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Appraisal - a Cyclical Process of Inspection and Calculation

Evaluation - un procédé alternatif d’inspection et de calcul

Bewertung - ein zyklischer Prozess der Inspektion und Berechnung
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Technical Director
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London, England
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This paper describes the process of appraisal of existing structures with special emphasis on the
refining of calculations by a conscious cyclical process of inspection and calculation.

RESUME

L'article décrit un procédé pour I'évaluation de structures existantes, mettant I'accent sur I'exacti-
tude des calculs suite & un procéde alternatif conscieux d'inspection et de calcul.

ZUSAMMENFASSUNG

Der Artikel beschreibt das Vorgehen der Bewertung von bestehenden Bauten unter spezieller Beto-
nung der Verfeinerung der Berechnungsmethoden durch einen bewussten zyklischen Prozess der
Inspektion und Berechnung.
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In 1742 Pope Benedict X1V, concerned with the state of the dome of St. Peters,
requested three men, Le Seur, Jacquier and Boscowich to carry out a structural
survey to determine the causes of distress and to devise remedial measures. The
report, published the following year, was prefaced by an apology that said they
had assessed it with theoretical mathematical reflection only because the building
was so unique. Then followed a detailed survey of the dimensions and a discussion
* on possible explanations for the damage and named the yielding of the tie rings

at the circumference as the cause. But the interesting part of this report was the
second part because an attempt was made to calculate the horizontal thrust and to
prove that the two tie rings built in at the time of erection were no longer able
to carry this thrust.

The report caused a forore. One comment at the time stated: 'If it were possible
to design and build St. Peter's dome without mathematics and especially without

the new fangled mathematics of our time, it will also be possible to restore it
without the aid of mathematicians and mathematics ... Michelangelo knew no mathe-
matics and yet was able to build the dome ... Heaven forbid that the calculation

is correct. For, in that case, not a minute would have passed before the entire
structure would have collapsed.' Certainly the analysis contained some errors.

But in spite of disagreements as to the causes of the damage most people were
agreed on the measures to be taken, and in 1743 five additional rings were built in
the cupola.

The importance of this event was that, contrary to tradition, the stability of a
structure had not been based on empirical rules and opinion but on a detailed survey
and mathematical analysis.

Today we are even more interested in developing the art of structural appraisal.
We have a large stock of structures and buildings representing successive deposits
of human imagination, which we are reluctant to discard for emotional or hard
economic reasons. Urban renewal is a rapidly expanding exercise.

The art of appraisal of structures is different from design. In design the forces
follow the choice of form and the analysis follows that. In appraisal the engineer
is left face to face with an existing structure of definable qualities and must
determine its condition and suitability of use. This is not an easy task.

The reasons for appraisal to assess the present condition may arise from change of
ownership, change of use, deterioration in service, defects in the structure,
future safety, accidental damage etc.

This requires consideration of the levels of safety appropriate to the further use
of the construction, the assessment of loading, the evolution of methods for
determining the strength of the structures, their components and constituent
materials, and the derivation of suitable methods for calculating their composite
behaviour. Requirements for remedial measures, restriction of use and monitoring
performance may also form part of an appraisal procedure.

With this in mind the Institution of Structural Engineers in 1976 formed a working
committee of experienced engineers to produce a guide to the appraisal of existing
structures. This committee produced its report in 1980 and the authors of this
paper are, in effect, representing the committee since one author was the Chairman
and the other author one of the other two writers.

THE PROCESS

The process of appraisal is cyclical as shown in the flow charts (see Figs. 1, 2, 3
and 4). Information is collected and assessed. If the result shows that the
structure is adequate the process can stop there. If inconclusive more information
can be collected, assessed more thoroughly and so on. The action required should be
taken in stages, each stage depending on the findings of the previous one.

Like all engineering activities, structural assessments are usually subject to cost
and time limitations. The time spent on calculations should therefore be used as
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effectively as possible: There is no merit in an elaborate elastic analysis of a
truss, if the strengths and stiffnesses of the joints are only imperfectly known.
It would be far better to spend time studying the behavicur of the joints, using
member forces from an approximate calculation.

STAGE 1

Gathering of Information

Fig. 1 illustrates the initial gathering of information. The first loop emphasises
the need to obtain as much documentary evidence as possible: some effort at this
stage may save a considerable amount of calculations and physical testing later.
The other important operations are the site inspections: a) to make sure that the
paper information is relevant to the actual building (and has not been superseded
by a subsequent design alteration, lost in the meantime); b) to give the appraising
engineer a first hand visual impression on how the structure performs in its present
condition; this can be a very useful check on the validity of later calculations.

The Initial Assessment

Fig. 2 shows the processes which may be involved in ensuring that the structure is
a stable configuration and not liable to progressive collapse in case of relatively
minor accidental damage. It is important here, as elsewhere in appraising, to
choose a mathematical model which not only is easily understood, in terms of
stability, but also takes advantage of such physical features, which in ordinary
design might be ignored but which, in the actual building, contribute significantly
to stability (eg. infill brickwork panels in a framed structure).

The instructions following the question on collapse are reminders to the engineer
not to leave an inherently dangerous structure just because it happens still to be
standing, nor to be too easily satisfied with his first answer to the question of
why it fell down.

Fig. 3 indicates the steps in the initial assessment of the strength of the
structure.

The assessments of loads, forces and strengths of materials will at this stage
usually be based on the available documents combined with the information from the
in-situ survey. Tests on the actual materials will rarely be appropriate before
the "simple check calculation"; they may however be called for in the course of the
re-cycling loop under: "Re-assess Strengths ...".

"Simple check calculation" refers to the absence of assumptions and/or procedures
beyond what is normally used in initial design. The "frame analysis" may at first
be no more than reascnable estimates of support moments, but when "recycling" a
proper analysis may be necessary. "Check satisfied" means that the calculation
indicates (possibly by inference) that the recommendations of the relevant code of
practice could be shown to be observed.

Attention is drawn to the repeated instruction: "Re-inspect Structure in-situ":
This is a most essential, perhaps the most essential, step in the process, and
without this cross-reference to reality, the entire appraisal can become invalid.

"Drastic Deficiency" may be assumed to be the case if the calculated overall load
factor is 1.1, or less, on dead load alocne.

If the results of the assessment at the end of this stage are unequivocal, one way
or the other, there remains only to report the conclusions. If, however, the
structure has been observed to carry most of its load with little or no sign of
distress, but the calculations indicate an overall factor of safety greater than 1,
but less than what is normally accepted, then it may be profitable to improve the
basis for the calculation.
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STAGE 2

Improving the Assumptions

The calculations, so far, have been based on conventional design assumptions. It
is therefore worth examining the mathematical model for simplifications which may
have led to over-conservative results of the calculations.

Another field for re-examination is the values used for loads and materials'
properties: if they can be ascertained with less uncertainty than is the case
for conventional pre-construction design calculations, then the same real factor
of safety can be achieved with a lower calculated factor.

This may be most easily understood by considering the basic design equation in the

partial factor format:

YS X load effects

structural resistance

meYC

where y 1s a factor compensating for the uncertainties in predicting the effects
of the ioads, Y 1is a factor compensating for the uncertainties in predicting the

resistance of tge structure and ¥y

is a modification factor compensating for

differences in failure sequences &nd failure consequences. According to ISO 2394,
each of these y factors is made up of two or more sub-factors and their relation
to appraisal of existing structures is discussed below.

IS .0.-2394
DEFINITION

Y takes account of the
poSsibility of unfavourable
deviation of the loads from
the characteristic external
loads, thus allowing for
abnormal or unforseen
actions

takes account of the
re%uced probability that
various loadings acting
together will all be s
simultaneously at their
characteristic value.

