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Abstract

The site of Baalbek is a clear plea for a Risk Approach to Archeological Heritage conservation. Its

exceptional value is universally recognised and was sanctioned by an inscription on the World Heritage List

of UNESCO in 1984. Its present condition is a reminder of the adverse e�ects of nature and men on

Cultural Heritage. In this context of danger, deciders and managers need to act. The situation is complex

and uncertain. Hopefully, actions are based on some objective terms but there is also a subjective, 'ethical'

dimension to the process. The paper discusses the importance of clearly de�ning Values and Threats before

any intervention and how this knowledge lead to decisions. Structural risks are discussed more in detail as

they are usually addressed on the basis of values mostly relevant to new constructions.

1 Project

In July-August 2006, a thirty four days con
ict op-

posed Israel to Hezbollah. The region of Baalbek was

on of the theatre of operations. After the cease�re,

UNESCO sent an assessment mission in Lebanon to

evaluate the damages on the World Heritage Sites.

This mission \expressed concerns regarding the rou-

tine maintenance of those sites and recommended

to prioritise the establishment of an integrate action

plan for tangible cultural heritage conservation all

over the country". In response to those concerns, the

programme "Capacity building of human resources

for digital documentation of world heritage sites af-

fected by 2006 war in Lebanon" was established by

UNESCO.

During a �rst phase of the project (2009), the site

was recorded in 3D with a laser scanner. During a

second phase (2010), the methodological framework

for a \Risk-Preparedness Strategy" was proposed.

These actions are well in line with the growing in-

terest of UNESCO for disaster management [ 1 ]. One

of its fourteen Strategic Programme Objectives for

the period 2008-13 is \Contributing to disaster pre-

paredness and mitigation". In 2004, the World Her-

itage Committee invited "the World Heritage Cen-

tre, in co-operation with the States Parties, Advisory

Bodies, and other international agencies and non-

governmental organisations concerned by emergency

interventions, to prepare a risk-preparedness strat-

egy". Another of its Strategic Objectives is \Support

through UNESCO's domains to countries in post-

con
ict situations and post-disaster situations.".

The project project developed as a collaboration

between UNESCO Beirut, the Lebanese Directorate

General of Antiquities (DGA) and a team of interna-

tional experts.

Joseph Kreidi managed the project at UNESCO.

Assaad Seif (Dr in archaeology, Coordinator of Ar-

chaeological Research and Excavations at the DGA)

was the DGA coordinator. He was assisted by Ghas-

san Ghattas (civil eng., DGA). The international ex-

perts were: Mario Santana (Dr architect, Carleton

University, project coordinator), Bjorn Genechten

(Dr ir architect, KAHO Sint-Lieven, 3D recording),

Teresa Patr��cio (Dr architect, private consultant,

condition survey specialist) and two junior experts:

L. Lacroix and T. Coenegrachts.

The author of the present paper was responsi-

ble of the structural aspects and contributed with

his colleagues to the establishment of the \Risk-

Preparedness Strategy". The present paper will deal

with general aspects of risk in an archaeological Her-

itage context, with a special emphasis on structural

1
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Figure 1: 360 ° panorama of the site from the steps of the temple of Jupiter. March 2010.

Figure 2: Site Plan (after Puchstein).

risks. More information about the project can be

found elsewhere [ 2 , 3 , 4 , 5 ].

2 Baalb ek

The archaeological site of Baalbek (or Heliopolis as

it was known during the Antiquity) is situated in the

Beeqa valley of Lebanon, about 90 km from the cap-

ital Beirut and 75 km from Damascus in Syria. It

lays approximately at the highest point of the valley,

which runs in the direction SSW-NNE, nestled be-

Figure 3: Situation of Baalbek, at the centre of the

fertile Beqaa valley,between the chain of Mount

Lebanon to the west and the anti-Lebanon to the

east.

tween Mount Lebanon and the Anti-Lebanon moun-

tain range, at the level of the watershed separating

the basins of the Litani river (running South) and the

Orontes river (running North), in a point where the

watercourses of two sources enter the valley. It is a

very particular topographical point.

Recent accounts of the historical development of

Baalbek can be found in [ 6 ] and [ 7 ]. The site is occu-

pied since at least the 7

th
millennium BC. In the late

Hellenistic period, a sanctuary was built, attesting of

its religious importance. In 15 BC, during the reign

of Emperor Augustus, the valley entered the Roman

Empire, as a part of the colony ( colonia ) of Beirut

and, in 193 AD, Baalbek became a colonia in its own

right.

In the course of the following three centuries, a

large and monumental religious complex progressively

developed, where Jupiter, Venus and Baachus were

worshipped (�gure 2 ). The largest structure was the

temple of Jupiter Heliopolitanus (�gures 8 , 7 and 4 ),

a pseudodipteral decastyle Corinthian temple. This

huge building was built in the 1

st
century AD and

was probably the largest temple of the Roman Em-

pire. Today, six columns (about 20 m high) are still

standing. The so-called ` Great Courtyard was built in
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front of the temple between the end of the 1

st
century

and the beginning of the 2

nd
century AD. In the same

alignment, the Hexagonal Court (�gure 1 ) was built

in the 2

nd
century AD and and the Propylaea in the

3

d
century. To the South of the Jupiter temple, at a

lower level lays another large structure, the temple of

Baachus (�gure 4 ), a peripteral octastyle corinthian

temple with a deep portico. Its construction lasted

from around 60 AD to the mid of the second century

AD. It is one of the best preserved temple of the Ro-

man Empire. The smaller temple of Venus , a circular

temple was built in the 3

d
century AD outside of the

main sanctuary complex. It was later transformed in

a church. The site is also known for the size of the

stones employed for its construction, especially the

famous \trilithon", a group of three massive stones

(each measuring about 4m x 4m x 20m and weight-

ing about 800 tons) used for the construction of the

podium of the temple of Jupiter.

