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Abstract In this lecture the particularities of the seismic re-design of Monuments are
discussed, related to their structural repair or strengthening. A Monument, besides its possi-
ble practical use and its economical value, requires a lot of other Values to be respected during
its aseismic retrofitting, such as its aesthetic Form, the authenticity of its materials, etc. In
order to respect these Values, the Engineer tends to minimize structural intervention—thus,
violating social values such as the preservation of the Monument for future generations, the
protection of human lifes, etc. An optimization is needed, and the lecture attempts to describe
the necessary procedures to this end. On the other hand, emphasis is given to the particular
difficulties in the determination of the resistance of masonry, as well as in the selection of
suitable methods of Analysis, taking into account the specificity of each Monument. To this
end, the lecture includes comments on monumentic Values and performance requirements,
and emphasizes the need for an institutionalization of levels of importance, levels of visit-
ability and of acceptable damage-levels for all monuments of each Country, as a basic input
of aseismic design of monuments. Subsequently, criteria are given for the selection of meth-
ods of Analysis, and detailed comments are included about experimental investigations and
strengths’ determination. The final optimization procedure is then described, regarding the
optimum seismic resistance level to be lent to a specific Monument.

Keywords Monumentic values · Structural assessment · Seismic redesign ·
Masonry characteristics

1 The significance of the subject

It is broadly accepted that in seismicly prone regions, the seismic behaviour of Monuments
is of a paramount importance.

This paper has been published before as Chap. 1 in: Garevski and Ansal (2010) Earthquake Engineering
in Europe, Springer, Dordrecht.
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Fig. 1 The Parthenon, Acropolis of Athens

Fig. 2 Historical muslim Temple underneath Acropolis of Athens

First, because of the cultural need to maintain and transfer these Monuments to future
generations (Figs. 1, 2). To this end, more or less drastic structural interventions (repair or
strengthening) are implemented,1 with the lowest possible consequences on the “monumen-
tic” values.

1 In this respect, specialist do not anymore share the view that “since a Monument has withstood previous
earthquakes, it will continue to resist any future seismic action”.
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Second, our interest for the seismic resistance of Monuments is also encouraged by the
legal obligation to protect human life (of the neighbours, curators, visitors or even inhabitants
of the monumental building).

However, the preparation of design documents regarding structural interventions of Monu-
ments is frequently facing several difficulties, not encountered in the case of non-monumental
buildings, such as:

• Additional uncertainties related to the available resistances of building components
• Particularities in selecting the appropriate method of Analysis, suitable (i) to a given

typology of the Monument and (ii) to the level of resistance uncertainties
• Difficulties in selecting

– An appropriate design value of seismic action, such that the respective necessary
intervention will not jeopardise the monumentic values of the Monument, and

– Appropriate Techniques with an optimum level of reversibility/re-interventionality.

Because of these difficulties, the approval of submitted design-documents is frequently an
occasion for controversial discussions between Engineers, on the one hand, and Architects
and Archeologists, on the other.

2 Structural interventions and the conflict of values

These controversies are but a reflection of the contrarieties between the following “Principles”
(Values and Requirements) related to the structural interventions in Monuments:

(a) Monumentic2 Values

a1: Form (aesthetic value).
a2: History (symbolic value).
a3: Preservation of ancient building-Techniques and Materials (technical value).

(b) Social Values

b1: Preservation of the cultural Memory of a Monument (integrity, survival).
b2: Adequate safety against normal actions and Earthquakes (value of human life).
b3: Modern use of Monuments.
b4. Cost-reduction of the structural intervention.

(c) Performance-Requirements regarding the structural intervention (Intervention Values)

c1: Reversibility level and or re-interventionality level
c2: Durability
c3: Technical reliability

Every intervention aiming at a structural repair or strengthening of a Monument entails
some inevitable harm to several of these values and performance-requirements, depending
on the actual condition of the Monument and the available technologies. It suffices perhaps
to give a few typical examples:

– In order to preserve the Form and the integrity of a seismicly vulnerable Monument, a
rather costly strengthening solution is adopted, consisting in (i) extensive grouting of

2 This neologism is a very useful term to express concepts and things related to Monuments, avoiding how-
ever the possible confusion with the secondary meanings of the term “monumental” (i.e. impressively large,
outstanding, astounding).
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Fig. 3 Presentation of the historical ceiling of the church of St. Irene, Athens

masonry walls and (ii) change of the old (completely decayed) roof (Fig. 3). Thus, the
following “principles” were violated: a3, b4 and c1.

– A second typical example may be the case of a monumental building made of precious
historical materials to be completely preserved; the solution here was to offer seismic
safety by means of external buttresses (Fig. 4). The violated “principles” here were: a1
and a2.

– In a third case, to avoid any harm to monumentic Values of a delicate Monument, some
rather simple and provisional structural interventions were decided, offering a seismic
resistance lower than the one required for modern important buildings. In this case,
a remarkable violation of the social value of “human life safety” (principle b2) was
accepted, together with a transgression of the durability requirement (c2).
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Fig. 4 The Hosios Loukas monastery 11th cent. Church (Greece), strengthened by means of external
buttresses (11th cent.)

Apparently, in all these cases, Authorities have sought an optimization3 of Principles, and
came to their final decision, knowingly of the partial violation of the “set of Principles”. In
this respect, it is reminded that such an optimization cannot be reached by means of just
“scientific” judgments: The values entering the game are of different nature; they are not
amenable to identical “units”—they are not quantitatively comparable between each other!

That is why, in the field of structural interventions of Monuments, only managerial (almost
political) decisions are feasible; weighing factors for each of these Principles may be (directly
or indirectly) discussed within an interdisciplinary group, and a final “optimal” decision be
made.

Such an optimization process, directly affects some important technical issues related to
the seismic (re)design of Monuments: The design value of seismic actions has to be decided
taking (also) into account its eventual consequences on monumentic values, too, as well as on
costs and technical performances. Thus, a sort of “negotiation”4 of design seismic actions is
initiated: Disproportionately high design-values, serve the “human life” and the “integrity”

3 See Sects. 9, 10.
4 Afterall, design seismic actions regarding modern buildings are also negociated: The socially acceptable
“probability of exceedance” of seismic actions imposed by actual Codes, depends on several variables, such
as the actual economical level of the Country and the social importance of the building, i.e. on non-scientific
data. The difference with Monuments is that in this case, such a “negociation’ is taking place within a broader
multiparametric space, including many additional Values and Requirements.
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principles, but they may jeopardise some monumentic values and performance requirements.
Therefore, a better overall intervention (an “optimal” solution) may be sought, based on pos-
sibly lower design-values of seismic actions, i.e. on higher exceedance probability. The same
holds true for the selected intervention schemes and technologies; they should also be finally
decided following a similar optimization process.

