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1 Introduction

The document presented herein is devoted mainly to the final users of the ONSTEFORMASONRY

project: owners of cultural properties and end users. It is written in simple way for better

understanding of general strategies of investigation as well as for better communication and

cooperation between involved workgroups (architects, dvil engineers, diagnostics organisations,

archaeologists etc.) involved in assessment of historical structures.

The document consists of following chapters:

= Description of the ONSITEFORMASONRY project (prepared by BAM)

= Basic principles of planning an investigation (prepared by SLG)

= Short description of the methods (prepared by POLIMI)

=  Recommendations for different methods for different level of investigation (prepared by
ZAG)

=  Summary and shott description of all deliverables from the project (prepared by RT).

1.1 "Diagnostic" Techniques used in Architectural Restoration

It is unnecessary to spend many words to underline the importance of monumenta cultural
heritage all over the world and especially in Europe. Europe owns, without any doubt, the most
important and best-conserved quantity of monuments. Its towns are built around antique cores,
which constitute a tangible representation of their common cultural identity. Conservation and
maintenance of this heritage is not only a duty, but is an extraordinary opportunity. The
restoration and maintenance of the antique monuments, built in most of the cases with masonry
structures, needs a deep knowledge of their real constitution.
This knowledge is necessary, not only for a correct and economical design for restoration and
conservation, but to assess the static conditions ofthe buildings and their capability to survive to
the age and to natural catastrophic events. The diagnostics of the masonry structures (and
especially the ones based on non destructive methods) may play, for the above-mentioned
reasons, the same role of medical diagnostics inmedicine Unfortunately, there are many evident
differences between the human body and the masonry stuctures, which did not allow a similar
development of the diagnostic techniques in the two fields:
= All human bodies are very similar and well known in their anatomy: the masonry structures
are very heterogeneous and their actual composition is generally unknown
=  Thehuman body is an easily handled subject from a diagnostic point of view: the contrary
for the masonry structures
= The composition of the human body is favourable to the use of non-invasive methods: the
composition of masonry is not, at least not with comparable resolution.
These difficulties negatively affected the development of NDT (Non Destructive Test)
techniques and there is not a consistent market for the services relaed to them.
The ONSITEFORMASONRY Project, funded by the European Union under the 'Environment and
Sustainable Development Programme (1998-2002) of the fifth framework programme, has tried
to contribute to the filling of that gap. The project, started in 2001 and ended in 2004, has
mainly pointed out integrated and structured methodologies for the assessment of historical
masonry buildings based both on well-consolidated NDT (Non Destructive Test) methods and
new ones.
"New" means that these methods have been improved or adapted to peculiar tasks, even if
completely new techniques were not developed. The assumption was that the lack was not
totally in the field of the techniques, but first of all in a standardised and integrated approach to
their use. Nevertheless new pieces of hardware and sofiware were developed, in any case with
the adaptation of existing instrumentation.
The exploitation objectives of the project were in putting the bases for the development of the
market of the diagnostics in the field of monumental restoration and conservation. This market
is presently "evanescent" and is characterised by the following points:
= Thediagnostics requires quite big investments in hardware, software and expertise
=  The dimension of the market, not pushed by specific standards and not compelled by law
requirements is only much less than 1% of the amount invested in restoration and
conservation
= Consequently there is not an economic convenience for the private venture to operate
specifically in this field and there are not specialised companies



=  Thediagnostics companies operate in different fields (geophysics, controls on concrete new
buildings, etc) with a wide spectrum capability in the use of the instumentation, but
without a real know how in masonry

The know how in this specific field is therefore concentrated in Universities, Research Centres

and other public Institutions, with a big advantage in tems of competence, but without booster

effects on the market.

= On the other hand the lack of a massive private investment has a negative effect on the
Research and Development of instrumentation which is specific for the masonry diagnostics

= The lack of effective, high confidence, high productivity and low cost instrumentaion
produces anegative effect on the demand with a clearly vidous circle.

The exploitation strategy of the ONSITEFORMASONRY project was to develop well tested and

integrated methodologies based on already existing techniques (with slight adaptations and

modifications) in order to create the exigency, in the wide world of the end users, to set

compelling obligations in incorporating NDT activities in the preliminary phase of the

restoration and conservation projects.

This obligation could increase the demand until a 3-4% of the total Restoration costs, easily

financed by the return of the savings in terms of minor problems encountered during the works.

1.2 The role of the "end-user" in the project

"End-user", in the sense used during the project and in this document, has a double meaning:
= "Intermediate" end user: it may be the designer (engineer or architect) who needs the
maximum of knowledge of the building to be restored in order to develop a good project
without "surpiises" during the works or a company or a group ofpro fessionals that intend to
sell services in the market of diagnostics
= "Fina end user": it is generally a public institution, which is the "owner" of the monument
or is charged of its management or conservation. Owners are very often ecclesiastical
subjects and sometimes public institutions, local or central governments, rarely private
subjects or organisations. The managers are almost always public or, sometimes, privae no-
profit organisations.
From these points of view it is clear how the number ofthe potential end-users ofthe methods is
very high and that the way to reach all of them is an intense dissemination activity. These
actions, carried on during the project with about 140 "events" (articles, conferences, exhibitions,
publications, courses, and so on), are continuing.
This CD represents al the outputs of the project, made available for end users for the over
mentioned aims. You will find in it all the deliverables of the projects in a synthetic format or in
the full one, a your choice. The CD allows the "navigation" and the possibility to download or
print any of the documents or part of them. Particular emphasis is given to the document
"Guidelines and Recommendations for End Users" (D11.3), which was produced by the Project
Consortium at the very end of the activities, after three years. This document represents the
ultimate result of the project with the aim of guiding End Users in the "jungle" of the methods
and their combined use for the solution of specific problems. All the proposed solutions have
been studied and tested in laboratory and field conditions.
The Guidelines contain, first of all, a short description of the project and of the deliverables, just
to put them in the framework of the research activities. A very important chapter is the one,
which deals with the planning of an investigation, pointing out all the basic principles for a
correct approach to diagnostics in arestoration project.
Particular stress is given to the concept ofthe co-operation in a multi-disciplinary team, which is
absolutely necessary for the success of any project, and particularly in this case. From this point
of view, the approach of the medical intervention is the right one with the differences above
evidenced, where different specialists play their specific roles in the respect of the other ones,
but there is one of them, which decides as leader of the group. In the case of the restoration
project, the last decision is always of the designer, but he has the duty of knowing the general
rules of the other disciplines and using their peculiarities. There is a collection of technical
sheets of the main diagnostics methods, where particular emphasis is given to NDT techniques,
with the purpose of giving a general survey about the available range of them.
The following and bigger chapter of the Recommendations tries to associae to the main
problems encountered in a historic building a diferent levels of application, the right solutions
in tems of diagnostic or assessment approach. For each combination of methods, advantages
and disadvantages of them are depicted, in conjunction with their limits and resolution. It should
be noted that this chapter does not pretend to be exhaustive and complete, but it represents,