The rise of Christianity followed by Islam inter-

fered with the cult to Jupiter Heliopolitanus and other

gods. Probably in the 5

th
century AD, a large chris-

tian basilica was built in the great courtyard (only

a few remaining traces). In 635 AD, Baalbek was

conquered by the army of the Caliphate. During the

Ayyubid (12-13

th
century AD) and Mameluke peri-

ods (13-16

th
century), the temples of Jupiter and

Baachus were transformed in a fortress. After the

Ottoman conquest (1517), the site saw a rapid de-

cline. In the 16

th
century, the �rst European trav-

ellers visited the Baalbek.

Between 1900 and 1904, excavations were carried

out by a German team lead by Otto Puchstein. In the

1920s-1930s, the excavations were continued by a

French team and restoration works were carried out.

From 1945, excavations and works were continued

by the Lebanese DGA. They were stopped by the

civil war (1975-1990). Recently, research restarted

in collaboration with German teams [ 6 ]

In 1984, the Site was inscribed on the UNESCO

World Heritage List in on the basis of the following

two criteria:

Criterion (i): The archaeological site of Baalbek

represents a religious complex of outstanding artistic

value and its majestic monumental ensemble, with its

exquisitely detailed stonework, is a unique artistic cre-

ation which re
ects the amalgamation of Phoenician

beliefs with the gods of the Greco-Roman pantheon

through an amazing stylistic metamorphosis.

Criterion (iv): The monumental complex of Baal-

bek is an outstanding example of a Roman sanctuary

and one of the most impressive testimonies to the

Figure 4: On the right, temple of Baachus. On the

left, the six remaining columns of the temple of

Jupiter. March 2010.

Roman period at its apogee that displays to the full

the power and wealth of the Roman Empire. It con-

tains some of the largest Roman temples ever built,

and they are among the best preserved. They re
ect

an extraordinary amalgamation of Roman architec-

ture with local traditions of planning and layout.

3 Stake

It is a truism to say that individuals and communi-

ties are interested in Architectural and Archaeolog-

ical heritage because it has values . This interest is

for instance illustrated by the UNESCO convention

of 1972 [ 8 ] which requires monuments, groups of

buildings or sites to have an 'Outstanding Universal

Value' to be included on the World Heritage List .

If values were not threatened, there would be

no need for protection; actions like 'conservation',

'preservation', 'restoration', 'maintenance' or 'care'

would have no object. The preamble of the UNESCO

convention starts by acknowledging this threat:
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Figure 5: Columns of the propylaea. March 2010.

\Noting that the cultural heritage and the natural

heritage are increasingly threatened". Threats are

related to changes. It is because situations evolve or

may evolve that objects need to raise our concerns.

The agents of changes are numerous: natural envi-

ronment (ageing), society (new uses) and disasters

like earthquakes, landslides or wars.

In this context of threats, decisions will be taken.

The terrain for actions being the future, which is un-

certain, there will be risk ("e�ect of uncertainty on

objectives" [ 9 ]). Our knowledge is imperfect, neither

accurate nor complete . . . perhaps not even adequate

but choices will need to be made:

ˆ Accept the risk and do nothing.

ˆ Mitigate the risk, changing the objects

ˆ Mitigate the risk, changing the context or envi-

ronment

ˆ Improve knowledge

Those are key terms of the decision making prob-

lem: \value", \threat\ and "uncertainty\. "(...) ab-

stractions are not realities per se , but an abridged

mode of expressing facts, and that the only practical

mode of dealing with them is to trace them back to

the facts (whether of experience or consciousness)

of which they are expression." [ 10 ]. To relate this

discussion to Baalbek and practical problems, it is

good to look at a speci�c examples. Figures 5 and

6 shows the result of an intervention done on the

columns of the propylaea in the 1960's. To allow

anastylosis, metallic bars and concrete where added

to the original construction. This intervention con-

tributed to restore the shape of the propylaea. Re-

inforcements also brought some seismic resistance.

But what about Heritage values? The ICOMOS-

ISCARSAH charter of 2003 [ 11 , 12 ] emphasises that

"the value of architectural heritage is not only in its

Figure 6: Column of the propylaea (note the

protruding bars, the concrete, and the long crack in

the stone). March 2010.

appearance, but also in the integrity of all its com-

ponents as a unique product of the speci�c building

technology of its time", that "the distinguishing qual-

ities of the structure and its environment, in their

original or earlier states, should not be destroyed"

and that "each intervention should, as far as pos-

sible, respect the concept, techniques and historical

value of the original or earlier states of the structure

and leaves evidence that can be recognised in the fu-

ture". The charter of ISCARSAH uses the term dis-

tinguishing qualities , ISO 13822:2010 uses character-

de�ning elements [ 13 ]. Is the intervention pictured in

Figures 5 and 6 a�ecting the corresponding values?

To help establishing the methodological framework

to answer such questions, the concepts of 'values'

(section 4 ), 'risk' (section 5 ), and uncertainty '(sec-

tion 6 )' are now discussed more in detail.
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Figure 7: Temple of Jupiter seen from the South (March 2010).