COMMENTS

The inherent variability of the live loads
is clearly independent of whether the
structure is existing or only at design
stage. There is therefore usually no
justification for reducing the L for live

loads.

Dead loads can often be ascertained with

less uncertainty in an existing situation:
thicknesses and densities of partitions and
floor finishes can be measured, and so can
actual structural dimensions. Ysl can
therefore be reduced for dead loads, provided
adequate measurements and sampling are

carried out.

The probability of simultaneous occurence of
loads of different origin should not change

significantly from 'design stage' to '

as
existing'. There is therefore usually no

justification for varying Ys2'
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Y is intended to allow
£87¢ possible adverse
modification of the
loading effects due to
incorrect design
assumptions (intro-
duction of simplified
support conditions,
hinges, neglect of thermal
and other effects which
are difficult to assess),
constructional discrepan-
cies such as dimensions
of cross-section,
deviation of columns

from vertical and
accidental eccentricities.

le is intended to cover the

possible reductions in the
strength of the materials 1in
the structure as a whole as
compared with the character-
istic value deduced from the
control test specimens

Y is intended to cover
possible weakness of the
structure arising from any

cause other than the reduction

in the strength of the
materials allowed for in Yy
including manufacturing 5
tolerances

ll

Yc 1s intended to take
account of the nature of the
structure and its behaviour:
for example structures or
parts of structures in which

It is usually possible, albeit to a

varying degree, to reduce the amount of
approximation in the assumptions, when one
is analysing a particular structure or
element. 'Constructional discrepancies'
can also sometimes be measured and

included in the calculations of an existing

SExructure.

Subject to the verisimilitude of the
analytical model and adequate measurements
of structural dimensions, Y53 can therefore

be reduced.

If the strength of the material in the
actual structure is adequately tested, then
the reason for introducing ﬁnl has been
eliminated. Usually, however, the testing
regime, which complete elimination of nml
would require, is too onerous, but a

reasonable amount of testing should never-

theless justify a worthwhile reduction of

Tmy,

This covers, among other things, the local
variations, within the structure, of the
strength of the material. When measure-
ments include this, eg. when concrete core
samples from the top and from the bottom of
columns are tested, a reduction of sz is
justified.

This applies equally to design and to
appraisal. Many design codes do not appear
to vary their safety factors to take
sufficient account of this but it should be

possible to do so when assessing existing

structures.

In the case of brittle structures such as

cast-iron columns and over-reinforced

concrete beams, an increase in Yy i will be
c

called for.
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partial or complete collapse Here again, some existing design codes do
can occur without warning,
where redistribution of Internal
forces is not possible, or where safety factors are the same for a 1lm lintol
failure of a single element can
lead to overall collapse

not show any graduation, ie. the stipulated

as for a 15m beam over an assembly hall.

hen appraisin existi t one
is intended to take account o 125 gy At exlatng, S LT IE

o%zthe seriousness of attaining should distinguish between secondary
a limit state from other points
of view, for example economic

consequences, danger to progressive collapse, and primary members
community etc.

members, failures of which will not cause

supporting other parts of the structure or
secondary members which, if collapsing,

might cause loss of life and limb.

The values for imposed loads are usually defined by Standards and Codes of
Practice. All other values can, in the case of appraisal of an existing structure,
be defined by observation and measurement. Defining at an appropriate level the
values used for materials' properties is extremely important and the Institution
of Structural Engineers' report provides a statement of the state of the art
including a section on load testing.

Fig. 4 illustrates the improvement of the assumptions and reconsideration of
partial safety factors.

It must however not be overlooked that extensive measurements, sampling and testing
are time consuming and expensive and in some historical buildings they are nearly
impossible to carry out without causing unacceptable damage to finishes.

The engineer should beware of initiating a surveying and testing exercise if he has
doubts that they will lead to significant savings on strengthening works, because
the end result could be that his client has to pay for both survey and remedial
Works.

The process of appraisal is cyclical because refinement of calculations is only
justifiable if they are based on equally accurate factual information and facts
may be expensive to collect.

On the other hand, there is no excuse for the intellectual laziness which condemns
an old, good, building on the grounds that a conventional design calculation
indicates non-compliance with a present-day code of practice.
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Sécurité des monuments «Tabularium et Palazzo Senatorio»

Die Sicherheit der Monumente «Tabularium» und des «Palazzo Senatorio»
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SUMMARY

This paper discusses a methodology for examining the safety of monuments and of old buildings in
general. In fact, the way uncertainties are dealt with in these structures plays an essential role in
the evaluation of their safety as they are, and thus in defining the necessary investigations and the
criteria for the restoration operation.

RESUME

Une méthodologie est proposée pour I'étude des monuments et des constructions anciennes en
général. Dans ces ouvrages, la maniere de traiter les incertitudes joue un role essentiel dans I'éva-
luation de la sécurité a I'état actuel et, en conséquence, dans la determination des enguétes ne-
cessaires et des critéres d'intervention.

ZUSAMMENFASSUNG

In diesem Beitrag wird eine Methodologie zur Untersuchung der Baudenkmaler und der Altbauten
im allgemeinen beschrieben. Bei diesen Bauwerken spielt namlich die Behandlung der Unsicher-
heitsfaktoren eine bedeutende Rolle fir die Einschatzung der Sicherheit im derzeitigen Zustand
und demzufolge fur die Feststellung der erforderlichen Untersuchungen und der Kriterien des Ein-
griffs.
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1. INTRODUCTION

Evaluating the safety of a building is tied to the investigations that have been
made and to the operations planned on to be made. The evaluation must first be

made taking things as they are, using as support all the data that is immediate-
ly available.

Should this evaluation reveal inadeguate safety margins, two things may be done,
either alternatively or together: extend and deepen the investigations so as to

reduce uncertainties and better clarify the facts, or plan operations for the re
inforcement and adaptation of the structure.

The choice of the level of knowledge at which to stop the investigation and go
on to the planning of any operations depends on a number of aspects. Among these
are: the economic (comparison of the cost of further investigation with the co-
st of operations, taking into account the possibility that further studies may
not reduce operations); the risk-factor (to be evaluated is the probability that
further damage may develop, or that the building may even collapse, during the
longer time taken for investigation); and the building's artistic value (any chan
ges made by investigations or operations must be kept limited) .

2. RELTABILITY AND CREDIBILITY

[§e]

.1 Two things condition a safety evaluation:

the uncertainties in the magnitudes, laws, models, hypotheses etc. involved in
the study;

- how far the phenomena or actual situations may be adequately represented mathe
matically.

2.2. Reliability

The dealing with uncertainties, that is, with the random nature of the quantiti-
es and magnitudes involved, in the object of probabilistic and semi-probabilist-
ic analyses.

In applyng this method to existing constructions, and in particular to those that
are damaged or weak two kinds of difficulties present themselves: the definiti-
on of the characteristic parameters, and the problem of how to deal with uncerta
inties in structural behaviour.

Regarding the characteristic parameters (material's strengths, indirect forces
induced by ground settlement, etc.), it is in fact hard to follow standardized
procedures, without introducing subjective content. The result is that the parti-
al safety coefficients y mean very little in themselves, and thus only the ensam
ble of y and characteristic value has real meaning: the more precautionary figg
re the former is set at, the smaller may be the value of the latter, and conver-
sely.

Regarding structural behaviour, the most reasonable appearing path to follow is
to use several models for reference, it being in general quite difficult to esta
blish which of them will be the "worst case'" a priori.

Furthermore, and quite otherwise from the case of a building that is a yet to be
built, in studying an already-existing structure it is worthwhile taking even ma
gnitudes or situations having slight or no reliability at all into account, sho-
uld it come about that their actual existence will mean a less favorable structu
re behaviour. Doing so, investigations may be so oriented as to find that the
probability of these situations coming about has increased, or even become a cer
tainty.