without any doubt a first and original approach to the standardisaion ofthe diagnostic protocols.
This standardisation is absolutely necessary to put order in the discipline of diagnostics and can
be a good contribution for the stabilisation of the market of services.

1.3 Some final words about the language

For the problems underlined in the first part of this introduction, the results of diagnostics in the
field of monumental masonry buildings are not always certitudes, even if they can be used
normally with sufficient (and sometimes, extraordinary) utility when they are planned,
processed and discussed in a multidisciplinary team of experts. The document which you are
going to consult is prepared by scientists who are very fond of their work, have spent a lot of
energy in it and they must express certitudes. They have created, in ultimate analysis, a model,
which is, as any model is, a schematic and simplified representation of the reality. There is no
other way for trying to understand a complex phenomenon. They used this language to
communicate their results and they are very conscious that this is only the beginning. So read

the document and particularly the Recommendaions with these considerations well in mind:
you will receive an important contiibution to your work.



2 Description of the project

ONSITEFORMASONRY is a research project funded by the European Commission under the 5"
Framework Progranme 1998-2002 in the Thematic Programme: Energy, Environment and
Sustainable Development and the Key Action: The City of Tomorrow and Cultural Heritage.

2.1 Objectives

The main objective of the project was the development and improvement of methodologies for

the evaluaion of the structure of historic masonry Cultural Heritages.

Buildings, structures and especially Cultural Heritages are major riches of any sodety, but their

maintenance, repair and rehabilitation is very costly and time consuming. The quality of life in

any urban environment is strongly affected by the safety and the functionality of its

infrastructure. Moreover, in the old town centres, full of historical buildings, the problem of

maintaining integral and functional the urban texture requires a continuous work ofconservation

and restoration. It is not infrequent to assist in some cases to such an activity lasting for

centuries. Natural catastrophes like earthquakes or floods and human activities producing

pollution and degradation complete the work of time. Any restriction in the access to public

areas and any loss in the common heritage have a far-reaching effect to the life of the society, to

tourism or public opinion, with unbelievable economical and cultural damages.

For effective restoration and conservation of historic buildings, a detailed assessment of the

structural safety and physical damages of the masonry structure is required, which needs a deep

knowledge of the actual internal constitution (geometries, materials, morphologies). As a matter

of fact, generally, there is not sufficient documentation and the information has to be found ina

case by case integration of historical and diagnostic information.

In the project ONSITEFORMASONRY methodologies have been developed for the evaluation of

historic masonry, which help to enhance the cost/benefit ratio for investigation and diagnosis.

They are based on the following achievements of the project:

=  Typical masonry damages and the most frequent pathologies in each region have been
compiled, identified and summarised in a catalogue of problems and damages.

= Current non-destructive (NDT) and minor-destuctive (MDT) techniques have been
improved / modified for better analysis, prediction and early prevention of environmental
damages of Cultural Heritages (caused by ageing, microclimate, seismic and traffic
vibrations and by dead load) to avoid higher costs in strengthening and repair intervention

= Strategies for effective integration of different techniques for the diagnosis have been
developed, allowing more frequent assessment of Cultural Heritages with lower costs. The
strategy for an effective and useful combination of different NDT and MDT methods was
worked out considering the results of case studies and taking into account the experiences
of the consortium members.

= A positioning system dedicated to tomographic and 3D high resolution echo techniques
allows faster and more accurate performance of measurements

= Software packages for fast and automated data analysis and combined presentaion are
available

* Results and data of the NDT and MDT 4esting were evaluated and used as input for
structural analysis to evaluae the stress state on selected parts of the stucture.

= NDT and MDT -methods have been verified and calibrated at laboratory specimen, which
were specially designed to represent typical features of historic masonry.

=  The developed strategies to assess historic masonry have been tested at Cultural Heritage
buildings in extensive measuring campaigns with participation of engineers, scientist,
historians, restorers, owners of the buildings and other interested parties.

2.2 Project partners

The consortium of the project included partners with complementary roles: equipment
manufacturers (Mala Geoscience, Sweden), developers of NDT methodologies (BAM,
Germany, Politecnico di Milano, Italy, University of Pisa, Italy), NDT and MDT users (BAM,
Geotecniay Cimientos S. A., Spain, University ofPadua, Italy, Slovenian National Building and
Civil Engineering Institute, Slovenia, University of Castilla La-Mancha, Spain, Institute for
Research in Materials and Applications, Slovenia Institute of Theoretical and Applied
Mechanics of the Academy of Sciences of the Czech Republic, Czech), experts for structural
models (University of Castilla La-Mancha, University of Padua) and owners of Cultural
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Properties (Luther Memorial Foundation in Saxony-Anhalt, Germany, Regione Toscana, Italy,
Regional Government of Castilla— La Mancha, Spain, Province of Verona, ltaly).