4 Value(s)

The convention of 1972 requires objects inscribed on

the World Heritage List to have an outstanding uni-

versal value [ 8 , 14 ]. The meaning or even the possi-

bility of existence of a universal value is often debated

[ 15 ]. ICOMOS published a book on the question [ 16 ].

The di�cult balance between the universal (common

values) and the particular (local culture and values)

is often discussed in relation with UNESCO and its

action [ 17 ]. ICOMOS also oscillates between those

two extremes: the charter of Venice [ 18 ] leaning for

instance towards the universal and the document of

Nara [ 19 ] towards the particular.

The critical point may actually lie in the possibility

to speak about THE value. Everybody will agree that

our architectural and archaeological has valueS. But

it will be much harder to agree on the details and

accept the possibility to aggregate values in a single

measure.

In a wonderful little book published in 1903 (and

not yet translated into Chinese to my knowledge),

the Austrian Art historian, Alois Riegl discusses the

situation in a systematic and rational way [ 20 ]. He

distinguishes the (relatively recent) idea of 'historical

monuments' from the (immemorial) idea of 'monu-

ment' and classi�es their values following the scheme:

ˆ 'commemorative values' (Erinnerungswerte):

'age value', 'historical value' and 'deliberate

commemorative value'

ˆ 'present-day values' (Gegenwartswerte): 'use

value', 'newness value',

Before Riegl, it was naturally recognised that re-

mains of the past had values. The 'economical' and

'educational' value of this heritage was for instance

often debated and disputed by the French revolution-

aries (hesitating between 'destruction' and 'protec-

tion'). Since then, other values were also put in evi-

dence ('social' and 'spiritual' value for instance), they

most often form the base of the various legislation for

the protection of cultural heritage. The originality of

Riegl was to recognise that values are not shared,

change with time and culture (for him, 'Art value'

is as a 'present-day value') and, more importantly,

that they have con
icting requirements. Whatever

action is taken or not taken, the values of the object

will be a�ected, sometimes positively and sometimes

negatively.

How to act then? This is the question. Heritage

has values, they are threatened. What should we do?

Should we favour value A or value B? Riegl does not



6 2012 International Conference on Conservation and Adaptive Reuse of Cultural Properties

give an answer to that question.

It is actually a fundamental problem of the human

condition. A course of action has to be followed and

con
icting requirements need to be resolved. There

is no unique way to do it. This is actually the rea-

son for 'ethics'. As the level of responsibility of the

decider is growing, so is the di�culty to arrive to a

satisfying compromise.

In our understanding, the presentation of Riegl

is an important methodological shift after the dog-

matic and incompatible attitudes of Viollet-le-Duc

("Restoration, both the word and the thing are mod-

ern (...)", [ 21 ]) and Ruskin (Restoration is \the most

total destruction which a building can su�er\, [ 22 ]).

Both were well aware of the ethical connections of

their theory ("All practical laws are the exponents

of moral ones\, Ruskin, [ 22 ]) but their believes lead

them in diverging directions.

Riegl is cutting the problem in two: (1) �rst comes

the need to gather data, to know the terms, (2) sec-

ond a judgement need to be made, the data should

be processed to arrive to a decision. Deciders fol-

lowing a particular course of action need to be aware

of the consequences of their choices. Riegl does not

ask them to follow Bentham or Kant. He only pre-

supposes that knowledge will help ("The only good is

knowledge and the only evil is ignorance.\, Socrates).

Still maybe a too optimistic assumption?

Courses of actions will a�ects values, but whose?

An Outstanding Universal Value may be resistant to

de�nitions but the concept is nevertheless operative.

It speci�es the realm of those concerns by an object

and its values; it designates the stakeholders ("person

or organisation that can a�ect, be a�ected by, or

perceive themselves to be a�ected by a decision or

activity" [ 23 ]). A World Heritage Site is of "common

importance for present and future generations of all

humanity" [ 14 ]. "Its use belongs to the person who

owns it, its beauty, to everyone, to you, to me, to all

of us.\ was already saying Victor Hugo. The concept

reminds deciders and stakeholders of their respective

rights and responsibilities.

To become the terms of a decision process (or just

to be discussed), values need to be measured ("as-

signment of numerals to objects or events according

to rules." [ 24 ]). That does not necessarily imply that

all operations are possible on the resulting numbers.

Stevens classify measurements according to their ref-

erence scale.

ˆ Nominal scale. Values are just identi�ed by a

label.

ˆ Ordinal scale. Values can be ordered, compared.

ˆ Interval scale. Di�erence between values can be

measured.

ˆ Ratio scale, relative to measures as they are

commonly understood. Values can be added. It

is possible to say that value A is twice as impor-

tant as value B.

Each type of scale has its own merits and draw-

backs. The last type allows more operations but his

certainly the most controversial. Even nominal scales

are not fully objective. \(...) no scale used by mor-

tals is perfectly free of their taint" [ 24 ]. Riegl uses

a nominal scale. Most of the deciders, consciously

or unconsciously, use a ratio scale. They weight val-

ues and render a judgement. A purely deontological

approach would only requires an ordinal scale: acts

can be classi�ed as permissible or prohibited. With

such an approach, it is not possible (or required if

the former limitation is seen as positive) to search

for an optimum strategy. It allows choosing a strat-

egy which do not transgress lower limits (if such a

strategy exist).

