 of the consolidation works which some pillars have undergone
in the past. High stress values (up to 1.1 MPa) were measured in some pillars.
Furthermare, in the above-mentioned pillar 2 (the south-east pillar of the St.
John's Dame), a state of 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.



Fig. 4. Scheme of the flat-jack testing phases on brick masonry.
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Fig. 5. General lay-out of the flat-jack testing points with the indication of
the measured states of stress.

By using two parallel flat-jacks the deformability 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.

During the loading phase, the axial and transversal deformation of the
specimen was plotted as a function of the applied load. This simple testing
technique allowed the deformability moduli of the different types of
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.

Supplementary investigation on the south-east pillar of St. John's Dome

The combined analysis of the results obtained by flat-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 of the
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masonry. For this reason, it was decided to carry out a more detailed
investigation in the lower part of the pillar after removing the marble lining. At
first a detailed crack pattern survey was carried out 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 state 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 deterrnined by two parallel flat-jacks. The typical stress-
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 of the measured state of stress.

The average value of the measured statg of 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
pillar exceeds the limit between elastic and plastic behaviour. This
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.

Borehole dilatometer

Using the tests with parallel flat jacks one can only determine the
deformability characteristics of the superficial layer of masonry. In order to
acquire information on the deformability characteristics of 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 measurement of the consequent deformation
determines the modulus of deformability (fig. 7).

Fig. 7. Scheme of borehole dilatometric test that determines the
deformability characteristics of the surface and inner layers.



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 the ratio of deformability of the internal masonry to the outer layer.
Dilatometric testing is also important for testing the deformability characteristics
of the foundation structures.

Monitoring System

In order to obtain a continuous control of the static behaviour of the Basilica,
in 1991 a monitoring system was installed by ISMES. 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 lemperature-gauges)

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

- water-table variations (3 piezometers).

All the instruments are connected to an automatic data acquisition and
recording unit which can quickly indicate possible anomalies in the structural
behaviour. The analysis of the deformations as a function of time and
temperature makes it possible to separate thermal effect 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.
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Fig. 8. Diagrams of the relative horizontal displacements of some pillars
during the first years of observation.

Numerical Modeiling

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 information obtained through in-situ investigations. 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 will be tested by comparing experimental 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.

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.

Fig. 9. Finite element model of St. Mark's Basilica.
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