2.3 Damage Catalogue

First it was necessary to get an overview about the problems, which have to be faced when
dealing with historic masonry. The Standard Damage Catalogue and List of Structural
Typologies and Related Requirements was set up at the beginning of the project and allows a
first estimation of the extent, the cause and the kind of damages and indicates, which of the
available investigation methods can be used for an evaluation. It visualises typical types of
damages and thus helps to identify problems occurring a historic masonry.

The crucial points of the overview are the definition of structural characteristics like
construction typologies (buildings, bridges), structural elements (arch, vault, wall, dome, etc.)
and the classification of damages (e. g. moisture and related damages, erosion and other
damages due to wind and air pollution) together with a compilation of measurement parameters
needed for their characterisation.

2.4 NDT/ MDT methods

The selection of investigation methods depends on the accessibility of the object and its
condition, on the problem to be solved and on many other factors, which only the experienced
investigator can overlook.

The combination of several investigation techniques like ultrasonics, impact-echo, sonics, radar
and some stress estimation methods like flat-jack and hole dilling can give more reliability for
the interpretation of results and for the detection of irregularities like voids, cracks, presence of
moisture and/or salt etc. For exampleifa void is detected by all three methods, the presence of
this irregularity can be regarded with a high level of reliability. Furthermore, it can help to
clarify the morphology of the structure investigated, to give information about the presence of
weakened areas and about the state of stress in masonry structures. In ONSITEFORMASONRY,
methodologies containing various system combinations related to different testing problems
have been tested and evaluated. The limitations of the methods have been investigated deeply in
order to help the user planning the strategies of application in a most reasonable and effective
way.

2.5 Test specimen for calibration and validation

For the calibration and optimisation of the methodologies, several test specimens have been
built. Among some wallspecimens under compressive load for the application of stress
estimation methods, a large historic masonry wal has been constructed at BAM featuring a
diversity of typical materials, stmuctures and inhomogeneities and thus representing several
aspects of real historic masonry. This specimen with the dimensions 7m x 3m x 1.5m has been
planned and constructed in consideration of traditional manufacturing techniques, partly using
historical materials from demolished buildings. It enables investigations under more or less
defined conditions. The detailed documentation during construction permits a reliable
interpretation of the recorded experimental data. The specimen can serve as a reference object
for the validation of NDT imethods and is available for round robin tests.

2.6 Case studies and structural modelling

The strategies for an evaluation of historic masonry, which were developed in the project, have
to undergo comprehensive tests, before they can be incorporated in guidelines or
recommendations. Previous experiences with measurements at real masonry have shown that
very often unexpected difficulties occur because of the distinctive inhomogeneity of many
stonework or mixed technologies structures.

For the performance of on-site calibrations and testing of methodologies, a preliminary selection
of pilot sites has been made considering material (regular brick and stone masonry, masonry
made with irregular stone), typology (single and multiple leaf walls, columns, etc.), deterioration
mechanisms or environmental conditions

The chosen sites (e.g. Wartburg, Altes Museum / Germany, Pisece Castle / Slovenia, Veltrusy
Castle/ Czech Republic, Avio Castle in Trentino, San Alessandro in Lucca, Palazzo Bottagisio
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in Verona/ Italy, Church at Turegano Castle in Segovia and Church at Toro in Zamora / Spain)
allowed the evaluation of the reliability of the results through the comparison with a priori
information and / or with coring or other destructive investigations. The assessment of the pilot
sites includes also structural modelling based on the measured parameters. This is the way of
integrating the NDT techniques considered within the project focusing to the final aim of every
end-user: to determine the actual state and the load carrying capacity by considering data
obtained from NDT and MDT methods.

2.7 Guidelines and recommendations

The project results and achievements are summarised in comprehensive form in the document
“Guidelines and recommendations for the end user”. It was written to help the end user to
understand the general strategies of investigation and assessment in order to achieve a good
cooperation with the responsible workgroups (architects, civil engineers, diagnostics
organisations, archaeologists, and so on).
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3 General recommendations for end users

3.1 Basic principles of planning an NDT/MDT inv estigation

Non-destructive (NDT') and minor-destructive testing methods (MDT) are tools of investigation,
which can be applied without any or with only small interventions in the object to be examined.
These techniques can give hints to irregularities within the historic masonry structure, which is
often inhomogeneous. Irregularities may derive from differences in material or microstructure,
from voids or delaminations, cracks, salt or moisture influence or differences of loading.
Starting at the surface ofthe object NDT and MDT offer possibilities to border problem areas, to
detect structural differences and to amend the reliability of statistic evidence relative to or in
addition to selective material extractions and investigations.

Depending on the particular question and methodology NDT and MDT techniques are useful to
get a first survey of large areas at the beginning of building or restoration projects namely on
structures with defects or damages. It is then possible to investigate surfaces and parts of
protected historic constructions or areas, which are difficult to access, with higher precision.
These techniques can also be applied for long-running observations (monitoring) or be used as
quality-assurance after repair interventions and during historical building researches. Generally
NDT and MDT applications are a part of the global investigation of the building. They do not
replace other investigation techniques completely but in the case of historic monuments NDT
should be preferred to traditional tests on extracted samples when both types of techniques can
solve the problem.

The following general recommendations are based on the experiences gained in the research
project ONSITEFORMASONRY, but also exceed the frame of the project and comply with general
standards of preservation like the [ICOMOS Charter “Prindples for the Analysis, Conservation
and Structural Restoration of Architectural Heritage” (quoted as ICOMOS principles) and the
corresponding “ICOMOS Recommendations for the Analysis, Conservation and Structural
Restoration of Architectural Heritage” (quoted as ICOMOS Guidelines).