From these remarks it appears obvious that if it is desired to keep a rational
approach to the application of the semiprobabilistic method, without recurring
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to higher—level probability analyses (a thicket of difficulties), the uncertain
ties in magnitudes, laws, hypotheses and models adopted must be brought out in so
me way; the "reliability index'" in fact answes to this purpose, and lets account
be taken of the precautions taken in formulating an opinion on the building's sa
fety (see Section 3).

2.3. Credibility

The limits of scientific knowledge and the incompleteness of the available data
(this relative too to how far the investigations have been taken) do not often
permit of adequately knowing and representing the true phenomena and behaviours.
Typical examples of this problem can be found in the soil-structure interaction
phenomena, in the laws according to which the development of certain phenomena
can be predicted, in the models of structure behaviour after cracking, crushing,
deterioration, induced stress states, etc.

These aspects can find no place in a semi-probabilistic analysis, nor indeed even
in a higher—level probability analysis. Even the characteristic crushing streng-
th becomes a quantity that is essentially defined on subjective bases, thick wi-
th wrtitrary assumptions, when only a few unhomogeneous tests are available (sc-—
lerometric tests, ultrasonic tests, core-borings, etc.), which themselves are
difficulty correlated on the basis of standard rules.

But these problems have anyway one aspect in common: if high reliability is wi-
shed, then severely conservative magnitudes, laws, models and hypotheses, repre-
senting limit situations that are often quite far frome reality, must be adopted.
And at times this can be difficult to do, since it is not always possible to fo-
resee what direction the approximations must take so as to have the highest reli
ability.

In conclusion, the désigner may find himself in the fix of having to make 'relia
ble" evaluations of safety only by veering far away from "reality" or from the
"average values" and this can lead to excessively conservative opinions, making
structural operations appear necessary that in fact are not.

So as to bring out these situations, as the study phases go ahead it is necessa-
ry to develop too, together with an indication of their '"reliability", a "judge-
ment" on the "credibility" of the values chosen, ad is summarily indicated in
the description of the study phases (Section 3) and in the attached table.

This kind of judgement is something new relative to traditional, whether determi
nistic or probabilistic, analyses, since it lets the subjective and the objecti-
ve, the empirical and the theoretical, all find their places within a single met-
hodology, throwing into sharp relief the scant significance that theoretical ana
lyses can have when not even further investigation can clarify the facts. i

2.4. Safety, investigations and interventions.

The "theoretical verification'" of a building's safety in its as—-is state is ful-
ly meaningful, and lets a favorable or definitive opinion of it be formed, only
when the corresponding indices of reliability and of credibility are high. But
this is not always the case.

As already mentioned, it is worthwhile taking situations of low reliability into
account, the purpose of this being to have an indication of more favourable and
economic operational criteria. In fact, by modying strengths, constraints, etc.,
these operations will make reliable situations that originally were not so.

However, it is often indispensable to take situations of low credibility into ac
count, and not only because some complex phenomena may never be fully understood,
but especially because it is expedient to begin the study with the few data ini-
tially available and go on, taking advantage of the information deriving from

the investigations to improve credibility, thus rendering situations reliable and
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hence less serious than initially assumed.

The logic is similar to that followed in the branch of probability theory making
use of the Bayesian criterion.

This, starting from a priori distribuion functions based on a small amount of o-
riginal data and on subjective assessments, changes the "a priori distributions"
little by little as new objective date becomes available, into "a posteriori di-
stributions'". For equal reliabilities, this lets the partial coefficient ¥y be
corrected.

In a limit-state analysis —— which is operationally a deterministic analysis —-
a deeper knowledge, that is, an improved credibility on the relevant mecanical
quantities and on structural behaviour allows on to modify the characteristic va
lues and structural behaviourmodels. For equal reliability, the partial coeffi-
cients y may remain unal tered.

When credibility remains very low, despite the carrying out of the investigatio-—
ns that appeared suitable within a technic—economic context, the judgement may
be deemed acceptable only if the safety is''theoretically verified"; if it is not,
this doesnt necessarily imply that the construction does not possess adequate sa
fety margins in reality. In this case, the safety assessment must rely on a pro—
per balance between theoretical verification and judgements of empirical and in-
tuitive nature; their relative weight depends on the difference between the de-
grees of reliability and of credibility.

3. THE ORGANIZATION OF THE STUDY

The study of the Palazzo Senatorio and Tabularium was repeated several times, ac
count being taken first of only the immediately available data, wider-ranging in
vestigation programs then being gradually defined, within the spirit of what has
just been said, ad the checking out of the safety in the as—-it—is state manife-—
sted inadequate margins.

The study was organized into the five phases to be set forth below; in the penul
timate column (as shown in the attached table) is indicated the "credibility' of
the mathematical representations, the interpretations, the assumptions, the hypo
theses, the schemes, the values, etc., that is, the correspondence between the
choices made and the reality of the phenomena and thus the credibility of the re
sults. In the last column is indicated the '"reliability'" of those same choicesli
sted above, that is, the prudence and precaution taken regarding safety when the
reliability can be a priori defined.

I. DESCRIPTION OF THE WORKS

This is summarized in six items (see the table); each of these, is the result of
the investigations made and is characterized by a greater or lesser "credibili-
ty". The "reliability'", instead, is introduced only in the later phases (figs- 1
and 2%

II. THE MODELLING OF THE FORCES, OF THE MATERIALS CHARACTERISTICS AND OF THE STR
UCTURAL BEHAVIOQUR &

With reference to the facade facing on the Forum, the salient aspects the model
necessary for making the computations are defined.

Rearding the forces and materials, their characteristic values are defined and
the corresponding partial coefficients are assigned (see phase IV). Three modes
of collapse were considered (fig. 3) for the structural behaviour:

a) "local" behaviour of the individual facade portions lying between floor struc
tures and cross walls;
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e

Fig. 1 - Facade looking on the Forum

Fig. 2 - Facade looking on the P.zza
del Campidoglio.

éz 2 b) Facade connections
[:] f~§§§§§5z// with walls and floor
[:] structures behind
LaK

L

a) Local behaviour of individual facade porzion.
Combined compression and bending in the verti
cal strips tied to the floor structures. &
a. Arch effect in the horizontal strips tied to

the cross walls.

¢) Overall behaviour depen
ding on the shear strength
of the cross walls.

Fig. 3 - Collapse possibilities for the Facade looking on the Forum.

b) the breaking-off of the Facade as a whole from the floor-structures and cross
walls behind it;

c) a behaviour as "a whole'" that involves the shear breakage of the cross walls.
III. COMPUTATIONAL PROCEDURES

The computation procedures refer back to the theory of elasticity, local plasti-
cization being allowed in individual cross-sections.

The material was considered homogeneous, isotropic, and continuous.

The forces and moments, N, M, T are found, and then the stresses, o, (vertical)
and T, (horizontal).
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In analyzing the bearing capacity of the walls due to the arch effect, just as
in analyzing the shear-walls, their ultimate capacity is first computed; in this
way the maximum value of seismic action they can take is determined.

IV. THEORETICAL SAFETY VERIFICATION

The theoretical safety evaluation is done by combining, according to the code
the stresses calculated in Phase IIT and checking that the following inequality
is met:

(WEs e s SR e Sl R

Since compound stresses are being dealt with, a check is made that the point e
presenting the force or stress—state S (M, N, ..., or 0, (P coc)) Eculils Amlic—
hin the corresponding domain R (M, N, ... (O zb).

The choice of values to be assigned to the coefficients is closely tied to the
schematizations made and to the calculation procedures; in this particular case
the following criterion was adopted:

Y.: because of its reference lifetime — in a monument this must be measured in
centuries - and because of the unknown redistribution of the forces to craks dif
fusion, successive alterations, soil settlements, etc. ..., owing yfwas taken as
1.7 for the permanent and live loads.