Whatever scale is chosen, the passage from valueS

to decision is political. One of the 14 Strategic Pro-

gramme Objectives of UNESCO is \Strengthening

the contribution of culture to sustainable develop-

ment;\. This is a critical political statement, which

may for instance cause tensions with Heritage values

("It is our duty to hand them on in the full rich-

ness of their authenticity.\ [ 18 ]). Tourism which of-

ten prefer clear images also uses its speci�c scales.

The decision-making process may be rational or not.

Speaking of values, the �rst duty of the professional

of conservation is to try to list, de�ne and discuss

them and to clarify the in
uence of choices.

5 Risk

5.1 Risk Preparedness Strategy

A "risk management strategy" helps �xing priorities

among possible actions: accept the risk, mitigate it

(directly or indirectly) or improve knowledge.

In the following, we will concentrate on a discussion

of the structural risk. This is only part of the problem.

Other sources of risk threaten the buildings of the

site and their values. Wars were already mentioned.

Various small and progressive changes (deterioration)

also increase the vulnerability of the property to haz-

ards and directly a�ect the values. The Risk Pre-

paredness Strategy is not only concerned with deci-

sions on big interventions dealing with major hazards
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like earthquakes or wars but also with management

issues, preventive actions like maintenance or stud-

ies and response preparation. Structural risk cannot

be addressed separately, management decisions in
u-

ence all values.

5.2 Risk-based approach

Conceptually, a quantitative evaluation of the struc-

tural risks seems possible. PEER, the Paci�c Earth-

quake Engineering Research Center has developed a

very complete framework for a scienti�c evaluation of

seismic performance of buildings: performance-based

earthquake engineering (PBEE) [ 25 ]. A requirement

of this approach is to be able to characterise precisely

ˆ Hazard : earthquake occurrence, section 5.3

ˆ Vulnerability : physical e�ect of a given earth-

quake on the building, section 5.4

ˆ Losses : consequence of a deterioration on the

values, sections 3 , 4 , 5.5

5.3 Hazard

The values of the site Baalbek are threatened by var-

ious hazards ("source of potential harm" [ 23 ]), nat-

ural and human-induced.

From the structural point of view, the seismic haz-

ard is the most critical (the risk of 
ood and landslides

are for instance low in the area [ 26 ]).

Lebanon is situated in a seismic zone. It is tra-

versed by the Levant fault system separating the

African and Arabian plates. At the level of Lebanon,

the fault system is divided in three major branches:

two left-lateral strike-slip faults: the Yammouneh

fault (the most active), bordering the Eastern 
ank of

the chain of Mount Lebanon and the system of faults

of Rachaya-Serghaya which crosses the Anti-Lebanon

mountain range and the East-dipping Mount Lebanon

thrust forming an arch o�shore, between Tripoli and

Saida.

The Roman complex was built on a rock spur of the

foothills of the Anti-Lebanon, in the Beeqa valley, at

approximately 7 km of the Serghaya fault and 25 km

of Yammouneh fault.

In the past, various earthquakes a�ected the site

[ 27 ]: July 9

th
551 (estimated Mw: 7.5), January 749,

in 1170, May 20

th
1202 (estimated Mw: 7.5), Oc-

tober 30

th
and November 25

th
1759 (estimated Mw:

6.7 and 7.4) and more recently, September 29

th
1918

(estimated Mw: 6.8) and March 16

th
1956 (Mw:

6.3).

Earthquakes contributed to the progressive degra-

dation of the site. Just considering the most em-

blematic of its monument - the Temple of Jupiter -

mention is made of two columns fallen in 565, one

in 991, eleven in 12

th
century, thirty one in 1202 and

three in 1789 (last major earthquake) [ 27 ]. Today, six

columns are still standing (Figure 8). Hazard is prob-

ably the element of the risk-based approach which is

best known. Seismic hazard maps of Lebanon exist.

According to Huijer et al. [ 28 ], the expected peak

ground acceleration is 0.25g for a return period of

475 years and close to 0.35g for a return period of

950 years.

Improvements are nevertheless still possible. If site

factors were studied (source mechanisms, local ge-

ology and topography, systematic determination of

the foundation levels), the local ampli�cation factors

of the pga and the frequency content of potential

earthquakes would be better known and time-history

representations of the earthquake motion (synthetic

accelerograms) could be prepared. A more accurate

de�nition of the hazard would lead to better risk eval-

uations and a more e�ective intervention policy.

Accelerograms would be useful in Baalbek as the

assessment of large block structures is certainly a

non-standard and nonlinear problem. "The typical

outputs of probabilistic seismic hazard analyses are

hazard curves and uniform hazard spectra. These

results may not be su�cient, especially if the non-

linear behaviour of structures is to be investigated.

In this case, in fact, the seismic action must be de-

scribed in terms of acceleration time histories, i.e.

accelerograms. These latter may be arti�cially gen-

erated or recorded during past earthquakes. This

second category of accelerograms is the most widely

used in the literature, since arti�cial accelerograms

have been criticized by some researchers. Di�erent

methods have been proposed to select recorded ac-

celerograms consistent with results of seismic hazard

analyses." [ 29 ]

5.4 Vulnerability

Vulnerability is a measure of the physical e�ect of an

event on a structure. The signi�cance of this e�ect

will depend of its consequences on values (sections 4

and 5.5 ). As the actions corresponding to an event

increase, new types of damage progressively appear:

cracks, permanent deformations, local collapses, to-

tal collapse. Models should allow studying and quan-

tifying this relation (many models commonly used by

practitioners do not produce this kind of result/infor-
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Figure 9: Model of the semi-circular chamber of the

Great Court. Top: front view. Bottom: top view.

mation [ 4 ]).

