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CONSIDERATIONS ON A METHOD FOR SETTING OUT THE CONSERVATION PROJECT
An example relating to the use of the computer in the development of the model
of the thermodynamic system Marcus Aurelius - Capitclium Square

1. The phases of the conservation project

An object of historical and/or cultural interest is a structure constituted by
an assembly of materials. It therefore undergees decay due to a complex series of
physical, chemical and biological processes that interact and condition each other.
Consequently, a change in the figures of the materials it is constituted by, takes
place. The primary causes of these events have to be searched for in the internal
and external stresses that, acting on the structure, prevent it from reaching a
"quiet state"; the direct consequence is the decay in its physical-mechanical
consistency and in its historical and cultural readability. Any structure is always
subject to stresses, consequently the decay is an unavoidable process. Is takes
place at a speed which is in relation with the number, intensity, gradient and
frequency of the stresses. These can be, theoretically, divided into two classes:

- "physiological" stresses;
- shocks.

Physiological stresses are due to the typical behaviour of the structure and of
its environment. In this class, one can consider such phenomena as daily and
seasonal thermal variations, mechanical settling, electrochemical corrosion,
atmospheric pellution, etc.

Shocks, instead, are due to random events which cause sensible wvariations in the
structure-environment system and may have "violent" effects on the structure
itself. In this class one may consider events such as earthquakes, flcods, the
lightning which fell upon the Flaminio Obelisk in Rome, but also events such as the
sudden unearthing of archaeclogical structures.

A conservator should aim to increase the "survival period” of the structure,
lewering, in the space-time dimensions, the probability of shocks and the existence
of physiological stresses. In this way it is possible to lower the dynamic of the
decay process.

As emphasised in the previous examples, the environment is a basic element for
the dynamics of the structure. In fact, it interacts with the object; directly, by
causing, for instance, dimensional variations and consequent mechanical stress in
the constitutive materials; indirectly, by causing, for instance, condensation-
evaporation cycles. Therefore lowering the variations (in space and time) of the
thermodynamic figures means to optimise, in an environmental point of view, the
conditions for a probable good survival of the structure. Moreover, the closer the
average values of such fiqgures will be to the object most suitable ones, the better
will be the situation.

In the case of a structure which has to be removed from its original site, it
will be necessary to plan an environment that should have the most suitable
characteristics in temperature and relative humidity, to study the method of
realisation of such an environment, the ways and times in which the transfer
cperations have to take place in order to avoid as much as possible shocks and
problems.

The problem is even more complicated in the case of a structure that cannot be
moved or for which the removal should be an extreme operation. In such a case the
thermodynamic figures are not defined hefore hand, but they have to be determined
by a study of the behaviour of the structure. Moreover the operations in project to
optimise such figures will be conditioned by considerations relating to the respect
for the environment itself under the conservative, historical, cultural, social,
town-planning and ecological points of view.

Generally, before defining an operation as useful and efficient, it is necessary
to forecast its effects on the structure-environment system. An operation will be
correct when it solves (in short and medium periods) the problem it has been
planned for, and when it does not introduce other potential causes of decay. It is
therefore obvious that the more one knows about the structure, the envirconment and
their mutual interactions, the greater is the probability that such a forecast will
be valid. In other words, before an operation is executed, it is necessary to



accomplish a series of studies and surveys from which the theoretical model of the

behaviour cf the system can be drawn.

Considering the large amount of phenemena that take place in the process of
decay and their complex mutual interacticns, the design of models has to be
developed through a process based on theoretical considerations and direct
observation., Practically, the first phase consists in defining the figures that are
fundamental for the design of such a model. These figures will then be placed under
control. The collected results will be evaluated so that a first theoretical
hypothesis could be defined. Such a model can then be compared to successive
observations on field to check whether and in what measure events, forecast by it,
take place. The more the ™forecast" events take place, the higher is the
probability that the model is correct. If the theoretical mecdel is sufficiently
reliable, it can be used to continue investigating the system. Even the differences
in behaviour between the theoretical and the experimental schemes are useful: in
fact, the analysis of such differences can be very important to define the
contribution of phenomena that have been ignored in the preceding model. If these
phenomena result to be significant, they have to be put under control by a properly
organised collection of information and data on field. Ultimately, the obtained
information will be important in the design of a new theoretical model. This
"dialectic process™ will reach an end when the designed model proves to be
sufficiently reliable and complete. On the basis of models of this kind it will be
possible to design "maps of risk" for the structure, aimed to determine, in a space
and time dimension, the probability that potentially negative events for the
survival of the object, could take place.