The partners of ONSITEFORMASONRY recommend the ICOMOS documents and agree to the
general task “to safeguard the cultural and historical value of the building as whole”. In this
frame “the evaluaion of a building frequently requires a holistic approach” and a multi-
disciplinary investigation strategy (ICOMOS Guiddines, 1).

3.2 Planning the investigation - Conditions precedent to NDT and MDT
applications

The careful preparation of the investigation together with a precise verbalisation of the problem
on the spot is the basic precondition ofevery successful global investigaion and NDT and MDT
application, too. It is necessary to take into account all available precognitions and
documentations about the object of investigation. This can be said for every kind of diagnosis
especially those which are connected with (small) interventions into the building fabric (for
example archaeological interventions and restorer’s cuts).

The question determines the choice of the adequate methodology and strategy as well as the
possibilities of interpretation of the results of the investigaion. Knowing the task of the
investigation as accurate as possible is necessary to get reasonable and reliable results. T herefore
it is essential that the main elements of stocktaking of the building are available and evaluated
before NDT or MDT investigations are started. The stocktaking comprehends all data, which are
based on inspection: the verbal, photographic and graphic documentation and description of the
building or structure (allowance and detailed mapping of the building in terms of a Raumbuch),
also climate measurement reports, descriptions and mappings of damages. The evaluation of all
kinds of archive maerials concerning the building and the region (e.g information about former
earthquakes or floods) is required. Also documents concerning geological, hydrological and
biological conditions should be taken in account. All in all an accurate evaluation of all available
older material concerning the building has to be done in order to limit the technical complexity
and the costs of more extensive researches. The more precise the question is verbalised the
lower the costs are. In each case there are four questions to be answered in order to select the
adequate investigation technique and to develop a fitting investigation strategy:

= Which information do Ineed?

= With what accuracy?

= Which is the method to fulfil my needs?
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= Which decision will I take depending on the test results?

Exact drawings ofthe actual state ofthe building in a larger scale are needed for every NDT and
MDT application to map changes and damages, to determine the investigation area and to
document the measuring traces and the results of the measurements. This is necessary to make
measurements repeatable and interpretable. Especially in the case of questions concerning the
structure of the building precise drawings are indispensable. Therefore it is often necessary to
produce these drawings at first. k makes sense to check the requirements of all involved experts
in the beginning of the building project in order to avoid mistakes of the mapping. If drawings
prove to be insufficient in the course of the preparation ofa building project, they have to be
done once again in alarger scale or more detailed.

Moisture inside the masonty structure may influence the NDT measurements. Some methods (i.
e. like radar and other microwave techniques) do not work properly or only with limited
performance if there is moisture inside the structure. On the other side, these and other methods
are suitable to measure the distribution and concentration ofthe moisture inside the construction.
So, again, the question determines the standard of the investigation and the required information.

3.3 Where is the application of NDT and MDT methods recommended?

The respect for the achievements of the predecessors demands to avoid interventions into
historical structures as far as possible Building fabric of high cultural value and protected
buildings should not be damaged under investigations. Existing older structures or colourings,
which are actually not visible, should not be destroyed. For this reason NDT should be preferred
generally and an iterative approach is recommended (JICOMOS Guidelines). In any case the first
step is the acquisition of all available data concerning the building and its history. Archive
studies do not need any intervention in the historic building fabric. In the same way
mathematical methodologies like structural modelling can be characterised as non-destructive
techniques even if they are based on material characteristics, which are gained from MDT (e. g.
flat jack) and minor invasive investigations (e.g. core extraction).

NDT is a very good means to do afirst survey ofthe possibilities of planned future interventions
or changing of the architecture. If for example the use of the historic building requires a new
entrance, a first investigation about the present state of the structures can partly be performed
with NDT.

Figure 1. Luther House Wittenberg, Germany, Westem gable: situation before and after
erecting the new entrance building. The conplete gable was investigated with radar in order to
detect hidden voids and other irregularities.

Some of the investigation techniques which are described in chapter 4 provide clues to hidden
voids or joints between parts of the building which originate from different building periods.
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Others are useful to find out characteristic data for structural assessment. NDT can be used to
detect hidden elements of the construction as metal anchors or beams or elements consisting of
materials with different properties. Also in cases of a very weak structure when even the
smallest interventions mean high risks as it is the situation after earthquakes or explosion, NDT
is asuitable means for investigation.

It is amatter ofcourse that interventions soon after reconstruction have to be avoided. Therefore
NDT offers possibilities for quality assurance. For example remaining voids, still present after
the performance of injections, can be satisfactorily shown.

The application of some NDT or MDT methods allows moreover area-wide statements about
masonry structures or characteristics of building materials. The results of such investigations
differ from common spot tests like drilling cores, which are carried out to take samples.

Figure 2. Altes Museum Berlin, Radar (left) and flat jack tests.

Therefore NDT and MDT methods are helpful to find out the actual condition inside a historic
construction. This is especialy important if the actual allocation of load is required in order to
avoid a treatment of the ancient building following the lines of modern architectural and
structural rules (compare ICOMOS principles 2.8). Therefore ONSITEFORMASONRY examined
the possibilities and limitations of structural modelling.