For earthquake action y_ was instead taken as 1 since the value of the intensi-
ty to be used for the verifications was dlrectly obtained on the basis of an av
rage return period of 500 years, through a seismic risk analysis expressly made
by Giuffré A. - Pinto P.E., for the Rome area (unpublished document).

I since the characteristic strength values could not be meaningfully defined,
the conventional assumption of e 1.5 was made; taken into account here were se
veral values for the strengths (and various forms of the strength domains), whi-
ch were subjectively defined on the basis of the information gathered (in situ
tests laboratory tests, ultrasonic testing) and of visual inspection (cracking,
deterioration). Each different kind of domain and each strength value had atta-
ched to it different "credibility" and "reliability" indices.

Y : this coefficient has been used here to account for the different types (brl
ttle or ductile) and consequences of collapse.

The following values were assigned, for the facade giving onto the Forum:

Ve 0.8, for facade breakaway (II, b)

i 0.9, for local failure of the facade (II, a)

Yo

2 1, for shear-breakage of the cross walls (II, c)

The various structural models considered and calculation procedures were also
affected by the "credibility" and "reliability" indices.

V. THE SAFETY EVALUATION

When looked at from the point of view just expressed, it turns out that the theo
retical verification of safety, as traditionally understood, has in general no El
gnificance, since the same structural element will have a range of different va-
lues 0of S and R tied to it - some of which will satifsfy equation (1), and others

will not.

This is pointed up graphically by different strength curves and different stress
points: some fall within all the domains, others fall outside them all, while
still others fall within some and outside the rest (fig. 4).

It follows that an evaluation of safety cannot but derive by a proper considera-
tion of the ensamble of all stress points and domains, indices of credibility and
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Fig. 4 — Strength domain
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of reliability being tied to them. These indices themselves being defined by the
linking in a subjective way of the same indices as establisched for the indivi-
dual elementary operations. Only more advanced probabilistic analyses will be a-
ble to reduce or eliminate these subjective contributions - and efforts are being
made in this direction.

Stress- points beyond the strength curves in general correspond to high realibi-
lity indices, but to rather low credibility indices, so that such a situation
does not always mean true danger, or anyway no immediate danger.

Therefore, the following evaluations ar actually subjective, and further investi
gation is needed to define any intervention operations, whether provisional or
definitive:

a) the local behaviours of the facade looking on the Forum display fair safety
margins, so that urgent operations are not needed. But the situation is diffe-
rent for several columns of the Gallery, which are working very hard relative to
their present deteriorated state.

b) the overall connection of the Facade to the structures behind it is very pre-—
carious, so that even a weak earthquake could cause the Facade to break away and
collapse. Therefore, urgent operations along the lines of those indicated by pre
vious checks are needed.

The installation of chains causes the credibility of most of the stress—points
falling outside the breakage domains to vanish, and thus eliminates them from
consideration.

c) overall behaviour, which involves the shear strength of the cross walls, is
fair; though the problem of their reinforcement must be faced, no need is seen
for emergency operations.

catene

4. INTERVENTION CRITERIA

A this point in the study, and in light of the
safety evaluations that have peen made earlier,
a number of priority or emergency intervention
operations have been singled out for the Faca-
de giving on the Forum. These concern:

- the shoring of several columns and their
strengthening by cement-mortar grouting;

- the restoration of at least a minimum level
of connection between the Facade and the struc-—
tures behind it by consolidating strips of it
to which pretensioned cross—chaincs may be an-
chored (fig. 5).

Fig. 5 — The emergency inter
ventions.
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Factors determining| Source of evalutation Evalutation Credi-|Relia—
safety bility|bility
T DESCRIPTION OF THE PRESENT STATE
I.1) Geometrical sur| carried out by experts see drawing very
vey & good
T.2) Identification | petrographic analysis, different kinds of | fair
of the material sight inspection, sam— | masonry (tufa, pe-
ples laboratory testin | perino, brincks,
g Hgn. situl testrulitra— etc.)
sonic tests
1.3) Interpretation | sight inspection, ob- crushing, spreadi- | fair
of the local failu- | servations ng deterioration, ly
res, degradation out of perpedicula | good
B EY
I.4) Identification | sight inspection, sam— | lacustrine alluvio | good
of foundations and ples laboratory testin | nal sediments, tuf
soil g £ s 5
1.5) Strenghtenings sight inspection, sam— | inefficient stren- | fair
and pre—exstent ples ghtnings, differen | ly
changes, structural t tamperings & good
connection
1.6) Developing tren| levelling, investiga-— slight movement de | fair
d of phenomena | tions teriorating (B
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II.1) Actions — 7
IT.1.1) Direct ac-— geometrical survey and | caratteristic va- | good | very
tion: forces Normativa lues, Ve good
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etc.
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tion: earthquake risk
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o ted values
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LD, 3. )N SEructural
connection, geometry,
effects, ... deterio
ration s

structures samples si-
ght inspection, surve-
ys interpretation, etc
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fFig. 3)
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III.1) Theory of ela
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sStructure
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IV THEORETICAL SAFETY VERIFICATION
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(see fig. 4)
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SUMMARY

The investigation of structures built since the late 18th century will often demand the appraisal of
loadbearing members of cast iron, wrought iron, or steel. The paper considers the various aspects
of such an appraisal, and in particular emphasises the need for an understanding of the original
materials and their characteristics, construction methods, and design standards.

RESUME

L'examen des ouvrages construits depuis la deuxieme moitié du XVIII® siecle exige souvent I'éva-
luation des éléments de charpente en fonte, en fer forgé, et en acier. L'article traite les divers
aspects d'une telle recherche, et particuliérement de I'importance de la connaissance des mate-
riaux originaux et de leurs caractéristiques, méthodes de construction, et modes de calcul.

ZUSAMMENFASSUNG

Die Untersuchung von Gebauden, die seit Ende des 18. Jahrhunderts gebaut wurden, verlangt oft
eine Begutachtung tragender Elemente aus Gusseisen, Schmiedeeisen oder Stahl. Die verschiede-
nen Aspekte einer solchen Begutachtung werden diskutiert, und insbesondere wird die Notwendig-
keit betont, die urspriinglichen Baumaterialien und ihre Eigenschaften sowie die Baumethoden und
Entwurfsnormen zu verstehen.
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1k INTRODUCTION

There is at present a growing tendency for old buildings to be renovated or
adapted for re-use. In itself this is not a novel situation, but it is
significant that many of these were constructed during the last two centuries,
in the period which has seen the introduction and widespread use of first cast
iron, then wrought iron, and ultimately steel as structural materials.
Consequently the engineer is likely nowadays to be faced more often with the
appraisal of structures containing one or more of these ferrous metals.

The aim of the appraisal will be to show whether the structure can be retained
for the future intended use of the building, whether it needs to be
strengthened, or whether total renewal is the only practical course of action.
Factors other than purely structural considerations will of course also need to
be taken into account: these include for example adequacy of storey heights,
and legal requirements for preserving architecturally important facades.

It is worth stressing here the contrast between design and appraisal, which is
particularly relevant in regard to ferrous metal structures. In a design, the
engineer can prescribe through drawings and specifications the material
properties, member sizes, and construction details to ensure that his (usually
simplified) assumptions of strength and behaviour are achieved in the built
structure. An appraisal however is concerned with a structure that has already
been built: its characteristics exist but are initially unknown and must be
defined by investigation of the structure itself, coupled with an awareness of
the original materials, and design and construction practice of that time.

2 GENERAL APPRAISAL PROCEDURE

The appraisal process generally involves investigation and assessment in two
stages, broadly analogous to the 'scheme' (or preliminary) and 'detailed' (or
final) stages in the design process.