In order to facilitate such a decision making process, further rationalization of data is
needed regarding the “Importance” of a given Monument, as well as its “Visitability” level.

3 Importance, visitability and acceptable damage-levels

• Seismic actions’ values for the re-design of Monuments may also depend on acceptable
damage-levels, which in their turn will be decided on the basis of the importance of each
Monument. That is why in many Countries, a categorisation of Monuments is available
to designers, as follow:

I1: Monuments of universal importance (Fig. 5)
I2: Monuments of national importance (Fig. 6)
I3: Monuments of local interest (Fig. 7)

• Another useful tool towards a rationalisation of decision making regarding structural inter-
ventions, is the categorization of the occupancy of Monuments: Higher occupancy means
higher concern for human lives against earthquakes, and therefore higher seismic actions’
design values. That is why engineering decisions would be facilitated if a “visitability”
categorisation of Monuments would be made available, such as in the following list:

V1: Almost continuous presence of public or frequent presence of large groups
– Inhabited buildings in historical city centres
– Monuments used as Museums
– Monuments continuously used for worshipping

V2: Occasional habitation or intermittent presence of small groups
– Monuments visited only under specific conditions
– Remote and rarely visited Monuments

V3: Entrance allowed only to Service-Personnel. Visitors stand only outside the
Monument.

• Combining the aforementioned Importance-levels and Visitability-levels, it is possible to
decide acceptable Damage-levels (“I” for negligible damage, up to IV for serious damage,
see Figs. 8, 9, 10), under the re-design earthquake.

Such a possible matrice is given here below (indicatively though):

Acceptable damage-levels Prevailing values
(I–IV) under the re-design
seismic actions Human life and monument’s integrity Form and history

Visitability V1 V2 V3

Importance level
I1 I II II I
I2 I II III II
I3 II III IV III
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Fig. 5 The Hagia Sophia church in Istanbul, a monument of universal importance

Fig. 6 The Arta bridge (15th cent.) in Greece, a monument of national importance

To this end, a systematic description of each damage-level is needed, separately for tradi-
tional masonry buildings, arched structures or domes, and graeco-roman monuments.

It is believed that such an approach may substantially facilitate rational decision making,
related to structural interventions of Monuments against seismic actions.
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Fig. 7 A “neoclassical” building in Athens (19th cent.), a monument of local importance

Fig. 8 Local diagonal cracks only: level II damage (Anavatos, Chios Island, Greece)

4 Historical and experimental documentation, and uncertainty levels

4.1 Introduction

(a) Long experience shows that the structural design document regarding seismic strength-
ening of a Monument is an integral part of the broader study of the Monument; history
and architecture of the Monument are indispensable prerequisites for the Structural
Design, in order to account for all initial and consecutive construction phases, previous
repairs etc.

(b) Description of existing and or repaired damages (visible or possibly hidden ones),
together with their in-time evolution; monitoring, be it a short term one, may be helpful.

(c) Systematic description of the in situ materials, including their interconnections—espe-
cially in the case of three leaf masonry walls. Connections of perpendicular walls are
thoroughly investigated.

(d) Results of experimental investigations regarding:
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Fig. 9 Compressive local
failures; level III damage
(Anavatos, Chios Island, Greece)

– geometrical data,
– internal structure,
– in situ strength of materials,
– structural properties of masonry walls,
– dynamic response of building elements,
– subterranean data, as well as results of possible previous monitoring installations

(displacements, settlements, internal forces, humidity, groundwater level, cracks’
opening, seismic accelerations, environmental data etc).

(e) Description of the structural system
(f) Description of the soil and the foundation

4.2 Experimental documentation

It is worth to inventorise first the categories of structurally useful data needed (thus making
clear the scope of the experimental investigation), together with the particular methods used to
this end. Thus, a better understanding of function, importance and interdependence of these
methods will be achieved. Laboratory methods and monitoring are separately considered.
Physical-chemical aspects are not examined in this lecture.
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Fig. 10 Local collapses; level IV damage (Anavatos, Chios Island, Greece)

4.2.1 Instrumental in situ methods

(a) Geometrical data

• Visual description of structural parts; Laser scanning, Photogrammetry
• Cracks

– Opening: Lenses, Photogrammetry, Strain gauges
– Depth: Ultrasonic tests
– Length: Measuring tape, Photogrammetry

• Displacements: Phtogrammetry, Inclinometers, Penduli

(b) Internal structure (Van de Steen et al. 1997; Binda et al. 1998, 2003; Maierhofer et al.
2004a,b; Wenzel and Kahle 1993; Silman and Ennis 1993; Thomasen and Sears 1993;
Binda and Saisi 2001)

• Hidden voids or discontinuities: Endoscopy, Thermography, Radar, Sonic tomogra-
phy, Radiography

• Inernal building details: Endoscopy (see also BIPS-method (Fig. 11), Radar, Sonic
tomography (Fig. 12).

• Hidden metals: Magnetometry, Radiography, Thermography, Radar

(c) In situ strength of constitutive materials

• Stones: Rebound, Ultrasonic, Scratch width
• Infill material: Sonic cross-hole

123



Bull Earthquake Eng (2010) 8:1231–1265 1241

Fig. 11 Borehole Image
Processing Systems (BIPS). The
entire cylindrical surface of the
boring is developed and examined
in the case of an endoscopy in the
Tower of Pisa, near the deficient
area of the helicoidal stairs
(Macchi and Ghelfi 2006)

• Mortars: Scratch width, Penetration test (Felicelti and Gattesco 1998)
• Timber: Penetrometer (Giuriani and Gubana 1991)
• Metals: Hardness test in situ
• Bonding strength: Mortar pullout test

(d) Structural properties of masonry
• Acting compressive stresses
• Compression resistance
• Shear resistance

⎫
⎬

⎭
In situ jack-tests (Binda et al. 2003)

(e) Effectiveness of Grouting: Sonic tomography, Endoscopy, Radar (Berra et al. 1991;
Côte et al. 2004)

(f) Dynamic response of building elements

• Microtremors
• Cable-release tests
• Vibrodyne

(g) Subterranean data

• Seismic tomography
• Ground radar

4.2.2 Laboratory methods

(a) Core testing: Compression, Tension
(b) Tests of irregular mortar-fragments
(c) Testing on replicas: re-made masonry, subassemblages
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Fig. 12 Sonic tomography along a wall of Dafni Monastery, (Greece), after grouting (Côte et al. 2007)

4.2.3 Monitoring (in-time)

(a) Displacements: Horizontal deformetric wires, Penduli, Laser measurements, Inclinom-
eters

(b) Settlements: Leveling systems, Inclinometers
(c) Internal forces: Inserted dynamometers, Flat jacks
(d) Humidity within masonry: Neutron probes, GPR, Thermography
(e) Ground-water level: Water pressure borings
(f) Cracks: Opening evolution and control
(g) Seismic actions: Seismometers, Accelerometers
(h) Environmental data: Temperature, Solar radiation, Wind.