On the other hand NDT offers possibilities to identify more or less delicate and worthwhile
areas of constructions if taking samples can not be avoided (e.g to mark out salts inside the
building material). If for example a thermography indicates areas of repair in the plastering
samples for salt analyses could be taken first in these areas. On the one hand the former loss of
plastering could be a damage in itself, caused by salts inside the masonry. On the other hand
newly plastered areas cannot carry historical colourings or other valuable findings. The position
of the borehole in these cases can be freely chosen. In order to determine the minimum number
of boreholes it can be useful to find out first whether the structure of the masonry is in general
more or less homogenous. If for example the radar investigation shows a homogenous structure
the number of boreholes may be reduced. If it appears inhomogeneous the samples should
represent different areas of the construction.
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Figure 3. Wartburg Castle FEisenach, Germany, part of a wall where awalled-up former
entrance could be detected using thermography.

A special field of application of NDT and MDT is the historical investigation. Contrary to
archaeological surveys and restorer' s cuts NDT does not need any intervention into the building
fabric. NDT is therefore suitable as an exdusive methodology to answer historical questions or
to provide the precondition for smaller“traditional” investigations.

In any case it is necessary to measure costs and benefit. NDT and MDT are not necessarily more
expensive than common methodologies of investigation. It has to be decided in individual cases
which technique should be applied. The advantages and disadvantages and the costs have to be
taken into account. So in any case the costs for reconstructions following even small
interventions should be considered. Therefore it is emphatically recommended that the building
owner and/or his architect should at first contact a Network of Expertise. This has to be an
institution, which is working multidisciplinary, possesses a good overview about available NDT
and MDT techniques and has wide experience in historical constructions. Such NDT Networks
of Expertise should comprehend at least an architect and civil engineer familiar with historic
buildings, an architectural historian and a NDT -expert. In the individual case this team should be
supplemented by restorers, experts for building materials, experts for subsoil or building dimate
etc. This multidisciplinary team-work is the most effective way of preparing and applying NDT
and MDT. “The tests should always be carried out by skilled persons able to gauge their
reliability correctly” (ICOMOS Guidelines 2.4). The NDT network helps to find the investigator
and to assess the strategy and the results of the tests.

Out of the panoply of different possibilities of NDT and MDT the adequate methodology has to
be chosen, the singular steps ofapplication have to be defined taking the special situation on site
into account. The technical effort can often be reduced combining different tests, which means
that the application of the testing methods has to be planned carefully and the tests have to be
attuned to each other. Such effects of synergy can be achieved for example when boreholes,
which are originaly dilled for the extraction of material samples, are used again for
videoscopies or endoscopies of the masonry structure. The combination of flat jack and
structural modelling proved to be a suitable instrument to quantify the loads inside a historical
structure (see Report on Case Study Altes Museum: Here, the flat-jack results hint to an
enhanced load at the outer shell of the masonry basement walls in comparison to the more
inhomogeneous interior of the wall). Radar in combination with active themography is
particularly suitable for investigating the stmucture close to the surface (active thermography)
and at larger depths (up to 2 m and more), because in the radargram, reflection form structures
close to the surface are superimposed by the direct surface reflection (see report on the Case
Study Wartburg: The walled-up door could be detected with much more resolution with active
thermography. The modified brick structure behind the plaster could be directly visualised with
the infrared camera after heating the surface).

“Evaluation of the safety of the building should be based on both qualitative (as documentation,
observation, etc.) and quantitative (as experimental, mathematical, etc.) methods that take into
account the effect of the phenomena on structural behaviour” (ICOMOS Guidelines 4.1). In
order to safeguard the historic structure it is often necessary to find out the actual structural
behaviour to get the possibility to reduce inadequate safety factors. (ICOMOS Guidelines 4.1).

3.4 What are the capabilities of the different NDT and MDT methods? What are
their limits?

Chapter 5 describes some typical problems to NDI' and MDT which have been investigated in
the frame of the ONSITEFORMASONRY project. Each methodology is briefly described in Chapter
4. There are also hints given to“traditional” investigation methods like visual inspection, ray of
light or restorer' s cuts, which could be used instead of NDT or in combinaion with it. The
damage catalogue (see 2.3/6.3 and D3.3) specifies typical problems concerning historcal
masonry more detailed. The owner of the building or engineer may find here possible NDT and
MDT methodologies for his own problem.

In many cases the combination of different methodologies leads to problem solving The reports
of the case studies present results from many different NDT and MDT applications (see reports
on Case Studies - D10.2). Starting from the problem the strategy and the results ofthe individual
investigation are documented. At the end of this chapter an address list of NDT-Networks of
Expertise and NDT experts is also given.
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3.5 The selection of the adequate investigation methodology

In order to find out the adequate NDT or MDT method in general one should emanate from the
simplest method that is to be considered. First all available non-destructive methods should be
pondered. Only if those methodologies seem not to be promising more complex ones should be
taken in account. The exhaustive multidisciplinary discussion of the initial situation, of the
results of inspections on site, of archive studies, and of the insights which are additionally
gained by knocking or using ray of light may supersede more complex tests. Or they help to
border the area of investigation as far as possible

Different NDT and MDT methods offer di fferent depths of penetration at different degrees of
resolution. Until now there is no technique available, which interpenetrates masonty structures
of more than 150 cm thickness with an adequate resolution and which can be applied with a
justifiable effort.

3.6 Costs

The costs for each individual method of testing are summarized in D5.1 (see templaes from
D5.1) and estimate the range of prices within EU as they had been scheduled in September
2002. Quoted with the individual NDT or MDT method are the prices for 1 hour of work, the
experience minimum of costs. Additional costs for scaffolds, transporting etc. have to be taken
in account.

3.7 Preparing NDT and MDT applications

The flow chart shows the steps of NDT and MDT applications as part of a global investigation
of a building: data collection and data analysis.

1. Preliminary Investigation

1.1. Preliminary inspection of the building/structure

1.2. Acquisition of the avalable documentation:

= drawings

sketches

= surveys

= expert’ s reports

= climate reports

= etc.