A reliable assessment of the vulnerability requires:

1. a good knowledge of the actions (as discussed

in section 5.3 ),

2. of the structures (section 5.4.1 ),

3. and suitable models (sections 5.4.2 , 5.4.3 ,

5.4.4 ).

In practice, simpli�cations will be necessary to as-

sess the site vulnerability. A progressive approach is

necessary [ 9 , 11 ]. The site is very large. Priority

should be given to a more detailed analysis of the

structures of high value and structures identi�ed on

the basis of a qualitative assessment of the vulnera-

bility.

5.4.1 Structure: the Fabric (geometry, materi-

als, techniques)

"A full understanding of the structural and material

characteristics (. . . ) the techniques that were used

in the construction (ldots)\ [ 11 ]

In the present situation, structures are not yet suf-

�ciently characterised.

Geometry is the aspect of the structures which is

best de�ned. The laser scanner documentation of

the site done during the �rst phase of the project pro-

vided accurate measurements of the buildings [ 2 , 3 ].

This is a clear and substantial asset but, before this

data can be used for structural modelling, geometri-

cal models have to be completed. Most of the upper

parts of the buildings were indeed not measured, as

those areas are not visible from any potential laser

scanner station (Figure 9 ). In places, there are also

substructures [ 7 ], for instance under the exedrae of

the Great Courtyard (Figure Figure 9 ). Other sur-

veying techniques will be necessary to complete the

model. The accuracy of the survey in those parts may

result inferior but lower is better than non-existent

and assumed in the o�ce. Finally, the data should

be transformed in a suitable form for structural anal-

ysis. The model could be simpli�ed, as smaller details

will not in
uence the structural behaviour.

The construction (what lies beneath the surface)

is not as well known as the shapes. Most build-

ings of the site are built with large stone blocks.

The stereotomy and the type of connections between

them is not yet documented. Metallic and concrete

reinforcements are also common. Some are origi-

nal (hooks, bolts) and some were placed during the

various restoration campaigns (steel bars). Those re-

inforcements modify the connections between blocks

and can signi�cantly in
uence the behaviour of the

structure. A precise documentation of past inter-

ventions and reinforcements is still missing. Rein-

forcements were for instance introduced in the archi-

trave of the temple of Jupiter (Figure 8 ). The use of

non-destructive methods of analysis may bring more

knowledge.

As it is commonplace in the analysis of historical

structures, it is not straightforward and su�cient to

use mathematical models to assess safety (here, vul-

nerability). \Diagnosis is based on historical, qualita-

tive and quantitative approaches; the qualitative ap-

proach being mainly based on direct observation of

the structural damage and material decay as well as

historical and archaeological research, and the quan-

titative approach mainly on material and structural

tests, monitoring and structural analysis." [ 11 ]. A

model will correspond to each of those approaches.

5.4.2 Pathology Mo del

"A full understanding (. . . ) on the alterations and

their e�ects (. . . )\ [ 11 ].

Past earthquakes destroyed many structures on

the site and left numerous traces on the buildings

left standing. This fact demonstrates well enough

that future earthquakes could bring more destruc-

tion. A pathology analysis forms a helpful base to

understand the e�ects of past earthquakes, identify
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Figure 8: Temple of Jupiter. On the left: situation at the end of the 19th century. Photo: F�elix Bon�ls

(1831-1885), Service des collections de l'Ecole Nationale Sup�erieure des Beaux-Arts. On the right,

situation in March 2010.

structural weaknesses, previous interventions (partial

reconstructions). It can help understanding the po-

tential e�ect of disasters. This understanding is crit-

ical for the preparation of sensible structural models

assessing the safety of the structure and it facilitates

the establishment of a strategy for the long-term

conservation of the structure (comparative approach

[ 11 ]).

The laser scanner measurements can be used to

study deformations and understand the damages. As

an example of the possible use of the data, a set of

coloured maps was produced.

A set of maps (�gures 10 , 11 , 12 , . . . ) was pro-

duced to synthesise the observations: deformation

relative to a reference shape (plane, cylinder), rela-

tive rotations of parts of the structure, angular dis-

placements, horizontality of joints.

The maps were produced with software programs

developed by the author in the framework of other

projects [ 30 , 31 , 32 , 33 ].

Figure 10 documents the deformation of the un-

decorated parts of the Eastern wall of the chamber.

Those parts are supposed to have been be plane and

vertical at the moment of the construction. A ver-

tical plane is �t to the measured points in the area

of interest. The distance between the plane and the

measured points is computed and used to produce a

colour map with isolines (colours give a direct qual-

itative impression and isolines permit a quantitative

reading). The scale was chosen to provide the whole

gamut of colours in the area of interest.

The �gure clearly shows that the wall is broken

(along a roughly vertical hinge line clearly marked by

cracks). Variations of colours indicate also that the

precise deformation of the wall is more complex.

One question which arise looking at Figure 10 is

whether the wall broke in a set of pieces which roughly

remained 
at. To answer the question, the direction

of the normals to the surface was documented. Nor-

mals to a 
at element are all parallel. As we are

mainly interested by horizontal displacements (the

joints of the stones remained horizontal), only the

horizontal component of the normals were consid-

ered. The angle between this component and the

normal to the reference vertical plane was then com-

puted and used to produce a colour map (Figure 11 ).