The aim of the preliminary appraisal is to establish in principle whether it is

feasible to retain the existing structure for the future. (If the answer to
this is 'no' there is clearly no point in making any further study.) This stage
involves:

= search for available drawings and other documentary evidence

= identification of the metal (s)

- outline structural survey to establish existing construction thickness and
spans, member sizes, and major defects

= preliminary assessment

- decision in principle on feasibility of retention

The timescale for this preliminary appraisal is often very short, being imposed
by the building owner or client. This can paradoxically be of benefit in
helping to focus attention on generalities rather than particulars of the
structure, in encouraging the minimum and simplest of calculations, and in
postponing the commissioning of slow and expensive detailed surveys and testing
programmes. (In this stage it is suggested that any testing of materials is done
only to confirm the identification of the metal(s).)

The final appraisal, once the feasibility of retention has been established in
principle, will be a more thorough exercise involving:

= detailed structural survey of all construction that is required to remain
(especially connection details)

- detailed definition of renovation and re-use needs as they affect the
SEructuxEe

= testing of materials

- comprehensive assessment of members and connections

- decisions in detail on strengthening and other alterations to structure
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Following this, the necessary work can be specified.

It should not need saying that the early involvement of the building control
authority is essential in any appraisal for alterations or re-use in which it
can exercise statutory powers, for it - as well as the engineer involved - must
be satisfied that the existing structure has been properly investigated and
realistically assessed, and it would be foolish as well as time-wasting to
develop a detailed scheme which is then rejected on submission to the authority
because of fundamental disagreements on approach.

The rest of this paper concentrates on specific aspects of the appraisal of
ferrous metal structures, namely: identification of the metal, preliminary
assessment, testing, and final assessment. The general principles and approach
to be applied in any structural appraisal have been described elsewhere (e.g.
[1]), and are not discussed further here.

e IDENTIFICATION OF THE METAL

3.1 Visual Aids to Identification

Distinctive features to aid in the recognition of cast iron members are:

= pitted or 'gritty' surface (from the sand or loam mould)

= thick or cocarse cast sections

- 'flowing' sections and profiles (e.g. solid and hollow circular, and X-and
H-shaped sections; 'classical' column heads with integral endplates; shaft
entasis) '

= bottom (tension) flange larger than top flange

- beams of inverted T- or V- section

= bottom flange of beams often curved on plan or elevation

- internal corners rounded (to deal with cooling shrinkage stresses)

Connections between cast iron sections were by simple bearings or by wrought
iron threaded rods and nuts fixed through pre-formed holes. Hollow circular
columns were often cast in two semi-circular pieces which were then brazed
together.

Wrought iron resembles steel in being formed into structural sections by passing
billets through rollers. The earliest beams were built up from plate and angles
rivetted together. Subsequently rolled beams became available, often being
strengthened by rivetted flange plates and web stiffeners. Its tensile
superiority over cast iron led to its early use as chains, cables, and links for
suspension bridges, and as tie-rods in buildings. The rods were frequently
employed compositely with cast iron to form trussed beams

and roof trusses.

Wrought iron can be distinguished visually from cast iron by its smoother rolled
surface - assuming that not much corrosion has occurred. If more corroded,
wrought iron tends to delaminate into thin sheets of nearly pure iron
alternatively with slag which can be pulled away from the surface.

It is more difficult to distinguish sound wrought iron from steel as their
production and structural forms are so similar. Unless there is conclusive
evidence from documents or dating as to which metal is present, it is best to
take small samples for identification.

3.2 Dating Evidence

The chronology of iron and steel use in structures is fairly well-defined,
although dates vary between one country and another. In the UK, for example,
cast iron was used between the 1790s and the early 20th century (columns only
after about 1860); wrought iron from 1840 (built-up beams from plates and
angles) and 1860 (rolled I-beams), being obsolete by 1914; while steel was
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introduced structurally in the late 1870s and subsequently was the only ferrous
metal used in new construction after 1914.

Thus, if the building can be dated by documentary and/or stylistic evidence, it
should be possible to distinguish between wrought iron and steel, except in the
‘overlap' period when both were in use. Care in relying on dates is obviously
needed when a structure has been altered since construction.

3.3 Sampling for Confirmation

It is necessary to take only a small sample of metal, for chemical and
metallurgical identification by a specialist testing house. A 25mm square piece
core-drilled from a lightly-stressed location will be adequate for this purpose.
In the case of cast iron it is important that identification includes the
particular type of cast iron as these have significantly varying properties.

4, PRELIMINARY ASSESSMENT

4.1 Approach

It should be recognised that material specifications, methods of quality
control, and regulations covering design and loading, have only recently been
developed into the rigorous and numerically-orientated instruments that they are
today. It is therefore not appropriate to appraise a 19th century structure of
cast or wrought iron by calculations based on a modern steelwork code of
practice, even if suitably factored to recognise a different basic stress, not
least because the characteristics of these materials as manufactured then are
not consistent with those of today's steel.

Nevertheless some simple calculations must be made to establish an idea of
member strength and hence the feasibility of re-use. If these are to be
relevant, the engineer needs an understanding of material quality and
contemporary practice at the time of construction.

4.2 Material Quality

Cast and wrought iron, and early steels, were seldom produced to a nationally
defined standard as is steel today. Instead, each ironworks would offer a
variety of grades suited more or less to the needs of its market. Extensive
testing was carried out on these, and the results were published in commercial
literature and textbooks. Quoted strengths were usually at ultimate (breaking)
load.

A study of test results for any grade generally reveals considerable variability
in strength, which was accommodated by correspondingly large factors of safety
(between 3 and 10) for working use.

4.3 Original Design Practice

Before building legislation laid down allowable stresses in structural metals,
design was based largely on experience and elementary structural theory. These
are frequently to be found in the contemporary textbooks, which in many cases
can be regarded as the equivalent of modern codes in recording good practice, as
well as providing an invaluable reference source on construction details.

Where building legislation had laid down a design approach and guantified
allowable stresses, and was in fcrce at the time of construction, it is
reasonable to assume that the structure would have been designed to comply with
this, which may be used as a present-day standard for appraisal. (Some building
control authorities will indeed require such an approach.) The quoted stresses
in these are generally conservative, and may also be used for preliminary
assessment of structures pre-dating such legislation.
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4.4 Loadings

Nineteenth century textbooks show a wide variation in the allowance made for
imposed loads: they were however generally higher than would be considered
necessary today.

It is clear, however, that many builders did not adopt such onerous figures for
domestic and commercial timber floors (which were sized by experience and/or
rule of thumb), and this is probably true also of many building structures with
metal beams and columns.

The fact that such structures were clearly always incapable of supporting the
over-generous design loads gquoted in the textbooks and yet today exhibit no
signs of overloading, has led building control authorities to be increasingly
reluctant to accept unguestioningly schemes for which current live loading
requirements would appear to be less than the original 'assumed' loading. It
will therefore usually be necessary to establish member sizes and show by
calculation that the existing structure is adequate.

wind loading on early building structures - rather than bridges - was not often
considered.

5% TESTING

5.1 The Need for Testing

Once the preliminary assessment has shown re-use to be feasible, it will
generally be necessary to obtain more comprehensive information on the existing
structure before making the final, detailed, assessment. In particular,
materials testing may be considered.

There is little point in making tests if an initial appraisal has shown that the
structure is in an unsound state already, or that it is grossly overstressed in
its new use. Conversely, a 'young', well-documented steel structure - and often
older structures too — may need little or no testing if they are in sound
condition and will be stressed only to modest levels in the future.

It is important that the building control authority requirements for testing are
identified.