1.3. Chronology of the building history:

= events which may have affected the stmucture and its foundations
1.4. Pictorial survey and photographical survey
1

.5. Stocktaking of the building:
verbal
=  photographical documentation
= drawings
1.6. Organisation and management:
= address list
= gpecial requirements of the owner/client and local authorities

2. Analysis and first interpretation of data
Verbalisation of the existing problem(s) including previous hypothesis about their origins

. Contact to NDT-Network
.1. Verbalisation of the problem
.2. Fixing the cost limit
.3. Determining the time available for investigations
.4. Meeting onsite
Applicable NDT/MDT
Results to be expected, costs, investigation time
.5. Defining the scope of the investigation
Specification of tasks
=  Disposition of a working hypothesis

W WW W

(O]
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=  Choice of the investigator
3.6. Plan for the next phase of detailed daa collection

4. Detailed data collection

4.1. Detailed archive investigation:

= historic drawings and documents

= historic photographs

= archive materias and secondary literature to the history of the building and its use

= historic plannings and concepts, write-offs, contracts and accounts

= documents and records concerning particularly occurrences: fire, war, natural
catastrophes

4.2. General structural assessment:

= static/dynamic actions

=  exceptional actions (e.g earthquakes)

= physio-chemical actions (weather, pollution, fire)

=  biological actions (vegetation)

= materials

= structural elements

4.3. Detailed inspection:

= detailed mapping of the structure and the damages: crack pattern with identification of old
and new cracks, deformations, out-ofplumbness, settlements

5. Analysis and Verbalisation of the problem(s):

Verbalisation of the problem(s) to be solved by testing.
For each problem the following questions should be previously answered by the investigaion
team:
= Which information do I need?
= With what accuracy?
= Which is the method to fulfil my needs?
=  Which decision will I take depending on the results ?
NDT/MDT should be preferred to traditional tests on extracted samples when both types of
techniques can solve the problem.
The Information looked for in documentation, inspection and tests should allow:
= To confirm or invalidate the previous hypothesis about the problem causes
= Toknow the dataneeded for the complete evaluation of the problem extension
= Toestimate the importance of the problem, the possible consequences and the
future evolution

[=2]

. Meeting onsite

Definition of the allowed interventions
Choice of NDT/MDT methods
Fixing the order of investigations

7. NDT/MDT application

(o]

. Analysis of the NDT/MDT results
Revising the verbalisation of the problem
Planning of additiona NDI/MDT tests (if needed go to step 4)
Controlling of the cost limit
Are material extractions needed ? (If yes go to step 9.; if not go to step 10)

. Selected material extractions and laboratory tests
Selected material extractions (if necessary) in clear defined areas

= ©

10. Documentation of results

= Documentaion of the investigation area, the NDT/MDT traces (drawings, photographs),
the material extractions and the laboratory tests

= Interpretation of the individual results

= Merging the individual results
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=  Final tests report

11. Analysis of the general data

=  Revising the verbalisation of the problem
=  Planning of additiona daa collection (if needed go to step 3; if not, go to step 12)
= Controlling of the cost limit

12. Final report

= Documentaion of the monument, the visual inspection and the tests (both on site
= NDT/MDT and laboratory tests)

= Interpretation of the individual results

= Merging the individual results

= Conclusions and proposals of intervention

3.8 Address list of NDT-Netw orks of Expertise and NDT experts

Please see Annex at the end of this document.
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3 Description of the methods

In this chapter some of MDT and NDT methods are briefly described. Each method has been in
short described in following stmucture:

= Aim of test

= Theoretical background

= Picture or sketch

= Short description

= Code (recommendation references)

=  Condition applicability

It should be noted that the aim of testing depending on the presented method has been
previously defined by the responsible partner. Thus, the aim of testing depending on the method
presented in this chapter does not automatically correspond to the recommendations given in the
5" Chapter of this document: Recommendations for different methods for different level of
investigation. The recommendations from the 5" Chapter have been determined according to the
testing results from the on-site campaigns carried out through this project.

4.1 Impact-echo

Aim of the test

=  Determination of the thickness of walls and single leaves

= Detection of detachment of leaves

= Location of voids

= Location of deteriorated areas

= Quantification of cracks

= Correlation of sonic velocity to compressive strength (limited)

Theoretical background

In impact-echo a mechanical point impact is used to generate an acoustical impulse, which
propagates into the concrete. Multiple reflections of low frequency waves between the external
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surface and internal reflectors (ducts, delaminations and defects) are used to measure transient
resonance frequencies and to evaluate structural integiity.

Short description

Impact-echo is a wave propagation-based technique which uses frequency domain analysis for
data interpretation. Frequency spectrum analysis is performed on the waveform obtained from a
mechanical impact applied on the surface of the concrete element. By applying a point impact
on the surface of the test object, a transient stress pulse is generated and propagates into the
concrete as compressional, shear and surface waves. The compressional and shear waves, which
travel through the material, are partly reflected by any internal interface or discontinuity such as
reinforcements, ducts, defects, delaminations. These waves are almost totally reflected if the
second maerial is air, such as in the presence of a void or a the external boundaries of the
element under investigation. Therefore, the prindple of Impact-echo testing is based on multiple
reflections of an acoustical wave impulse between the surface and any internal reflector.

Code/recommendation references

= ASTM C 1383 —98 Standard test method for measuring the p-wave speed and the thickness
of concrete plates using the impact-echo method

Note

The values can not be generalised.
=  Non-destructive

=  On-site applicable

= Contact to surface required

4.2 Active Thermography

Aim of the test

= Localisation of voids and other irregularities in the near surface region (up to 10 cm)
= Localisation of plaster delaminations

= Investigation of the masonry structure behind plaster

=  Detection of moisture in the near surface region

1
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Theoretical background

A thermal pulse is applied to a surface causing a non-stationary heat flow. The propagation of
the heat into the body depends on material properties like thermal conductivity, heat capacity
and density of the inspected specimen. If there are inhomogeneities in the near surface region of
the structural element this will result in measurable temperature differences in the local area of
the surface.