For our purposes, it is good to know that such a rather impressive weaponry is made
available to us, in order to “see” the interior of the (black and silent) “box” of the struc-
tural elements of a Monument. It has however to be reminded that this extensive inventory
of experimental methods cannot be used in every case; not only because of economical
and accessibility difficulties, but mainly because of the multiple limitations of applicability
of each of these methods. Thus, an optimum use of these methods should be made, on a
case-by-case basis, depending on:

– the importance of the Monument and its financing
– the inadequacies of available historical data
– the level of roughly estimated vulnerability of the Monument
– the technical characteristics of the Monument
– the time schedules, etc.

A lot of the aforementioned methods are well known to the Engineers; several books and
papers describe them in detail (see i.a. Tassios and Mamillan 1985).
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4.3 Uncertainty levels

The combination of historical and experimental documentation data, is an indispensable basis
for the structural re-design of a Monument, since the structure of a Monument is a rather
silent black-box; every effort is justified to make this box to talk. However, a lot of uncer-
tainties will remain. And our scientific duty is to be conscious of these uncertainties and
of the way they may affect Analysis (hidden discontinuities, behaviour of connections etc),
as well as Resistance determination (hidden voids, weathered or inhomogenious materials,
etc). Otherwise, our computational efforts may not be able to correctly evaluate the seismic
resistance of the Monument and to appropriately design its best strengthening.

Long experience shows that for each primary structural member of the Monument, an
appropriate level of reliability of documentation should be assigned, referring separately to
basic data, such as:

– Dimensions, eveness and verticality
– Composition transversally to the element (e.g. three leaf masonry?)
– Connections with neighbouring elements.
– Strengths of constitutive materials, etc.

For each of these categories of data, a “Documentation-Reliability level” should be assessed
in each particular case, (indicatively: “missing”, “inadequate”, “sufficient”). An important
contribution to this end is offered in ch. 4.2 (p. 35) of the Italian Guides, 2007, [D2]. In accor-
dance with this characterization, Analysis and Resistance evaluation methodologies will be
more accurately selected (see Sects. 5, 6).

5 Structural analysis

5.1 Introduction

(a) The analytical procedure may include the following analysis, independently or in com-
bination:

– Analysis of the entire monument (occasionally without some possibly secondary
elements)

– Analysis of some selected structural sub-assemblages, in order to identify the most
critical weaknesses of the monument.

(b) The structural system has to be clearly identified; the rich data included in the Docu-
mentation of the Monument are very helpful in this respect.

(c) Selection criteria of the method of seismic Analysis, appropriate for the Monument
under consideration:

• For more important and or complicated Monuments, more sophisticated methods
appear more justified.

• For each of the main typological categories of stone monuments, some particular
methods may be more appropriate.

• Depending on acceptable damage-level (Sect. 3), a respective method of Analysis
may be used. Indicatively:
– In case of targeted negligible damage under the design earthquake, only linear

Analysis is applicable.
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– In case of extensive accepted damages, a non-linear static Analysis seems to be
more suitable.

• The available level of “Reliability of the Documentation” (Sect. 4.3) should
also be taken into account when selecting the appropriate method of Analysis.
Low RD-levels are not compatible with highly sophisticated methods.

(d) A warning may be useful, related to the use of data found by means of dynamic exper-
imental excitations. These data, applicable for structural identification, should not be
used for spectral response calculations; in fact, Eigen frequencies determined by means
of dynamic excitations, are considerably higher than real frequencies under actual
displacement and damage conditions.

5.2 General criteria for the selection of the methods of analysis

(a) Depending on monument’s morphology:

– Depending on the extent and the complexity of the monument, non-linear analysis
of all parts by means of three-dimensional models is not always possible.

– Significant non-regularities necessitate linear dynamic analysis (independently, or
in combination with static non-linear analysis)

– Slender parts also necessitate the use of linear dynamic method.

(b) The final selection of an analytical method will be based on its capacity to “reproduce”
(by computation) previous damage patterns, roughly though (Fig. 13).

5.3 Reliable discretisation for each method of analysis

(a) Finite elements, in case of linear analysis: The reliability of results depend on the topol-
ogy of the discretisation; sensitivity investigations are recommended

(b) Equivalent framework (vertical pears and horizontal spandrels, connected by means
of non-deformable regions): This approach may profitably be used for linear analy-
sis (using however realistic stiffness values), as well as for non-linear static analysis
(provided that ultimate angular deformations are correctly estimated).

(c) Macro-elements may also be used, their topology being defined by the initial geometry
of the structure alone, or/and on the basis of existing or expected cracks, predicted by
means of a linear FEM.

(d) Kinematic mechanisms, usually to model specific parts of the monument (e.g. arched
structures or out-of-plane failure of walls), analysed by means of linear or non-linear
methods. Critical horizontal forces are estimated, mobilizing the selected mechanisms.

(e) Truss or struts-and-ties methods may be used in specific cases. Ties can be realized by
steel or timber elements or, less accuratelly, making use of available tensile strength of
masonry due to cohesion and friction resistance of its elements.

Note: As it is known, the results of Analysis in terms of forces (local stresses “σ”, “τ”, or
global action effects “M”, “N”, “V”) should be appropriately compared to corresponding
available resistance values. To this end, too narrow (like in the case of local stresses) or too
large resisting areas of masonry (like in the case of wide compressed regions) cannot reli-
ably represent real conditions. The concept of “critical resisting volume” of masonry may be
helpful in this respect, i.e. a volume containing approximately three blocks per each direction.
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Fig. 13 An attempt to reproduce computationally previous damage patterns, roughly though (Dafni
Monastery, Greece)

5.4 Analysis of “sculptured stones/dry joints” monuments (Graeco–Roman)

Despite their apparent simplicity, seismic behaviour of such structures is extremely compli-
cated and very sensitive to details. The main response mechanisms, friction-sliding that is
and rocking (Fig. 14), are by nature non-linear. Besides, neighbouring structural elements do
not follow the rule of compatible deformations.