The wall is broken in three parts which rotated rel-

ative to each other (a yellowish, a greenish and a

cyanish part). The three parts were not so clearly

identi�able on Figure 10 which, on the other hand,
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Figure 10: Eastern Wall Elevation. Colours indicate

the distance between the surface of the wall and a

vertical reference plane �tting the wall (distance

from red to blue: 10 cm, blue is closer). They show

that the wall is broken (along a roughly vertical

hinge line clearly marked by cracks).

give better information on the magnitude of the dis-

placements. The �gures are complementary. The

cracks correspond well to the rotation pattern.

To produce a qualitative understanding of the de-

formation su�ered by a structure, the easiest way

is to produce an anisotropic scaling of the model.

The digital nature of the laser scanner data makes

this operation very easy. In Figure 12 , the dimension

perpendicular to the reference plane of the wall was

exaggerated ten times.

In some circumstances, the reference surface is not

a plane. The exedra is a good example of such a

case. The walls are curved and a cylinder seems to

be a good candidate for a reference surface.

The relevant part of the original model is �rst ex-

tracted. A circle is then �t to a horizontal section of

the model. The circular chamber is then projected on

the vertical cylinder de�ned by the circle and the pro-

jection is developed (Figure 13 ). The vertical scale is

not a�ected. Horizontal dimensions are not changed

for elements lying in the surface of the cylinder; they

are lengthened for elements closer to the centre and

Figure 11: Eastern Wall Elevation. Colours indicate

the horizontal angle of the normal to the surface of

the wall (from � 3

�

to +3

�

). The wall is broken in

three parts which rotated relative to each other (a

yellowish, a greenish and a cyanish part). The three

parts were not so clearly identi�able on Figure 10 ,

which, on the other hand, give better information

on the magnitude of the displacements. The cracks

correspond well to the rotation pattern.

shortened for elements further away.

The process of map creation is relatively fast and

automatic. It constitutes a good element of �rst ap-

preciation of the structural condition which could be

used for all the structures of the site. Information

can directly be used to identify endangered blocks

on a quantitative basis and decide preventive main-

tenance measures (like the displacement of a block)

(Figure 15 ) "The best therapy is preventive mainte-

nance." [ 11 ]. This approach can be used for monitor-

ing the structure. Once good parameters are found

to produce expressive maps, variations can be pro-

duced semi-automatically at interval using new mea-

surements and trends can be identi�ed and studied.

Some caution is nevertheless necessary in inter-

preting these maps. All deformations are not the

results of past earthquakes.
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Figure 13: Development of the circular chamber. Colours indicate the distance between the surface of the

wall and a vertical reference cylinder �tting the wall. The red part corresponds to an area which does not

�t well the cylinder used for the development.

5.4.3 Historical Mo del

"A full understanding (. . . ) on the structure in its

original and earlier states, (. . . ) on the phenomena

that have occurred (. . . )\ [ 11 ].

Historical information is often a key element in un-

derstanding ancient structures. In the case of Baal-

bek, the knowledge of which elements fell down fol-

lowing the earthquake of 1759 may be the best esti-

mate available on the e�ects of a future earthquake

on the structure.

Historical interpretation give clues on damages to

expect, i.e. of the expected loss of value (or their

resilience). The structures seen today in Baalbek

were shaped by a complex history: various construc-

tion phases (Hellenistic, roman, byzantine, Arab, ot-

toman...), structural events (earthquakes: the last

major one occurred in 1759), destruction and restora-

tion campaigns (German archaeological mission in

the �rst year of the 20

th
century, under the French

mandate in the 1920's, interventions of professor

Haroutune Kalayan during the 1960's and the begin-

ning of the 1970's).

Numerous historical documents exist. Baalbek is a

major site, often photographed. Many documents are

even available on the Internet [ 34 , 35 , 36 , 37 , 38 , 39 ].

Historical photographs can also be found in books, in

the archives of the DGA. At this stage, the main

problem is decide where to look. Because pho-

tographs and other documents are not precisely geo-

referenced, and because there is no common way to

access data, it is hard to �nd information relevant to

a particular area of the site. Major sites like Baalbek

would certainly bene�t from a portal o�ering such

functionality.

Past interventions were usually done using di�erent

techniques (smaller blocks, anchors, concrete, post-

tensioning). Good risk estimates require a precise

understanding of this historical dimension. As men-

tioned above, a systematic mapping of the past in-

terventions is still missing.

Figure 14 is comparing the situation of the North-
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Figure 12: Eastern Wall Elevation. Exaggerated

relief (x 10). The �gure gives the clearest

qualitative image of the deformation but does not

give quantitative information.

Western semi-circular chamber of the Great Court

(referred as the 'chamber' below) at the end of the

19

th
century, in 1900 and in 2010. It can be seen that

two columns and an architrave were re-put in place.

The half cupola of the exedra was also partly rebuilt.

In 1900, the cupola had only one course of voussoirs.

In 2010, two courses are present. A photograph of

1974 shows a situation in which the columns and

architrave are there but the cupola has still just one

course. The chamber was therefore object of at least

three restoration campaigns.

Historical photographs can also bring a new light

to deformations. The Eastern fa�cade of the cham-

ber was also partly rebuilt (or dismantled and then

rebuilt). Comparison of the current situation with

ancient photographs demonstrated that some impor-

tant deformations only appeared after anastylosis,

probably to accommodate non-�ting elements.

It is important to be cautious when interpreting

deformations. It cannot be assumed that they are

always the consequence of an earthquake (or any

other structural event). Deformations can also be

the traces of irregularities already present at the mo-

ment of the construction.