Some authorities are very dubious about the usefulness of testing as an
indication of typical strengths in the actual structure: this may be understood
by considering that manufacturing guality control in the 19th century was very
much cruder than it is today, as was recognised by the generous factors of
safety applied. There is thus no guarantee that sampling for testing, or even
in situ load testing to failure (e.g. of elements typical of the building but
unwanted in the proposed scheme), will give results that can be confidently
regarded as 'average',6 still less as "lower-bound', for the elements as a whole.

5.2 Criteria for Sampling

It is generally assumed that the strength of a group of similar ferrous metal
elements will vary in accordance with a normal distribution: an approximation
quite adeguate for most circumstances. It is then possible to use statistics to
give an estimated strength.

Usually this is a 95% confidence limit based on test results, i.e. a figure
below which no more than 5% of the actual strengths should fall. To find this,
it is necessary to calculate the mean value and the standard deviation of the
test results. The 95% confidence limit will then be a number of standard
deviations below the mean, that number being a function of the number of samples
taken. Hence, if only two samples have been taken it will be necessary to use a
value 6.3 standard deviations below the mean, whereas if six samples are taken
this is reduced to 2 standard deviations. For an infinite number of samples,
the figure is 1.65, so there is little to be gained by taking more than six
samples.
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Beams and columns may not necessarily be from the same source of supply or even
of the same material. This should be established in the initial identification
exercise, the number and location of samples being extended as appropriate.

5.3 Choice of Tests

The most useful information can be gained from a standard tensile test, i.e.
yield stress, ultimate strength, Young's modulus, and elongation to fracture.
This obviously involves destructive laboratory testing of samples cut from the
structure. Ideally, samples 200 x 100mm should be cut, which will then be
machined to the required shape by the testing laboratory. Samples may be
removed using a hacksaw, interlocked drilled holes, or flamecutting (which
should only be used with an additional 1-15mm allowance around each cut face to
enable removal of the heat-affected zone). In taking the sample a prime
requirement must be not to weaken the structure dangerously.

Where it is intended to weld to existing steelwork, a chemical analysis for
weldability should be made. This can be done on part of a broken tensile
specimen. It is in general not advisable to consider welding existing cast or
wrought iron.

5.4 Interpretation

If a sufficient number of test results are obtained, the 95% confidence limit
can be calculated as previously described. This should then be divided by a
suitable factor of safety. For cast iron a factor of 3 is suggested in view of
its brittle nature; similarly, in view of the greater variability of wrought
iron, compared with steel, a factor of 3 on the 95% confidence limit of tensile
strength seems appropriate.

Recent or better-quality older steel should exhibit a narrower variation in
strength: the tests should also confirm whether the steel is of mild or
high-tensile quality. The permissible stress adopted for appraisal should, it
is suggested, be less than the minimum value of the elastic limit, and be not
more than either 0.67 x 95% confidence limit of the yield stress or 0.375 the
ultimate strength.

(55 FINAL ASSESSMENT
The final assessment of the structure can follow one of two courses.

The first is to appraise the members and their connections using design rules
and allowable stresses that were in force at the time of construction. This
may be particularly appropriate for earlier structures where the in situ
material strengths vary widely, and of course could also be applied in the
appraisal of a more modern steel structure. The advantages of such an approach
include speed and simplicity of calculation, and the high probability of
acceptance by building control authorities, especially when the design rules
used were prescribed by them or their predecessors.

The disadvantage of this method is that it may not be possible to justify the
adequacy of all parts of the structure using the inevitably simple and
conservative assumptions built into such rules. In this case it will be
necessary to apply an assessment using theoretical first principles; this will
inevitably be more time-consuming, and does not necessarily guarantee success in
justifying the structure, but does give much more scope for the engineer to take
account of the real conditions in which the particular structure will be
serving, and to exercise his judgement in relating these to the analytical model
he uses. This approach is particularly useful in assessing the strength of
columns with varying degrees of end restraint and imperfections in line and
straightness.

REFERENCES

kg INSTITUTION OF STRUCTURAL ENGINEERS, Appraisal of Existing Structures,
1980.




Strengthening of the «<Rotonda» Monument in Salonica
Renforcement du monument «Rotonda», Salonigue

Verstarkung des Monumentes «Rotonda» in Saloniki

George PENELIS M. KARAVEZIROGLOU
Professor Lecturer
Univ. of Salonica Univ. of Salonica
Salonica, Greece Salonica, Greece
George Penelis has been
the director of the Lab. K. STYLIANIDIS
for Concrete Structures Scient. Assistant
in the Univ. of Salonica Univ. of Salonica
since 1971. He has been Salonica, Greece
engaged together with
his collaborators who are Dim. LEONTARIDIS

co-authors of this paper 4 :
with the strengthening of Cr;l',v” EP%‘”&?” Lo
some of the most impor- In. of Fublic VVorxs
tant Roman and Byzanti- Salonica, Greece

ne monuments of Saloni-

ca

SUMMARY

An effort is made to outline briefly the in situ measurements and laboratory tests that were neces-
sary together with the analytical work for the strengthening procedures of the Monument «Roton-
da» in Salonica that was affected by earthquakes in 1978.

RESUME

Le rapport décrit la recherche expérimentale, sur place et au laboratoire, ainsi que les calculs ana-
lytiques nécessaires au choix des méthodes appropriées pour le renforcement du monument «Ro-
tonda» a Salonique. Ce monument a été endommage lors de tremblements de terre en 1978.

ZUSAMMENFASSUNG

In dieser Verdffentlichung sind die in-situ Messungen und die Laborversuche kurz prasentiert, die
zusammen mit der analytischen Berechnung fir die Verstéarkung des durch das Erdbeben von 1978
beschadigten Monuments «Rotonda» in Saloniki notwendig waren.
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1. INTRODUCTORY REMARKS

Rotonda of Salonica is one of the older and more splendid monuments of the City
(Fig.1,Fig.2). Its core had been built as a part of the Roman Imperial palace
layout about 300 A.D. Covered by a huge dome 24.5m in diameter it is an imposing
circular building. Eight barrel-vaulted niches lighten the thickness of its 6.25m
wvalls. About 400 A.D. Rotonda was turned into a church. A vaulted chancel and
apse vere added. So the middle and a part of the upper ring of the cylindrical
vall vas also cut for connection of the chancel with the main core, an inter-
vention which has caused many structural problems to the monument.

During the course of the monuments’ life, the christian intervention, the succes-
sive earthquakes and the time have caused extended damage to it as no serious at-
tempt for strengthening had been made for many centuries. The earthquake of June

20, 1978 made the whole situation worse. The main crack due to shear at the
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Fig.l General view of Rotonda

®
@l<>§%}?<> southern piers II,,lI, appeared a widening of Imm
B per month indicating that the part of the dome
T (5] bound by these piers had began slowly to slide.
|
| i The Working Group which was assigned the super-
vision of the restoration and strengthening of
- Rotonda after the earthquake of June 20,1978
T vas at first concerned with the immediate re-

vith the wvorks of the temporary shoring the
study for the final repair and strengthening
vas started.

D Sl medial measures that were necessary to prevent
e Nl the collapse of the monument. At the same time

Eg In order justified decisions to be made about
an intervention in the monument, all the avail-
@ able means of research were used.This research

covered three areas:

® - In situ investigations

@ - Laboratory tests

gg - Analytical research vith the aid of computers

In the present paper the in situ investigations

Bilgl i -taki :
Adganoceion s o oore kaling and the lab.tests used as basis for the repair

on the Monument
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and strengthening of the Monument are briefly outlined.

2. IN SITU INVESTIGATIONS

The in situ investigations covered the following areas:

2.1 Geometrical and constructional surveying of the Monument

This included:

- The geometrical surveying of the superstructure carried out with standard as
vell as photogrammetric methods

- The geometrical and constructional surveying of the foundation carried out
through four ground cuttings at the immediate neighborhood of the foundation

- The geometrical and constructional surveying of the cover and the dome carried
out through ten cuttings at the cover and

- The constructional surveying of the piers carried out through inspections on
their external surface and on the ruins of buildings built at the same period
with the same external type of construction.