Thus, normally, only some main sub-systems is possible to be considered and analysed,
taking into account all imperfections, such as weakness of foundation, large initial deforma-
tions, wearing of edges, existing cracks, initial rotations, etc.

Static analysis may be used only as a preliminary step, for a rapid evaluation of seismic
risk—and only under rather small seismic loads.

Simplified spectral analysis may be useful if, by trial and error, the final rocking angle
of each stone-element is compatible with its corresponding eigen-frequency. However, this
approach cannot describe the behaviour of complex systems.

In fact, under substantial seismic actions such systems do not exhibit eigen-frequencies.
The directly “non-linear-dynamic” method is based on the integration of the equations of

motion (based on a given accelerogram), step by step. Appropriate and reliable soft wares
are needed.
Note: In Fig. 15 a schematic procedure is shown describing the sequence of use of possible
methods of Analysis.
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Fig. 14 Isolated columns of the Zeus temple in Nemea, Greece (N. Makris)

Fig. 15 Sequence of possible
methods of Seismic Analysis of
Monuments

• A reasonable value of seismic actions is first selected. 
• Assessment and Redesign: 

LINEAR ANALYSIS 

 satisfied non-satisfied 
 (END)  
  (acceptable damage level?) 

hgihwol

 Redesign NON-LINEAR ANALYSIS 
 w. Linear analysis 

deifsitas-nondeifsitas
)DNE(

ngisedeR
sisylanAraeniL-nonhtiw

6 Evaluation of resistances

One of the most remarkable particularities of the structural re-design of Monuments is our
difficulty to determine the resistances of critical regions of stone building-elements, with
an accuracy comparable to the precision of the determination of action-effects. Thus, the
inequality of safety (E ≯ R)becomes a rather loose condition, leading to overconservative or
to risky solutions.

This unpleasant situation is partly due to the fact that research financement and research
glamour is normally offered to subjects related to Analysis, rather than Resistance determi-
nation…

In the field of structural assessment and re-design of Monuments, it is of a paramount
importance to overcome this scientific weakness; thus, every effort is justified in order to
better evaluate available Resistances of critical regions of “masonry” walls, or “sculptured
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Fig. 16 Along a broken quasi-vertical line a-a, the contact lengths Ui are measured and normalised to the
lengths lbi of the “supported” block i

stones/dry joints” building elements. To this end, empirical formulae or simple rules of
thumb do not serve the purpose alone: Detailed preliminary inspection and in situ experi-
mental investigation will be the indispensable basis for any subsequent computational step
of resistance determination.

6.1 Semi-analytic strength determination

(a) The following data are first needed in order to evaluate the basic resistance characteristic
of a masonry, i.e. its compression strength perpendicularly to its layer:

• Photographic view of the face of each critical region of the wall or pillar.
• Calculation of mean values of length (lbm) and height (hbm) of the blocks, as well

as the mean value of thickness of joints (tjm).
• By means of vertical sections, a nominal index (IL) of blocks’ interlocking is calcu-

lated: Within a representative height (Hm) of masonry, such an index may be defined
as follows.
Some broken quasi-vertical lines are traced along consecutive vertical joints located
underneath each-other; these lines are kept as close to vertical as possible. Measured
are (Fig. 16) the lengths “u” of horizontal contacts of each block with its underlaid
“supporting” block. For each broken quasi-vertical line, an “interlocking index” is
calculated as follows

(IL) = 2

n

n∑

1

(Ui : lbi ), 0 < (I L) < 1

where i = 1 up to n, denotes the order of block layers. Out of several such quasi-
vertical lines (say 5 to 8 on each face of the wall), a characteristic average value
(IL)m is taken as a representative estimator of the “interlocking capacity” of blocks
of the wall in vertical direction.
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Fig. 17 Pseudo-quantitative
assessment of the interconnection
between the two external faces of
a masonry wall: The length
l1 + l2 + l3 is reported to the
height L

• Now the transversal structural composition of the wall perpendicularly to its plane
is examined. To this end, direct observation through temporarily opened holes, or
televisioned endoscopy, or even georadar (and or sonic tomography) may be used,
in order to find out if the wall may be considered as one-leaf or two (or three)-leaf
masonry. In Monuments of lower importance, some transverse core-takings may
also be helpful in this respect.
The degree of interconnection of the two faces of the wall is of paramount impor-
tance for its structural behaviour. It would be therefore desirable to try to quantify,
be it in a rudimentary way, this transversal interconnection index (TI) by estimating
the sum of cross sections of large blocks along a representative area on a vertical
plane section, situated in the middle between the two faces of the wall. In Fig. 17,
this pseudo-quantitative index could be defined as

(TI) = �Ai : LxB

where Ai = the cross-sections of sectioned large blocks on plane p-p
LxB= the vertical area of the entire region of the wall element under consideration

• Strength and deformability of blocks and mortars are measured in situ (by means of
appropriate ND methods), or in-lab (on appropriate representative samples).

(b) Nowadays, it is well understood that an eminently discontinuum medium like historical
masonries, cannot at all be handled as a pseudocontinuum (except in the rare case of
one-leaf masonry made of well chiseled and well interlocked stones). Consequently,
in normal cases, the designer needs to acquire a complete and 3-dimensional under-
standing of the apparent and the internal structure of the critical regions of masonry
walls or pillars. Otherwise, any attempt to evaluate basic resistance properties, such as
the compressive strength of masonry, will be superfluous. Besides, such compressive
strengths may be completely different in various parts of a monument, or even in var-
ious areas of one wall. That is why it is now believed that the designer of structural
interventions in a monument, should in most cases include in his/her design-documents
detailed descriptions, pictures and measurements like those enumerated in the previous
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paragraph. The Italian school of thought had early enough contributed to this matter (see
i.a. Giuffré 1991), emphasising the significance of this 3-dimensional interconnections
(Fig. 18). Following their views, instead of a quasi-quantitative approach via the indices
(IL) and (TI), a more practical way could be followed, making use of rough typological
classifications (like those indicatively illustrated in Fig. 18 for 1- and 2-leaf masonries).
Even if the state-of-the-Art on the subject is rather poor, experienced Engineers may
eventually translate the characterizations of Table 1 into some numerical coefficients,
modifying the empirical formulae which predict compressive stresses without taking
into account interlocking and interconnection characteristics.