5.4.4 Mathematical Mo del(s)

The correct approach to assess the safety levels of

large block masonry structures is still a subject of

debates among specialists.

Even "simple" block structures like free-standing

Figure 14: Top: semi-circular chamber of the Great

Court at the end of the 19th century. Photo: F�elix

Bon�ls (1831-1885), Service des collections de

l'Ecole Nationale Sup�erieure des Beaux-Arts.

Middle: semi-circular chamber of the great court in

1900. Bottom: same semi-circular chamber in

March 2010.
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columns clearly present a chaotic behaviour. Rock-

ing - and possibly sliding - structures have a non-linear

behaviour. Small variations in the seismic actions will

lead to very di�erent outcome. This sensitivity to ini-

tial condition usually renders deterministic predictions

impossible (see for instance [ 40 ]). Ideally, vulnerabil-

ity should be expressed in probabilistic terms or using

lower bounds.

The common tool of the structural engineer of to-

day, Finite Element Analysis is not likely to be the

best tool to produce such information. It may theo-

retically have the ability to address the problem but

uncertainty about geometry, materials, construction,

history and actions lead analysts to make simpli�ca-

tions. That would not be a problem (any approach

requires simpli�cations) if the consequences of the

assumptions were studied. In practice, this is rarely

the case. Very often, linear elastic models are still

used to assess structures or even justify interventions.

Arguably, this kind of model cannot give valuable in-

formation to de�ne "safety levels" for the kind of

structures encountered in Baalbek, i.e. the require-

ment that ISCARSAH make a prerequisite to any in-

tervention [ 11 ].

Which approach suits best the problem is likely to

depend highly of the analyst and his background. Un-

certainty does not only resides in the data but also

in the model. Any structural analysis has limitations

and risk assessment is always a risky business. The

best strategy may be to provide a framework allowing

progress, comparisons and estimates of the reliabil-

ity. A policy of open access or of facilitated access

to data and analysis, as already advocated in section

5.4.3 , would certainly be bene�cial to the conserva-

tion of the site. This approach would facilitate peer-

review and new analysis could bene�t from the results

of previous research. In section 4 , it was mentioned

that the stakeholder in the case of a World Heritage

Site is humanity. The community of structural en-

gineers and conservation specialists is arguably part

of it. Transparency contributes to the ful�lment of

accountability to stakeholders.

It should also be acknowledged by deciders that

modelling requires su�cient resources and time.

5.5 Losses

Losses refer to values, a topic introduced in section

4 . In this section, aspects speci�cally structural will

be further developed. Three points are worth raising:

ˆ There are some speci�cally structural values (al-

ready discussed in section 3 ).

ˆ Structural safety of an archaeological site has

also its speci�city (section 5.5.1 ).

ˆ Structural mitigation is not the only approach

possible (section 5.5.2 ).

Risk and value measures are means to help deciding

between options. The preparation of a suitable set

of options is probably the point which will be left in

the hands of technicians. This may also be a critical

point. Choices are made in the space de�ned by the

options o�ered but better solutions may lie outside

this space. Structural engineers have bias: they are

�rstly trained to deal with new constructions, using

a limited set of materials and techniques, and their

ideas are in
uenced by the framework given by struc-

tural codes. They may also have the propensity to

think only in terms of structural-mitigation.

5.5.1 Structural Mitigation

Structural mitigation reduces vulnerability by intro-

ducing new structural elements in the building: an-

chors, tie-rods, concrete beams, frp reinforcements,

injections . . . . In the case of cultural heritage con-

servation, this type of mitigation may endanger other

values. Whatever the set of Heritage values consid-

ered and their precise de�nition, some of them will

anyway be negatively a�ected by changes to the fab-

ric. It may be the 'historic value' and the 'age value'

of Riegl or the 'distinguishing qualities' discussed in

the charter of ISCARSAH. For conservators, the idea

is probably to preserve the object for what it is and

not to transform it in an image support. "The com-

mon responsibility to safeguard them for future gen-

erations is recognized." [ 18 ]

For new constructions, the key values to protect

are the safety of the occupants and the �nancial

value of the construction. The main aim of mod-

ern building codes like the Eurocodes [ 41 , 42 ] is to

protect those values. This idea is very ancient, it

was already present in the Hammurabi's code of laws

( 1750 BC). In the Eurocodes, requirements are of

two kinds: principles , which have to be followed in

any circumstances, and application rules , which do

not have necessarily to be followed if the designer can

prove that the problem addressed can be solved using

another approach, compatible with the relevant prin-

ciple. This framework is interesting and its relevance

extends behind its legal limits. But, some principles

of the codes are inappropriate for Architectural Her-

itage and even more for Archaeological Heritage [ 13 ].

"Often the application of the same safety levels as in
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the design of new buildings requires excessive, if not

impossible, measures. In these cases speci�c analy-

ses and appropriate considerations may justify di�er-

ent approaches to safety." [ 11 ]. One of the principle

states that the structure should not collapse during

its design working life. But what is the design work-

ing life of the archaeological site of Baalbek? And is

it always necessary that structures will not collapse?

For new buildings, it is certainly an e�ective way to

protect the safety of occupants but for archaeological

site it is probably better to refer to higher principles:

the life of the visitors and the protection of the Her-

itage values and to let designers �nd a suitable way

to ensure their protection.