Therefore, theoretically, the conservative project must be developed in three
phases:

- examination phase: aimed to accomplish observations on the structure, its
environment and behaviour, by the collection of information and data directly
detectable and measurable;

~ diagnosis phase: aimed to design the behaviour models and the maps of risk for
the structure;

—- therapy phase: aimed to plan and execute the correct conservative operations
{including restoration).

Obviously, the division in three phases is more theoretical than practical. For
instance, as it has been already shown, the examination and diagnosis phases
infiuence and condition each other in a process of theoretical-experimental
comparisons that can be called "diagnostie precess".

2. Marcus Aurelius - an example of methodological praxis

An example of diagnostic process, relating to an envirommental study, is given
by the examinaticns and studies that have been accomplished on the equestrian
monument of Marcus Aurelius. The ultimate aim was to create a behaviour model of
the thermodynamic system composed by the structure (bronze statue) and its
environment (Capitolium Square}.

This paper will describe the steps by which it has been possible to define a
first behaviour model of the system, relating to the definition, in space and time,
of the distribution of the structure surface temperature.

S5uch an information is, in fact, fundamental from a microclimatic point of view
{to design the maps of risk relating to evaporation and condensation cycles) and
from a mechanical cne (to define the thermal inertia of the different parts of the
structure}. The thermal distribution on the surface of a structure is a consequence
both of the phenomena of heat exchange (radiation, convection, conduction) that
take place inside and outside the structure and of the thermal figures
{conductivity, specific heat, ete.} of the elements constituting the structure
itself.

The first step for studying such a system has been to put under control the
structure collecting values for its surface temperature, sampled in space (but
practically continues in time) by thermocouples, and sampled in time (but
practically continuos in space) by thermovision. The use of both techniques has
been decided to minimise the effects of definition uncertainty due to one single
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technique. In fact, thermovision gives a good information of thermal distribution
in space, but just in the moments in which it is used,; similarly, thermocouples
give data relating to the peints of application. The correlation of data obtained
by both techniques has given sufficient information to be able toc design the first
theoretical model of the structure-envircnment system. The main result of such an
examinaticn has been to define the basic elements c¢f the thermodynamic system:
statue, air, marble basement.

The following step has been to observe the environment. The Capitolium Square is
placed at the centre of a natural saddle of the hill. In fact, toward NNE there 1is
the Arce Capitolina (Capitolium Summit) covered by the buildings of Ara Coelil
(height 32 m), then there is the right wing of the Altare della Patria (Tomb of the
Unknown Soldier - height 43 m). Toward SSW there is Monte Caprino (Goats' Mountain!
that has an average height of 6 m; considering the buildings existing on this side
of the hill, the height reaches 13 m. Ultimately, the Square is bordered by Palazzo
Senatorio (Senator's Palace -~ SSE, height 2% m), Palazzo dei Conservatori
(Conservators' Palace - S55W, height 20 m) and Palazzo Nuovo (Newly-built Palace -
NNE, height 20 m}). All the heights are computed taking as zero the average height
of the square.

The 'situation of the environment has an important consequence: it strongly
conditions the times and ways in which the sun radiates upon the structure., The
solar direct radiation is a basic element to define the heating dynamics of the
structure and it was therefore extremely interesting te calculate how and when the
sun rays reach the surface. With this aim in mind, a system has been realised
which, through the thecretical computing of the height and position {in respect to
the cardinal peints) of the sun in each and every day and heur of the typical year,
establishes the shadows created by the Capitolium buildings and, then, the
insolation <c¢onditions of the structure. The computer system deals with the
potential direct radiation of the sun; consequently phenomena of atmospheric
diffusion are ignored. The model, if properly tested, can be a useful tool for the
definition of the energetic dynamic balance of the structure and therefore in the
determination of the areas and moments in which there is a possibility that
potentially dangerous thermal variations can take place. To determine whether the
system has a good degree of reliability it is necessary to compare the theoretical
behaviour of the structure with data collected on field.

If you censider, for instance, the radiating dynamic computed for a typical day
in the second half of August, it can be easily seen that, in this case, the
theoretical model forecasts a dynamic of the following kind:

- in the earlier hours of the morning the structure is completely in the shade, due
to the presence of Palazze Nuovo;

- later, the monument passes to an insolation condition; the sun rays directly hit
the postericr parts of the structure;

- in late afternoon the structure passes into the shade due to the presence of
Palazzo dei Conservatori;

- at sunset, the sun rays hit, almost perpendicularly, the left foreword part of
the monument.