(c) It would now be possible to use a well established empirical expression predicting the
vertical compression strength of masonry, under the condition that, as many as possi-
ble of the parameters shaping the overall compression strength are included in such an
expression, like:

– nature of blocks (stones, bricks)
– roughness of blocks’ surface
– strengths and deformability modulus of blocks and mortars
– average joint-thickness (and its normalized value α = tjm : hbm)

– interlocking index (IL)
– transversal structural composition of the wall (one, two or three-leaf masonry), and

transversal interconnection index (TI).
– effect of timber ties (see Vintzileou 2009)

Under these basic conditions, such empirical formulae would be able to predict masonry
compression strength (fwc), separately for one-leaf and three-leaf masonry. However,
the state-of-the-art on the subject, does not seem to be very satisfactory.
Indicatively some of these formulae (among quite a few of available ones) are reproduced
here, only as an occasion to critisise their drawbacks. It is reminded that compressive
strength fwc of masonry as a material is dealt with here; system resistance such as
buckling-effects or local-compression resistance are not considered here.

(i) Well built brick masonry (Tassios 1988):

fwc = [ fmc + 0.4 ( fbc − fmc)] · (
1 − 0, 8 3

√
a
)
, fbc > fmc

fwc = fbc · (1 − 0.8 3
√

a), fbc < fmc

where fbc, fmc, compressive strengths of blocks and mortar, respectively.
α = t jm : hbm , the ratio between average (horizontal) joint thickness t jm , and
average block height hbm .
In this particular case, empirical expressions do not need to account for interlock-
ing and interconnection conditions. But they do not consider possible brittleness
of bricks due to disproportionately low tensile strength of them.

(ii) Low-strength stone-masonry (Tassios and Chronopoulos 1986):

fwc = ξ ·
[(

2

3

√
fbc − fo

)

+ λ fmc

]

[in MPa]

where
fo, a reduction due to non-orthogonality of blocks, taken as
fo = 0.5 for block stones and 2,5 for rubble stones
λ, mortar-to-stone bond factor, taken as λ = 0,5 for rough stones and 0,1 for very
smooth-surface stones
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Fig. 18 A possible qualitative classification of efficient interconnections between stones and between external
and internal faces of masonry walls (Giuriani and Gubana 1991)

ξ , a factor expressing the adverse effect of thick mortar joints
ξ = 1 : [1 + 3.5(k − ko)]< 1
k = (volume of mortar) : (volume of masonry)
ko = 0,3
for materials’ strength values fbc = 25–75 MPa and fmc = 0.5–2.5 MPa
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Among its drawbacks, this empirical formula completely disregards interlocking
and interconnection conditions.

(iii) There is no space here to extent this discussion for the case of 3-leaf masonries;
besides, empirical predictions of strength of such walls are rather inadequate (see
i.a. Tassios 2004).

(d) Deformational properties of masonry of Monuments should be known under two impor-
tant situations.
First, before significant cracking, so that stiffness-values could be evaluated. To this
end, the use of a modified modulus of elasticity may suffice, duly corrected to account
for the loading level. Appropriate empirical expressions may be used on this purpose
(see i.a. Psilla and Tassios 2008)

Ew =
[

1 +
(

0.9
σo

fwc
− 0.6

)

· V

Vcr

]

· Ewo f or σo not exceeding
2

3
fwc

where
σo =normal compressive stress
fwc =compressive strength
V=acting shear force
Vcr =cracking shear resistance
Ewo = the technical modulus of elasticity of the masonry

Second, post-elastic deformations are very important under seismic conditions, as a
means to dissipate energy and to offer a certain ductility to the system—under the
assumption, however, that local damages are acceptable for the monument in consider-
ation. On this subject, Annex A may be of some assistance to the designers.

(e) Tensile strength (fwt ) should be carefully estimated on the basis of appropriate expres-
sions, possibly accounting for the favourable contribution of friction resistance of blocks
in case of weak mortar (see Fig. 19). Otherwise, tensile strength may be estimated as
a variable percentage (1:3 up to 1:15) of compression strength, depending on the mag-
nitude of compression strength. This is another source of important uncertainties in
predicting cracking resistance of masonry walls.

(f) Diagonal compression strength (fws) may be estimated as a function of fwc, fwt and the
transversal tensile stress (σt ). However, direct reference to diagonal compression tests
is advisable.

(g) Shear resistances are normally distinguished as follows:

– In-plane shear resistance: This however, is equivalent to a diagonal compression as
per Sect. 6.1f.

– Sliding resistance between perpendicular walls, along their widths or their lengths.
This very important strength should be evaluated considering (i) direct shear failure
of interconnecting blocks, or (ii) deracination of these interconnecting blocks.

6.2 Additional in situ strength determination

In some Monuments, it may be allowed to complement the data mentioned in Sect. 6.1, by
means of in situ strength determinations. To this end, flat-jacks are inserted into appropriately
deep horizontal slots, so that an in situ masonry “specimen” to be shaped and tested. However,
it has to be noted that, under these testing conditions, post-elastic deformational capacity of
masonry may be clearly overestimated because of the surrounding confining conditions.
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Table 1 A practical typological
classification of stones’
interlocking on masonry faces
and of transversal interconnection
between the two faces of a wall

Interlocking of stones on a face

G(ood) M(edium) L(ow)

1-Leaf masonry

Transversal interconnection of faces

g(ood) 1 Gg 1 Mg 1 Lg

m(edium) 1 Gm 1 Mm 2 Lm

l(ow) 1 Gl 1 Ml 3 Ll

2-Leaf masonry 2 Gl 2 Ml 2 Ll

Medium d(ense) 3 Gd 2 Md 3 Ld

3-Leaf masonry

Infill material

p(orous) 3 Gp 3 Mp 3 Lp

e(xtremely) porous 3 Ge 3 Me 3 Le

Fig. 19 Nominal tensile strength
of masonry, as a function of the
extent of the reference zone (d,
d’, d”); “σ0” denotes the acting
vertical compression stress, and
“μ” is an appropriate minimal
value of friction coefficient

6.3 In lab testing of replicas

In the case of Monuments of higher importance, provided that the experimental investigations
described in Sect. 6.1.a have offered sufficient information, it is suggested to reproduce in
laboratory (piece by piece) a part of the critical region of the masonry under consideration.
Thus, specimens will be available—replicas of the actual wall, to be subsequently tested
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under vertical and diagonal compression. The dimensions of these replicas should be large
enough, for the failure mechanism to be freely developed.