2.2 Surveying of the damage

The surveying of damages includes, first, a detailed surveying of the cracks, of
their width, of the relative displacement of their edges both in the direction
of the crack and vertically to it, as well as of their depth. It also includes

a photographic surveying of the main cracks. The surveying of the cracking was
done by means of geometric methods. The depth was determined using special rods
that were forced into the cracks.

Together with the surveying of damage wve should include the continuous recording
of the variation in the crack widths by means of 11 velometers installed at the
main cracks of the Monument. The recording of these movements serves as an addi-
tional indicator of the Monument’s trend to collapse. It also serves as a basic
indicator for the effectiveness of the final strengthening procedure under con-
sideration. Actually, the cease of the crack propagation and the reversing of
the relative movement in some of them, after the partial (measured with velo-
meters) prestressing of the rings of the temporary shoring of the Monument, con-
vinced that this type of strengthening has to be a positive one for the final
restoration of the Monument (Fig.3). Finally, in the procedure of surveying the
damage the measurement of the deviation of the piers from the vertical position
should be included (Fig.4).

2.3 Core-taking and non destructive tests

In order to determine in the laboratory the mechanical constants of the Monument,
an amount of 19 cores of 10cm diameter was taken from various locations on the
Monument (Roman and Christian) (Fig.2). It is beyond any doubt that this limited
number of specimens can not give credible values of the mechanical constants for
the whole structure. On the other hand, an unlimited number of core could not be
taken because of the risk to cause extended damage to the Monument due to core-
taking. Therefore the cores wvere combined to N.D.T. i.e. wide range hammer tests
(600) as well as ultrasonic measurements (300) which vere extended on the vhole
surface of the Monument. The correlation of hammertesting to the corresponding
compressive strengths found in the laboratory, through D.T. was found to be very
satisfactory (correlation rate equal to 0.867). The correlation of ultrasonic
measurements to the corresponding compressive strengths determined through D.T.
at the locations of core-taking did not provide satisfactory results (correla-
tion rate r < 0.500). Anyhow ultrasonic measurements have given very good corre-
lation results, concerning the dynamic modulus of elasticity, which is a quanti-
ty indispensable to the analysis as well as to the choise of the type of the
grout for the repair.
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Fig.4 Horizontal displacements of the piers
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The materials of the cores vere also used in the chemical analyses for the de-
termination of the composition of the structural materials of the Monument.

2.4 Natural period and degree of damping of the Monument’s dynamic response

For the determination of the natural period of the Monument ambient vibration
measurements were carried out in cooperation with the Laboratory of Engin.Seismo-
logy and Aseismic Structures, Nat. Tech. Univ. of Athens. Forced vibration mea-
surements are also under way. The conclusions of these measurements are in a
very good agreement to the analytical estimation of the natural period determin-
ed through the Rayleigh Method. So while the foundamental period according to
ambient vibration measurements was found to be T1=0.42sec., the analytical ap-
proach gave for T) prices between 0.53 and 0.33sec.

2.5 Soil borings

For the evaluation of the influence of the soil on the existing damage, four bo-
rings were carried out at a depth of approximately 25.0m. The results of the
soil exploration vere also used for the estimate of the soil conditions influ-
ence on the seismic loads (base shear) to be used in the strengthening procedure

3. LABORATORY TESTS

The laboratory tests covered the following areas:

3.1 Chemical analyses

The chemical analyses had the followving tasks:

- The determination of the proportions between the paste and the aggregates in
the construction mortar.

- The determination of hydraulic elements into the mortar. So, for the Roman
part it was concluded that the existing hydraulic materials were due to the
brick powder while for the Christian part they were due to addition of pozzo-
lanic ash together with the brick powder (Table 1).

First analysis Second Analysis
Compo- |with coarse ceramic material| without coarse ceramic mater|
SlELon Determined values Determined values
(ar) % % (gr) % %

Burning
loss 267120 [F12.78 4.3045 25252
Insoluble
compounds | 13.852 | 66.30 8.989 44.94
Soluble Composition Compo -
compounds | (4.372)](20.92) comggunds (6.71) (33.54) é;;;gzngz
Si0p 0.540 2.58 12585 0.640 3.20 9.53
R203 0.673 gi52e 115539 0775 3.87 11568
Ca0 2.988 | 14.31 68.36 5.10 25.48 76.00
Mg0 0.107 0.51 2.44 051075 0.59 175975
S03 0.029 0.14 0.67 0.029 0.14 0.44
Na20 - - - 0.0060 0.03 0.09
K20 - - - 0.0400 0.20 0.59
i 0.035 0.16 0.79 0.0025 0.03 0.05
determined
Total 20.896 | 100.00 | 100.00 20.003 100.00 | 100.00 &

Table 1 Chemical components of the Roman mortar
(mortar specimens, from core 10)
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- The determination of the composition of the structural bricks and more speci-
fically wvhether they were of the same composition with the mortar’s brick pow-
der and whether they have incorporated hydraulic materials. So, for the bricks
of the Roman part it came out that they have hydraulic components, while for
the bricks of the Christian part it came out that the hydraulic components are
transformed to ceramic compounds because they were burned in high temperatures
On the other hand, it was concluded that the mortars both in Roman and Christ-
ian part contain brick powder of the corresponding parts, both hydraulic acti-
ve, a conclusion that was cross checked with the archaeological evidence.

- The chemical analysis of the materials that could be possibly used for the com-
position of grouts, i.e. hydrated lime, pozzolanic ash,cement and brick powder.

3.2 Mechanical properties of the structural materials of the Monument

Using the cores taken from the two parts of the Monument, the Roman and the
Christian, mortar specimens were prepared in the Laboratory of Reinforced Concre-
te, Univ. of Thessaloniki, and their flexural strength was determined as well as
the compressive strength, the modulus of elasticity of the mortar and the bond
strength between the bricks and the mortar.

Brick specimens were also prepared and the bricks compressive strength as well
as modulus of elasticity were determined. As we have already mentioned, the num-
ber of specimens was limited and was used for the calibration of the N.D.T. in-
struments by means of which the in situ investigation was extended all over the
Monument (Table 2). As it is clear, from the above laboratory tests, completely
reliable data were provided, concerning the structural materials-especially the
mortar-which are necessary for the preparation of the grouts.

Constr. | Location | Number Mean Standard Lower 5% | Upper 5% |[Minimum Max imum
Phase of Tests |of Tests |value deviation | fractile | fractile |value value
] o} u-1,6450 | uy+1,6450
(kg/cm2) (kg/em?) | (kg/em?) | (kg/em?) | (kg/em?) | (kg/em?)
n 54 28,33 4.61 20,75 35,91 17,80 39,40
My 54 29,96 6,91 18,59 41,33 19,19 44,94
N3 54 26,04 5,54 16,92 35,16 15,16 42,93
My 54 32,36 5,89 22,67 42,05 15,16 42,93
Mg 54 29,67 6,64 18,75 40,59 15,16 49,08
Mg 54 28,23 6,35 17578 38,68 17,13 39,99
My 54 28,13 6,44 17,54 38,72 13,90 39,04
Mg 54 27,34 7557 14,89 39,79 105,51 48,03
= Top 144 32,44 6,34 22,01 42,87 15,16 49,08
o
E Midhight 144 28,27 5,04 19,98 36,56 17,80 39,04
o
== Bottom 144 25,56 6,13 15,48 35,64 ililyf3il 42,93
Inside 216 27,36 5,25 18,72 36,00 15,16 42,93
Qutside 216 30,16 7,29 18,16 42,16 11,51 49,08
Total 432 28,76 6,50 18,07 39,45 ikl 49,08
Top 54 36,96 11,60 17,87 56,05 15,81 60,16
Midhight 54 37,39 LS 19,05 55,73 19,19 59,00
Bottom 60 39,88 14,32 16,33 63,43 13,90 69,77
= Inside 72 33,91 11,25 15,40 52,42 13,90 59,00
L.; Qutside 96 41,32 12,51 20,74 61,90 15,81 69,77
z
5 Total 168 38,14 12,50 17,57 58,71 13,90 69,77

Table 2 Statistical evaluation of the values compressive
strength of the mortar
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These data also used for the indirect determination of the compressive strength
and of the modulus of elasticity of the compound masonry,using semiempirical re-
lations established by current Codes together with destructive measurements on
masonry Ccores.