Such a behaviour is extremely discontinuous; moreover, the danger is still
greater due to the fact that bronze, having a rather low thermal inertia, follows
rapidly the thermal stresses of the environment.

Consequently, it is possible to make the following theoretical considerations:

- the area that undergoes the greatest stress, under a thermal point of view, is
the croup, exposed to the sun radiation in the warmer hours of the day;

- the right-hand side (in particular the rear area) is heated before the left-hand
side, but the latter reaches a higher temperature as time passes. In fact in the
morning the sun hits the right-hand side directly while later on it reaches the
left-hand side {at midday the sun rays directly hit the rear left-hand side);

- in the morning the rear end of the statue is warmer than the front one; in the
late afternocn the situation is inverted. In particular, the front area reaches
its maximum temperature at sunset. In fact, in the morning and in the earlier
afternoon, the sun rays directly hit the rear end of the statue while during the
late hours of the afternoon they radiate toward the front of the right-hand



side, at sunset, they directly hit the front end of the statue with a direction

that is almost perpendicular to it.

Examining the charts of the thermocouples data recorded during the same period,
it is immediately possible to observe that the curves can be easily explained by
the described theoretical considerations. In fact:

- the area that reaches the highest temperature value is the croup (thermocouple

4} ;

- the left-hand side (thermocouple 1) is always warmer than the right-hand side

(thermocouple 7), except for the earlier hours of the morning;

- the rear end (thermocouple 2) is heated more rapidly than the front one

{thermocouple 6}, but its cocling off is also faster;

- the horse's chest (thermocouple 6) has a peak at sunset, when the temperature of
all the other thermocouples is decreasing.

Besides these observations, it is necessary to make some other considerations
from the thermocouples charts which cannot be directly compared with the described
theoretical model:

- during the night the basement is warmer than the bronze statue;
- the daily variations of a single thermocouple cannot be superimposed over each
other.

The first observation can also be confirmed by thermovision which completes the
information by showing that the structure, during the night, has a thermal gradient
which is inversely proportional to the level above the ground. This is due to the
tact that the basement has a higher thermal inertia than the bronze statue. Due to
the season and the hour of the recording, the temperature of the basement is higher
than the one of the statue and consequently it radiates heat toward the monument
causing a temperature increase in the areas that are geometrically more exposed to
its influence.

A direct consequence of such an observation is that the marble basement cannot
be ignored but it should be considered a basic component of the structure-
environment system. Therefore for a complete and exhaustive thermodynamic model, it
will be necessary to study the basement thermal variations and their influence on
the monument.

The seccond observaticn confirms, on one side, the great influence of the sun
direct radiation on the thermal dynamics of the structure. In fact, the tendency of
the examined points is to follow the described behaviour. On the cother side it
demonstrates that the existence of other thermal processes (connected with
evaporation, convection, etc.) can be particularly important in the phase of the
design of maps of risk for the structure. The importance of such phenomena is
particularly clear in the area P corresponding to a period of climatic instability
(clear sky alternated with brief storms). It is also very interesting to consider
the behaviour of thermocouple 6 (horse's chest) in the recordings of the last three
days. In the last day it records a rather elevated gradient at sunset; such a
gradient is, however, much lower in the preceding days. This behaviour may have
been caused by more powerful convective effects which brought about, as a direct
consequence, a faster thermal decrease when the structure entered inte the shade
(afternoon). This consideration seems to be confirmed by the fact that the sunset
temperature peak is slightly lower in the last day.

These observations underline, once more, the importance of the influence that
the various phencmena of heat exchange have on the surface thermal distribution.

The problem becomes more complicated due to the fact that the bronze structure
is, in a thermal point of view, absolutely discontinuous. In fact, experiments
accomplished in the laboratory have demonstrated that the differences in thermal
inertia (due to differences in alloy compcsition, in form, in defects, in
distribution of masses and thickness) are not negligible.

The next step of the study is aimed to design a map of the thermal discontinuity
of the structure and its basement. In this way, it may be possible to compute the
thermal figures of the bronze-marble system. The aim is to render quantitatively
valid the realised theoretical model. At that moment, and only then, it will be
possible to forecast the theoretical thermal distribution that the sun direct
insolation produces on the structure and then, by investigation on site (on the



basement) and in the laboratory, it will be possible to check and compute the
influence that the other prccesses of thermal exchange have on such a distribution.