6.4 Testing on earthquake simulators

There is also a possibility to gain an overall information on the seismic capacity of a (rela-
tively simple in composition) Monument, by means of a scaled model tested on a shaking
table. Several dynamic simulation problems have to be solved to this end; however, well con-
ducted tests may offer precious information, as i.a. in the tests carried out in IZIIS, Skopje,
on models of orthodox churches and adobe structures. If, instead of an entire monument, a
sub-assemblage of it is tested on an earthquake simulator, scales may be more convenient
and results may be more reliable (like in the case of the cross vaults of Dafni Monastery,
tested in the Laboratory of Seismic Engineering, NTUA, Athens).

6.5 Resistance of walls or columns made of sculptured stones/dry joints (Graeco–Roman)

Walls: Their compression strength under distributed load is influenced by possible internal and
interface irregularities of some blocks, but it is generally of the same order as the strength
of individual stones. Resistance against local load may be predicted via the provisions of
Applied Mechanics.

Columns made of stone drums: Two resistance mechanisms should be documented in
advance:

– Friction: (i) The relationship of friction coefficient and normal stress should be well
known and a statistical dependence has to be established, for several humidity conditions
of the joint. (ii) The constitutive law “imposed slip/ mobilized friction resistance” should
be experimentally found, for the specific conditions of the drums in consideration. To this
end, in-lab tests on representative replicas are needed.

– Strength of a block or a drum in rocking position: Relevant in-lab tests on replicas may be
needed for the determination of this strength (inclined compressive force, concentrated
on a free edge), unless a reliable analytic model might be satisfactory.

7 Assessment of the actual seismic capacity of the monument

(a) To this end, normally simple static linear models of Analysis are first used, up to a
value of seismic actions revealing a local insufficiency. Subsequently, depending on the
acceptable damage level of the Monument (Sect. 3), the assessment may end here, or
for Monuments of relatively lower importance, further increase of seismic actions may
be considered by using more sophisticated methods of Analysis, as described in Sect. 5,
up to the level of acceptable damage.
Obviously, in the case of slender Monuments, the use of a simple dynamic method of
Analysis is needed since the very beginning of the assessment.

(b) Besides the quantitative approach followed up to this point, the significance of a more
qualitative approach should also be mentioned here towards a preliminary seismic
assessment of Monuments. Reference is made to the method recommended by the
Italian Guidelines, 2006, regarding the case of Churches. The methodology consists of
the following steps.
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– Several possible local failure mechanisms are identified and indicatively illustrated
(e.g. Fig. 20).

– For each of them, an empirical vulnerability assessment is carried out, based on
specific instructions.

– A weighed mean value of global vulnerability is calculated, and corresponding
ground motion accelerations are found by means of empirical formulae, indicating
a limited-damage state or a collapse limit state.

– The comparison of these accelerations with the provisions of the National Seismic
Code at the location of the Monument, offers a statistical evaluation of priorities for
structural interventions, and/or for civil protection strategies.

8 Selection of the “re-design” earthquake for the structural intervention

This issue is of fundamental importance. In Sect. 2 we faced multiple contrarieties: our wish
to ensure a high seismic resistance for a Monument may necessitate structural interventions
as “invasive” as to harm some monumentic or technical Values. Thus, we have recognised the
need for an “optimization” or, in other words, the need to negociate the re-design earthquake
to be finally used in our calculations. This chapter attempts to summarise the procedures to
be followed in order to select an “optimal” value of seismic actions.

8.1 Historic data

The behaviour of the Monument under specific earthquakes of the past, should be well studied
and described in the Documentation (Sect. 4a, b). Although it is not easy to quantify the inten-
sity of those earthquakes, historical data do frequently offer helpful collateral information,
such as: behaviour of normal buildings in adjacent areas, fall of objects etc. Archaeoseismol-
ogy on the other hand may offer useful information regarding very old monuments. However,
a certain reservedness is sometimes justified because of the incompleteness of data and the
difficulties of interpretation of archeological, literary and geological data (Ambraseys 2005).

On the other hand, we may also derive quantitative information about the intensity of
previous earthquakes, based on the behaviour of pre-existing repairs or strengthenings.

To the extent such methodologies are feasible, it will be possible to have a first estimate
of the overall seismic capacity of the Monument as it stands. This knowledge may assist
us in selecting a couple of seismic load values for the re-design of our planned structural
interventions.

8.2 Actual seismological studies

This is the most “easier” source of information; but, as it is well known, the expected seismic
load values are related (i) to several probabilities of exceedance, and (ii) to a conventional
life-time of the building. Thus, this scientifically established knowledge has not an “abso-
lute” validity: First, the life-time of a Monument cannot be clearly expressed; by definition,
“monuments” should live “for ever”. And second, the notion of an acceptable probability of
exceedance is not too friendly to Curators of Monuments.

However, the designer may face these two issues as follows.
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Fig. 20 Damage mechanisms of churches, for their vulnerability indices to be assessed, within a pseudo-
quantitative procedure to evaluate seismic risk level of churches in Italy

(i) Take into account first the probability actually accepted for existing old urban buildings,
and second the probability specified by the Code in force for buildings of very high
social importance.

(ii) In place of a life-time duration, one may consider a reasonable long period for radical
repair and strengthening of the Monument in consideration.

Moreover, for monuments of higher importance, appropriate modifications or enrichments
of the aforementioned data may be effectuated, by means of

– additional soil-dynamic consideration,
– geomorphological corrections
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– an estimation of the expected duration of the quake, as an indication of the expected large
amplitude cycles (one or two or three?).

In any event, the seismic load values dictated by actual seismological studies, are but one of
the candidate-values for the final re-design; In fact, because of the contrariety of Monumental
and Social values (Sect. 2), within the unavoidable “negociation” for optimisation, the a.m.
seismological input loses its character of undeniability.