3.3 Mix design of the grouts and testing of their properties

Based on the chemical analyses and the tests for the determination on the mecha-
nical properties of the Monument’s mortars, the composition of grouts was at-
tempted in the Laboratory of Reinforced Concrete, Univ. of Thessaloniki, using
traditional materials, compatible to the mechanical properties of the construct-
ion mortar of the Monument. Meanwhile, the chemical analyses and the testing of
the machanical properties for a whole series of Byzantine Monuments carried out
in the same Laboratory, led to the thought that this research had to be carried
out in a uniform way for all the Monuments, in order to avoid unnecessary repe-
titions. So, a whole series of mixes was tested and we chose those that fulfill-
ed the current specifications for grouting injections, as far as the fluidity,
the bleeding, the shrinkage and the sedimentation are concerned (Table 3); from
these mixes the choise of the appropriate grout for every Monument was made, ac-
cording to the strength of the mortar and to its modulus of elasticity.

Grouting Mixing Proporsions (partsby weight) Sinking
Cate- |Label |Pozzo-|Lime |Cement Ceramic | Ceramic | Sand Water Tricosal :
gory lanic powder | powder f"“e. )
Ash 900 650 sec
Bf 10 5 = - = - 15,50 - 33
£ 10 5 - - - - 12,00 0,15 30
£y 10 8 - = = - 12,50 0,18 32
1 EN2 6 4 - 5 - - 13,50 0,15 28
ENg 4 - - 5 - 14,50 0,15 29
K191 10 5 - - - 15 17,50 0,15 28
Ki-2 10 5 - - - 30 18,75 0,15 26
K13 10 5 - - - 45 20,50 0515 27
ETl 10 B 1 = - - 12,50 0,16 32
ETZ 10 5 2 - - - 12,50 0,17 34
ETy 10 5 3 - - - | 12,75 0,18 34
ETq 10 5 4 - - - 14,00 0,19 28
ETg 10 5 5 - - 2 14,50 0,20 30
| ETe 10 5 6 = = 2 Baoo 0,21 32
ET7 10 5 7 - - - 15,00 0,22
ETB 10 5 8 - - - 15,50 0,23 33
ETq 10 5 9 - - - 16,00 0,24 31
ETyg 10 5 10 - - - 16,50 0,25
KT1_1 | 10 5 2 = = 17 | 15,75 0,17 32
KTI~é 10 5 2 - - 34 20,00 0,17 29
KT1-3 10 5 2 - - 51 22,50 0,17 30
KTZ—I 10 5 4 - - 19 18,00° 0,13 23
KTop | 10 5 4 - - 38 | 21,00 0,19
KT 3 10 5 4 - - 57 25,00 0,19 31
I | KTa; | 10 5 6 - = 21 | 18,50 0,21
KT3_p | 10 5 6 = - 42 | 23,00 0,21 30
KT3.3 | 10 5 6 - - 63 | 25,50 0,21 32
KTq_y 10 B, 8 - - 23 19,50 0,23 33
KTg_p | 10 5 8 - - a6 | 23,00 0,23 3G
KTg_3 10 5! 8 - - 69 29,50 0,23 28
KTs-1 10 5 10 - - 25 19,00 0,25 31
KTs_p | 10 5 10 - - 50 | 23,50 0,25 30

Table 3 Mixing proportion of the grouts
The materials used are the following: Hydrated lime, pozzolanic ash, brick pov-
der, cement and fine sand.

For each mix the water content was such that the time of sinking in the corre-
sponding apparatus of the German specifications varied between 307 and 32 ”,which
ensures the entering of the injected mortar into the cracks.

In addition, the sample was tested to find whether it could be pumped in a hand-
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-operated pump used for grouts.

For each mix, specimens were prepared according to current specifications and
the volume reduction during coagulation was determined, as well as the shrinkage,
the flexural strength, the compressive strength, the bond between the bricks and
the grout and the modulus of elasticity. The strength tests for each composition
covered a period up to nine months.

3.4 Soil tests

Based on the soil samples taken from the borings and the in situ collected data
(soil profile, standard penetration tests, water table) lab. tests were carried
out for the determination of the soil properties.

4, CONCLUSIONS

It is obvious from the above presentation that for a well justified repair and
strengthening of a monument of world wide importance a very comprehensive inve-
stigation is necessary. The in situ investigations and the laboratory tests con-
sist a very important part of the whole task necessary for the following steps
in the intervention procedure.
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SUMMARY

The results of dynamic tests carried out on two reinforced concrete piers of a bridge under con-
struction in the area struck by the Irpinia earthquake of November 23, 1980, are illustrated. The ex-
perimental determination of the dynamic behaviour of the piers, carried out by excitation through
mechanical vibrators, enabled the elastic and dissipative characteristics of the soil to be examined,
as well as the soil-foundation interaction effects, and the type and degree of damage of the piers to
be evaluated.

RESUME

Les résultats des essais dynamiques conduits sur deux piles en béton armeé d'un pont en construc-
tion dans la zone frappée par le tremblement de terre d'lrpinia, le 23 Novembre 1980, sont pre-
sentés. La détermination expérimentale du comportement dynamique des piles, effectuée par
excitation avec des vibrateurs mécaniques, a permis d'examiner soit les caractéristiques éelasti-
ques et de dissipation du sol, soit les effets d'interaction sol-fondations et d'évaluer le type et le
degré de dommage des piles.

ZUSAMMENFASSUNG

Es werden die Ergebnisse aus dynamischen Versuchen an zwei sich im Bau befindlichen bewehr-
ten Briickenpfeilern aus der Gegend, die am 23. November 1980 vom Irpinia- Erdbeben heimge-
sucht wurden, vorgestellt. Die experimentelle Untersuchung des dynamischen Verhaltens der Pfei-
ler, deren Erregung mittels mechanischer Vibratoren erfolgte, erlaubte auch die Ermittlung der ela-
stischen und dissipativen Charakteristiken des Bodens. Ferner konnten auch Boden-Fundament-
Interaktionseffekte sowie Typ und Grad des Schadens an den Pfeilern bestimmt werden.
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1Ly, INTRODUCTION

After the Irpinia earthquake of November 23, 1980, an inspection to the 12 piers
of a highway bridge under construction on the River Calore, showed the presence
of some fine horizontal cracks all around the piers, at a height ranging from
3.5 to 4 meters approx. over the foundation block. Following the discovery of
these cracks, the problem arose of assessing their importance for the structural
safety of the piers, and consequently of estimating their extent and penetration
into the cross-section.

For the diagnosis of the damage and for the determination of the overall struc-
tural behaviour, an experimental research has been carried out with the aim of
identifying the characteristics of the system through the evaluation of the foun
dation soil parameters and the response of the piers to the external loads. The
procedure chosen has been the performing of dynamic tests, by applying at the
top of two piers of different height (pier A: 17 m; pier B: 36 m) and foun-
dation conditions. (pier A: on piles; pier B: directly on soil) variable fre
quency sinusoidal forces. The general scheme of the pier is shown in Fig. 1;
owing to the different dynamic characteristics of the piers under test tw<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>