3. Conclusions

The described example immediately shows that the definition of a conservation
project is an extremely difficult and exacting task. The examination of an existing
structure, for which mest of the physical figures are unknown (and often even the
constituent materials and their distribution are unknown), means that the
information and data collscted on field should be filtered to associate them to the
phenomena that have caused them. Nevertheless, the knowledge of these causes is
fundamental for the definition of the mechanisms of the stresses acting on the
structure 1itself. Consequently, it 1is necessary to support the observations
accomplished through the measurements and controls of the enviromnment-structure
system. The information collected by the various techniques must then be
correlated; but it should also be compared with theoretical medels relating to the
particular phenomena {thermodynamic, mechanical, etc.). It will then be possible to
evaluate the importance of such phenomena in the general behaviour of the system.

The ultimate aim of this research is to design the global behaviour model of the
structure. This is the only method which permits to forecast the possibility of
application and the utility of each and eévery conservative and restorative
operation on the structure and/or on the environment.

There is, yet, a lot of work to accomplish before such a goal can be reached.
The research is now in a phase of "work in progress” and many problems (such as,
for instance, the correlation of information and data relating to the various kinds
of stimulation and stresses) must be looked into more deeply. The way Marcus
Aurelius was examined censtitutes an example, applied to a specific but
particularly important case, of a methodological praxis which can presently give
precious informatien, but that, if correctly developed, may represent, in the
future {(we hope not too far away) a fundamental element for the examination, the
contrel and the defence of our cultural heritage.



PROCESSO PREVENTIVO DI CONSERVAZIONE

A = PROCESSO
DIAGNOSTICO

FASE

DI
ESAME

¢
[
|
t
f
i
i
i
!
!
|
I
l |
|
I
]
!
!
|
f
i
i
I
|
1

FASE
DI
DIAGNOSI

FASE
DI
TEPAPIA




PRCCES SO DIAGNCSTICDO

FASE D'ESAME
FASE DI DIAGNOSI

=
1

t
| OSSERVAZIONE 2,
I SISTEMA STRUT =
i TURA - AMBIEN |

i 1

]

|

I

1

EFINIZIONE !
|

I

i

1

i

o
i

RANDEZZE FON-
AMENTALT E
CCOLTA DATI

| ¥ LﬂJ
| ELABORAZIONE
DEI DATI E
DISEGNO MODEL
I LO TEORICO

| |
§ PREVISIONI
[ SUL
I

MODELLO

e

DEFINIZIONE
CONTROLLI MI-
RATI SU SISTE
MA STRUTTURA
AMBTENTE

I

| t
! i
| f
i ]
| | |
| |
| f
| |
1 i

RACCOLTA
DATI ED
INFORMAZIONI

ANATLISI DEL-
{ LE DIVERSITA'
RISCONTRATE




N/

R it

B

SALVATAGGIO
DEL MODELLO
AFFIDABILE

l

DISEGNO DEL-
LE MAPPE DI
RISCHIO

MODELLO

COMPLETO

_____ l D S

|
|

[
;
1
|
{
|
i
i
!
t
i

<



~ FASE DI TERAPTIA
s

PROGETTO
DELLO
INTERVENTO

}

ESECUZIONE TEO-
RICA DELL'INTER
VENTO SUL MODEL
LO COMPORTAMEN™
TALE

STUDIO DELLA RI-
SPOSTA DEL SISTE
MA STRUTTURA-AM-
BIENTE ALL'INTER
VENTO

RISPOSTA
POSITIVA

r

ESECUZIONE
INTERVENTO

INTERVENTO
SCARTATO

END



1.C.R.

17.

GIORNO -

GIORND -

Fig. 2



LC.R. | B 18.

GIORNO 1S/AG0

"

N L
'] - . T b
° -
.
sl

-l

SIgsHg 15-aG0

Fig. 2



I.C.R.

19.

GIORMI

GIORND

: BJ G0




1.C.R.

20.

GIORNO -

LIORNG

15-AG0

»

15-AG0

FiG. 2




I.C.R.

21.

GIOPHI - 1B-AGO

ST T TSI
- §

A
— ST SR LA

15-A/G0 ORE -

Fig. 2

I
o~ -



4

I.C.R.

22.

GIORNO

-
¢ 15-RAGC

Fig. 2m




23.

LC.R.

BUIAJUI BLIE[j3U : O
adljradns eyns : @ @

:atddooowra) ajjap auoizisoy

eg 31y




24,

Fascia P

Fig.

3b



I.C.R.

25.

Fig. 3c

THERMOVISION

Fig. 4