8.3 Pre-selected seismic loads

Based on these two sources of information, as well as on his/her own experience, the designer
selects one (or two) temporary values of seismic load to be submitted to the necessary final
optimisation (Sect. 10). The pre-selection of such a temporary value “Eo” may be facilitated
by taking into account in advance the acceptable damage-level (Sect. 3) under the redesign
earthquake: For higher damage-levels, higher probabilities of exceedence have a better chance
to be satisfactory.

This “seismic load” may be expressed in appropriate terms (depending on the importance
and the structural specificity of the Monument), such as ground acceleration, accelerograms
and the like.

In any event, none of these seismic load values could be lower than a minimum level
commonly acceptable in the region.
Note: Within the same context, the broader stability of foundations against earthquakes-
induced displacements of slopes should also be considered (see i.a. Ambraseys and Srbulov
1995).

9 Preliminary designs

The fundamental process of the aforementioned optimisation, needs to be fed by at least
two alternative solutions of structural intervention. Assuming that the repair or strengthening
techniques were correctly chosen, it remains to check the favourable and adverse conse-
quences of two seismic load design values. In what follows, the pertinent procedures are
summarised.

(a) As it is well known, there are several available intervention philosophies, such as:

– Local repair or strengthening of a building member, (or its connections to adjacent
elements), without external modification of its form.

– Installation of ties and confinements.
– Addition of new building elements (permanent or provisional) in order to ensure

the wished global seismic resistance to the Monument. In this category of structural
measures belongs also the case of adding or strengthening a diaphragm (for a better
distribution of seismic forces), as well as the addition of hidden and completely
reversible dumping devices.

– Possible construction of seismic isolation underneath foundations, (although such
a technique may be better applicable in relatively recent Monuments on a “virgin”
soil).

– Monolithic transportation of the Monument to a more favourable place—a solution
suitable only in relatively small size Monuments.
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Any intervention technique to be used, has to be appropriately checked against all
Principles described in Sect. 2, especially those related to the specific performance
requirements (Sect. 2.c); in this connection too, there is space for another category of
optimisation—which however is not further discussed in this lecture.

(b) Thus, assuming that the proposed intervention techniques were correctly chosen, at
least two (Eo1, Eo2) seismic load values have to be used for the re-design, as they
were pre-selected in Sect. 8.3. Corresponding seismic resistance levels (R1 and R2) are
lent to the Monument, expressed e.g. in terms of ground acceleration or otherwise. For
these seismic loads, the respective structural interventions are designed, and preferably
illustrated in preliminary drawings.
The consequences of such interventions on all Principles enumerated in Sect. 2 will be
now considered in details by the interdisciplinary decision-making Group, in order to
deliberate as in the following paragraph 10.

(c) Strengthening Resistance-Models: The need for accurate Resistance-Models regarding
the evaluation of the strengthening effects of various intervention methods cannot be
overestimated. In what follows, some of these models are enumerated and occasionally
commented.

• In low-tech walls:
– Adobe walls, strengthened by means of clay-grouting, need to be re-evaluated

on the basis of the tensile resistance of grouts and the normalised volume of
grout retained.

– For brick-infilled timber trusses, strengthened with stronger diagonals or better
built infills, there is no model predicting consequences on the ductility of the
wall.

• In plain masonry walls:
Not many of the “after-intervention” resistance models are established in literature,
regarding the following repair or strengthening cases.
– Replacing stone-blocks or addition of steel elements as shear connectors: along

transversal walls intersections, in case of cracks’ stitching, or in case of passing
through connectors of three-leaf masonry.

– Strengthening of the frames of doors and windows (increase of shear stiffness,
increase of nominal strengths of pears and spandrels).

– Hydraulic grouting: In this case strength predictions are somehow more devel-
oped (indicatively, see i.a. Vintzileou and Tassios 1995; Valluzzi 2000; Tassios
2004).

– Timber or metallic ties: The specific models needed are related to the interface
resistance of transversal walls, to the increase of apparent tensile resistance of
masonry mega-elements, etc.

– Local re-building of critical regions: In this case, normal models apply.
• Arches and domes:

Technical literature is more rich in this traditional field, but not necessarily under
conceptually asymmetrical seismic conditions. One of the basic models needed is
the quantification of structural consequences of chaining of domes, as a function of
mobilised chain’s response to deformations induced after initial seismic cracking of
the dome.

• Graeco–Roman antiquities:
Relevant resistance-models may be related to structural interventions like the
following ones
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– Re-integration of pieces of epistyles or drums by means of titanium-connec-
tors: Design criteria are sought regarding reinstatement of the initial strength of
monoliths or a structurally required strength (Toumbakari 2003).

– Improvement of setting of irregular drums by means of extra-thin injections
(Miltiadou-Fezans et al. 2005).

10 Selection of the final optimal solution

In-view of the interdisciplinary nature of Principles (Sect. 2a–c) involved in the decision-
making process, it is suggested that the final selection of the structural intervention scheme
of seismic strengthening of the Monument, be effectuated by a representative Group—includ-
ing the Owner of the Monument. However, depending on available local habits, decision may
be taken by just one responsible agent of the Authorities, provided that he/she will follow
the same decision-making process.

The process for the final judgement may be conceptually described as follows:

(a) For each of the Principles enumerated in Sect. 2, a scale of “level of satisfaction”, graded
G = 1 to G = 5 (from low to high degree of satisfaction) is established.

(b) For the specific Monument under consideration, a lowest acceptable level (Gi,min) of
each of these ten Values (i) is decided in advance.

(c) For the same Monument, weighing factors “fi ” are agreed, expressing the relative impor-
tance of each of the aforementioned ten Principles (with

∑
fi = 1). Obviously, it is

expected that the highest values will be given to the factors regarding Form and Human
life.

(d) An evaluation is needed of the way a given intervention solution affects the aforemen-
tioned Values; grades Gi (i = 1 to 10) are agreed respectively.

(e) The level of aseismic resistance (R) ensured to the Monument by the solution envisaged,
was found in Sect. 9b. It is reminded however that R ≮ Rmin, a commonly acceptable
minimum level of seismic capacity—as for instance in the case of normal buildings of
the Region.

(f) An estimator of overall efficiency of the proposed solution is calculated

e = R

Ro
·

10∑

i=1

fi · (Gi − Gi,min)

where Ro is an arbitrary, sufficiently high resistance-level (e.g. that wished for an
extremely important modern building).
The solution with the higher score may be selected, unless (as it is very common) further
refinements are requested by the Authorities.