Numerous buildings of the site were partially de-

stroyed in the past. The upper structure (columns,

architrave, semi-hemispheric cupola) of the chamber

was for instance rebuilt by engineer Kalayan. Earth-

quake scenario. If a part of the structure fall down (a

likely hypothesis because it already happened in the

past), it may be an original, undisturbed, part or it

may be an elements which fell down in 1759. Should

both eventualities be judged equally undesirable? If

part of the structure fall down, how badly blocks are

going to be damaged? Is there some possibility of

control? If it is decided to reinforce the structure,

its authenticity will be altered and that will have a

cost (in all the senses of the word). It is therefore

necessary to carefully consider the bene�ts.

"Where possible, any measures adopted should be

"reversible\ so that they can be removed and re-

placed with more suitable measures when new knowl-

edge is acquired. Where they are not completely

reversible, interventions should not limit further in-

terventions." [ 11 ]. In structural matters, reversibil-

ity is often di�cult to achieve and \retreatability"

may be a more e�ective concept [ 43 , 44 ]. Figure

5 also demonstrates the importance of compatibility.

"The characteristics of materials used in restoration

work (in particular new materials) and their compat-

ibility with existing materials should be fully estab-

lished. This must include long-term impacts, so that

undesirable side-e�ects are avoided.\

A important element of evaluation will be the ex-

pected level of damage: total collapse, partial col-

lapse, local collapse (a few stones falling), continu-

ous deformation... and the possibility (and cost) of

repair.

5.5.2 Non-Structural Mitigation

Non-structural mitigation decreases vulnerability in-

directly, without changing the object or building.

Smaller fragile objects may be moved to safer en-

vironments, like museums. Buildings and building el-

ements, clearly, cannot receive the same treatment.

But, for some of them, collapse may be anticipated

and the environment prepared to limit damages and

facilitate "retreatability\ ?? . Preventive measures

can be taken to mitigate the e�ect of potential dis-

asters: precise documentation of current condition,

preparation of ground surfaces, protocols of post-

disaster intervention. This is not a solution to apply

indiscriminately but it is an option worth considering.

Various factor may help deciding about its suitability.

ˆ A di�erence must be made between structures

still standing in what we imagine was their

original condition, structures still standing and

retro�tted (like the columns of the temple of

Jupiter, Figures 7 and 8 ) or modi�ed (with some

of their blocks moved), structures which col-

lapsed and were rebuilt trying to keep the original

structural concept (Figure 14 ), structures which

collapsed, were rebuilt and retro�tted (Figures

5 ), and remains lying on the ground (Figures 4

and 7 ). Many blocks, often on the top of walls,

are currently not exactly in their original posi-

tion, sometimes since a long time.

ˆ The expected damage in case of collapse and

its impact on the other values, considering the

possibility of a new anastylosis.

ˆ The increased risk for the visitors has also to be

taken into account. This risk may be decreased

by controlling access and circulation.Some areas

may become inaccessible.

Non-structural mitigation techniques have the

clear advantage of keeping the historical document

intact. But that does not mean that this approach

does not a�ect other values: context and percep-

tion will be modi�ed. To improve the documentation

of the site (photographs, surveys, analysis, scienti�c

studies...) is also a non-structural mitigation tech-

nique. It reduce the risk to loose information, even if

the risk of loosing its material support is not changed.

6 Uncertainty

A class of uncertainty is straightforward to address,

random uncertainty . A "risk-based\ approach can be

followed:
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Figure 15: Left and Right: Northern perimeter wall of the great court. March 2010.

ˆ if Hazard is characterised by a relation between

the return period of earthquakes and expected

peak ground acceleration (pga) at the site,

ˆ if Vulnerability is characterised by a relation be-

tween pga and a measure of its physical e�ect

on the constructions,

ˆ if Losses are characterised by a relation between

physical e�ect and A measure of value .

It is for instance possible to predict statistically the

expected losses for any given period. Management

options can the be decided on the basis of the e�ect

that they will have on this relation.

In the particular case of Baalbek, we believe that

this approach would not yet be e�ective. Data is too

scarce to characterise random uncertainties precisely

enough to lead to reliable and useful estimates. More

importantly, another class of uncertainty associated

to the whole process, epistemic uncertainty , is still

very much present. Generally stated, this kind of

uncertainty is related to insu�cient knowledge on the

process involved and to the choice of models.

In section 5.4 , the lack of knowledge and documen-

tation concerning materials, techniques of construc-

tion, past interventions . . . and the uncertainty re-

lated to mathematical models belong to that class. In

section 4 , the lack of a measure of the values (start-

ing from a need for "identi�cation\ to the ethical

problems associated with "aggregation\) also lead to

epistemic uncertainty .

Klinke and Rena [ 45 ] categorise risks, assigning

them to six speci�c classes characterised by the (a)

the expected extend of damage, (b) the probability

of occurrence and (c) the level of knowledge (the

uncertainties on a and b). For each class, they rec-

ommend a speci�c strategy. They argue for instance

that a \risk-based" approach is not the most suitable

when the level of knowledge is low. A decision tree is

given to assist risk managers in making their choices

[ 45 ]. This question is further developed elsewhere [ 3 ]

That does not mean that a "risk-based\ approach

has to be rejected in the long-term, but that, at

this stage (or at this level of epistemic uncertainty ,

improvement of knowledge and, possibly, precaution
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measures are more urgent. The internal and ex-

ternal context [ 9 ] should be established, in particu-

lar the identi�cation and dialogue with stakeholders.

The approach is likely to be mainly qualitative and

discourse-based at �rst and to acquire progressively

more quantitative elements. "Risk management is

dynamic, iterative and responsive to change\ [ 9 ].
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