Short description

Impulse thermography (IT') and pulse-phase thermography (PPT) are active appmoaches for a
quantitative thermal scanning of the surface of various structures and elements. The surface of
the structure to be investigated is heated by using a radiation source. After switching off the
heating source, the cooling down behaviour is recorded in real time with an infrared camera.
While observing the temporal changes of the surface temperature distribution with the infrared
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camera, near surface inhomogeneities will be detected if they give rise to measurable
temperature differences on the surface.

The main approach of IT in analysing the thermal data is to interpret the function of surface
temperature versus oooling time for selected areas with and without inhomogeneities. For
solving the Inverse Problem, i. e. to get information about the thermal and geometrical
properties of the detected defect fiom the difference curves, numerical simulations can be
performed.

PPT is based on the application of the Fast Fourier Transformation (FFT) to all transient curves
of each pixel. Thus, one obtains amplitude and phase images for all frequencies. Amplitude
images show the internal structure of a specimen up to a maximum available depth depending
on the frequency (low pass filter behaviour). Phase images show the internal structure within a
certain depth range depending on the frequency (band pass filter behaviour).

Active methods have proven their usefulness for locating defects in the near surface region like
voids and honeycombing in concrete and delaminations of tiles, plaster and glued carbon fibre
reinforced laminates. Fuither developments and applications in civil engineering are using the
sun as anatural heat source, e.g. for the inspections of bridge decks and of paving in general.

Code/recommendation references

= ASTM D4788-03 Standard Test Method for Detecting Delaminations in Bridge Decks
Using Infrared Themography

Note

The values can not be generalised.

=  Non-destructive

=  On-site applicable

= Contact to surface not required

4.3 Ultrasonics (echo and through transmission)

Aim of the test

= Determination of the thickness of walls and single leaves

= Location of voids having sizes in the order of the wavelength of the ultrasonic waves (20 to
100 mm) depending on frequency of the emitted pulses

= Characterisation of cracks (limited)

= Correlation of ultrasonic velocity to compressive strength (limited)

Theoretical background

The method is based on the transmission and/or reflection of ultrasonic waves generated by an
ultrasonic transducer or transducer array. Longitudinal as well as transversal waves can be
generated. The velocity of propagation depends on mechanical parameters of the structure, the
reflection on the contrast of the acoustic impedances at the interface.

Short description

The principle of the ultrasonic echo technique with separated transmitter and receiver is based
on the emission and reflection of impulses generated by a transducer. Inner voids in a specimen
can be regarded as an interface between two different materials (brick/air) for the propagation of
sound and lead to total reflectance of the ultrasound waves. The propagaion time of the
reflection echo is proportional to the depth of the reflector (assuming a constant velocity of
propagation). For several test problems it is advantageous to use transducer arrays and/or to
combine it with a 3D reconstruction calaulation (3D-SAFT, Synthetic Aperture Focusing
Technique).

For tomographic application the transit time has to be measured in different directions relative to
the surface. The inner structure of the building element will influence this transit time. In order
to measure the transit time most accurately, the first arriving point has to be detected.
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Code/recommendation references

= Merkblatt fiir Ultraschall-Impuls-Verfahren zur Zerstorungsfreien Priifung mineralischer
Baustoffe und Bauteile (B4), Deutsche Gesellschaft fiir Zerstorungsfieie Priifung e. V.,
Berlin (1999)

= ASTM C 597 - 83 (91) Standard test method for pulse velocity through concrete

= DIN EN 13296 Bestimmung der Ultraschallgeschwindigkeit (1998)

Note

The values can not be generalised.

= Destructive

=  On-site applicable

= Contact to surface required with coupling agent
=  Contact to surface required

4.4 Single Flat Jack Test

Aim of the test

=  Determination of the state of stress acting in a masonry structure.
Def.: The flat jack is a steel pad which is to be inflated with oil until the slot is tied positively,
i.e. the original situaion is restored, the relative strength can be reconstructed.

Theoretical background

The determination of the state of stress is based on the stress relaxation caused by a cut
perpendicular to the wall surface; the stress release is caused by a partial closing of the cut slot,
i.e. the distance between the edges of the slot after the cutting is lower than before. A thin flat-
jack is placed inside the slot and the pressure is gradualy increased to restore the distance
measured before the cut.
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Short description

In a brick masonty, the cut can be easily made in the horizontal joints. For this type of masonry
a rectangular flat-jack is used (120%240%*8mm / 400%200%8 mm).

The cut can also be made by a steel disk, with a diamond cutting edge. The flat-jack has the
same shape of the cut (350%250*4mm).

Potentiometric linear variable differential transducers or a mechanical meter are used with a
sensitivity of about 0.00 Imm.

Code/recommendation references

=  ASTM C 1196 (1991), Standard test method for in-situ compressive stress within solid unit
masonry estimated using the flat-jack method, Philadelphia, AST M.

= ASTM C 1197 (1991) - Standard test method for in-situ measurement of masonry
deformability properties using the flat jack method Rilem Lum 90/2 Lum D.2 (1990) — In-
situ stress based on the flat jack

=  RILEM Lum 90/2 Lum D.2 (1990) — In-situ stress based on the flat jack RILEM Lum 90/2
Lum D3 (1990)- In-situ strength and elasticity tests based on the flat jack.

Note

The values can not be generalised.
= Minor destructive

=  On-site applicable

= Contact to surface required

4.5 Hole Drilling Method

Aim of the test
= Estimation of the stress field in the surface of stone masonry elements.