It has to be noted that the whole procedure is also applicable without its quantifiable
version: Experts may offer their opinion, based on their qualitative judgements after a thor-
ough examination of the consequences of each solution. Afterall, the main interest of this
procedure is that it may act as an open reminder of the multifold aspects of the design for the
aseismic protection of Monuments.
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Appendix: Deformational characteristics of masonry in monuments

Basic σ0–ε0 relationships

(a) lt seems that our knowledge on this elementary matter is not very rich.
First, because of practical causes like the experimental conditions (representative size
of the specimen and in-lab boundary conditions) and the extreme variety of possible
forms of blocks, as well as of the possible nature of blocks and mortars, and possible
curing conditions.
Second, because this research does not seem to be “elegant” enough or attractive—
although the variety of parameters constitutes a challenge to mathematical investiga-
tions. In what follows, only a minimum of information is included regarding the ultimate
compressive strains “εcu” of masonry under uniaxial or biaxial stress conditions.

(b) The main parameters affecting the εcu-value may be identified as follows:

– Strength of mortar (εcu ↘)
– Strength and brittleness of the blocks (εcu ↘)
– Interlocking between blocks (εcu ↘)
– Bond with mortar (εcu ↘)
– Completeness of joints (εcu ↘)
– Presence of transversal tensile stresses (εcu ↘)
– Pre-existing cracks (εcu ↗)
– Number of cycles of repetitive compressive actions (εcu ↗)
– Acceptable stress-response degradation or “damage level” (εcu ↗)
– Reinforcement or confinement (εcu ↗)

(c) Based on some experiments carried out in the Laboratory of R.C. of Nat. Tech. Univer-
sity of Athens, the following very rough values may be noted:

• Normal compression:
– Rubble stones masonry pick value (monotonic) εcu = 2.10−3 to 3.10−3;

after 30% degradation ε′
cu = 3.10−3 to 5.10−3

– Full bricks’ masonry (fwc ∼3–8 MPa)
εcu ∼ 4.10−3

– Perforated bricks’ masonry (fwc = 2–3 MPa)
εcu ∼ 1, 5.10−3 to 3, 5.10−3

• Diagonal compression:
– Perforated bricks’ masonry (fwc = 3–4 MPa)

εcu ∼ 1.10−3 to 2.10−3

• In case of timber-reinforced traditional stone masonry, εcu may be increased up to
300%, both under vertical and diagonal loading.

(d) Regarding 3-leaf walls, some indicative values are also reproduced here.

• Normal compression:
– Well built external and internal leafs (Binda et al. 1997), fwc ∼ 6 MPa

εcu = 3.10−3 to 4.10−3

123



1260 Bull Earthquake Eng (2010) 8:1231–1265

Fig. 21 Rectangular wall element under flexure (M, N) and shear (V)

– Byzantine semi-regular 3-leaf masonry (Vintzileou and Miltiadou 2008),
fwc ∼ 2 MPa
εcu = 1, 5.10−3

– Byzantine (semi-regular) after grouting (Vintzileou and Miltiadou 2008),
fwc ∼ 3.5 MPa
εcu = 3, 0.10−3

• Diagonal compression (Vintzileou and Miltiadou 2008),
εcu ∼ 1.10−3

Rotational capacity of masonry wall elements

There is an understandable trend to apply non-linear static analysis in the case of masonry
monuments (after all, the very concept of pushover analysis was first applied to masonry
buildings). To this end, the analytical tools are well developed. However, the second term
of the inequality of safety (resistance that is), expressed as “available rotational capacity
θu”, seems to be less well understood. That is why, an attempt towards a possibly better
understanding of the post-elastic rotation capacity of orthogonal masonry elements is made
in what follows.

(i) Vertical pier element
Obviously, the two components of “θ” should be recognized

θ = θM+N + θV
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Fig. 22 During the gradual increase of acting moment “M”, the actual zero-stress-point “O” was previously
submitted to considerable stresses “σ0”

Fig. 23 Point “O” of Fig. 21, after unloading from its maxσo (see Fig. 22), has a residual strain ε0,res

where, approximately, θV = V:Gtl, (t= width of the wall, and shear modulus G ≈ 100
fc under cyclic conditions).
Regarding the first term however, a basic correction should first be introduced in what
is currently used. The vertical deformation at point O in Fig. 21 is NOT zero: This
point during the gradual application of M, had undergone considerable compressive
stresses, and after a maximum value, equal to σ0,max = M:2 t x (for approx. linear
stress distribution), its stress comes rapidly down to zero (Fig. 22). Consequently,
during this unloading stage, the residual deformation ε0,resat point “O” is not equal to
zero (Fig. 23).
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Fig. 24 Masonry spandrel element (of thickness “t”) under ultimate shear-flexural loading

Fig. 25 Under diagonal compression (with simultaneous action of transversal tension stresses), it can be taken
f ′
c : fc ≈ ε′

cu : εcu ≈ 0, 6

Assuming approximately equal stresses acting on both ends (AB and CD) of the
masonry element under consideration, the expression of available θM+Nshould be

θM+N ≈ (εB − ε0,res) · h

x

provided however that no shear failure has occurred.
The selection of the appropriate numerical ε-values is not an easy task: First, cyclic
compression has to be taken into account, leading to increased εc-values valid under
monotonic loading. In doing so, however, the targeted performance level (i.e. accept-
able damage level of the Monument) will be the basic criterion for the final εc-design
values.
Besides, for those analytical methods using intermediate spring-elements (connecting
discrete building elements), it is worth reminding that, because of the presence of
the axial force and the flexural cracking of the base cross section, rotations “θ” are
not a linear function of moments “M”. Thus a spring-”constant” k=θ :M can hardly
be assessed. Roughly speaking, for (M: Nl)-values higher than 0,3, the average ratio
(
θ :
M) may increase up to 20 times as compared to previous values.
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(ii) Spandrel element
In “frame”-like masonry, walls containing openings, (“perforated walls”), vertical
“piers” are connected by “overlintel” two-dimensional elements; their available post-
elastic rotational capacity is also of basic importance in applying a pushover method
of analysis. Referring to Fig. 24, the compressive deformation of the “diagonal” equals
ε′

cu, a reduced value of εcu exhibited under vertical cyclic loading (see Fig. 25).
Thus, finally, for the lowest possible performance level

θu = �h

l
= h

L
· ε′

cu

provided however that shear sliding along the compressive zones does not occur. As
in the case of pier elements, increased ε′

cu-design values under cyclic loading will be
highly dependent on the targeted performance level of the Monument.
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