Theoretical background

The principal stresses are obtained fiom the effective strains corresponding to the stresses
released by dilling a hole in the stone surface. Strains are recorded by three electrical resistance
strain gages placed in a circumference around the hole.
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Short description

A three strain gage scheme is placed in the selected point and strains are recorded during a
certain period of time before drilling, in order to obtain a good *“zero” reference reading. After
drilling a hole at the geometric centre of the strain gages circumference, strains are measured
again. The effective strains corresponding to the stresses released by drilling are the difference
between the two strain readings (after and before drilling).

Principal stresses are obtained, from the effective strains Ei corresponding to the stresses
released by drilling, and using two constants A and B, which depend on the material mechanical
characteristics and on the geometry of the test.

A and B are determined experimentaly using a calibration test in which a prismatic block
sample is subjected to a uniform uni-axial compression stress. Tests are repeated twice, a first

one before drilling a hole and the second one after drilling it.
The method is a generalization of the test regulated by ASTM E 837-95 for steel structures.

Code/recommendation references

= ASTM E 83795, Standard test method for determining residual stresses by the Hole-
drilling strain gage method”.
= ASTM E 1237-93 (2003), Standard guide for installing bonded resistance strain gages.

Note

The values can not be generalised.
= Destructive

=  On-site applicable

=  Contact to surface required

4.6 Double FlatJack Test

Aim of the test

=  Determination of the deformability characteristics of a masonry.
= Study of the stress-strain behaviour of the masonry.

Theoretical background

Two parallel cuts are made in the masonry, at a distance of about 40 to 50 am from each other.
The two jacks delimit a masonry sample of appreciable size to which a uni-axial compression
stress can be applied. Measurement bases for removable strain-gauge or LVDT's on the sample
face provide information on vertical and lateral displacements. In this way a compression test is
carried out on an undisturbed sample of large area. Several loading-unloading cycles may be
performed at increasing stress levels in order to determine the deformability modulus of the
masonry during loading and unloading phases.

Short description

In a brick masonty, the cut can be easily made in the horizontal joints. For this type of masonry
a rectangular flat-jack is used (120*240*8mm) or rectangular flat jack @00*200*8 mm). The
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cut can also be made by a steel disk, with a diamond cutting edge. The flat-jack has the same
shape of the cut (350%250*4mm).

Potentiometric linear variable differential transducers or a mechanical meter are used with a
sensitivity of about 0.00 Imm.

Measurement bases for LVDTs on the sample face provide information on vertical and lateral
displacements. In this way a compression test is carried out on an undisturbed sample of large
area. Several loading-unloading cycles may be performed at increasing stress levels in order to
determine the deformability modulus of the masonry during loading and unloading phases.

Code/recommendation references

= ASTMC 1196 (1991), Standard test method for in-situ compressive stress within solid unit
masonry estimated using the flat-jack method, Philadelphia, AST M.

= ASTM C 1197 (1991) - Standard test method for in-situ measurement of masonry
deformability properties using the flat jack methodRilem Lum 90/2 Lum D.2 (1990) — In-
situ stress based on the flat jack

=  RILEM Lum 90/2 Lum D.2 (1990) — In-situ stress based on the flat jack RILEM Lum 90/2
Lum D3 (1990)- In-situ strength and elasticity tests based on the flat jack.

Note

The values can not be generalised.
= Minor destructive

= On-site applicable

= Contact to surface required

4.7 Pulse Sonic Test

Aim of the test
= Qualification of the masonty morphology.
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= Detection of the presence of voids and flaws and to find crack and damage patterns; control
the effectiveness of repair by injection technique or where the changes of the physical
characteristics of materials has occurred.

Theoretical background

The testing technique is based on the generation of elastic waves in the frequency range of
sound (20 Hz-20 kHz), by means of mechanical impulses a a point of the structure. The pulse
velocity is related in a homogeneous and isotopic solid to the modulus of elastidty and density.
The relationship is independent ofthe frequency ofthe vibrations. In the case of masonry, due to
its heterogeneity, the pulse velodty qualitatively represents the characteristic of the masonry.

Short description

A signal is generated by percussion with an instrumented hammer or by an electrodynamics or
pneumatic device (transmitter) and is received by means of an accelerometer (receiver), which
can be placed in various positions. The data processing consists in measuring the transit time
between the transmitter and the receiver and in calculating the pulse velocity dividing the
distance between the devices by the transit time. Signals are stored by a waveform analyser
coupled with a computer for further processing. Three types oftests can be carried out: (1) direct
(or through-wall) tests in which hammer and accelerometers are placed in line on opposite sides
of the masonry element, (2) semi-direct tests in which hammer and accelerometers are placed at
a certain angle to each other, and (3) indirect tests in which hammer and accelerometer are both
located on the same face of the wall in a vertical or horizontal line. Generally a grid of
acquisition points is investigated.

Code/recommendation references

= RILEM Recommendation TC 127-MS, “MS.D.1 Measurement of mechanical pulse
velocity for masonty”, (published in Materials and Structures, Vol. 30, July 1997 pp. 463-
466)

= NORMAL 22/86, “Misura in laboratorio e in sito della velocita apparente (o virtuale) di
propagazione del suono (onde longitudinali) nel materiali porosi da costruzione

= ASTM C597-83 “Standard test method for pulse velocity through concrete”

Note

The values can not be generalised.
= Non-destructive
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=  On-site applicable
= Contact to surface required

4.8 Geoelectrical Tomographies

Aim of the test

This technique allows to individuate the presence of anomalies of the resistivity of the masonry
structures, due, for instance, to the presence of moisture or voids.

Theoretical background

The testing technique is based on the generation of electrical current in two electrodes. An
electrical field is generated and from other two electrodes, the electrical potential is measured.
From this information it is possible to get the resistivity of the indagated area.

Short description

The measurements are made by means of a number of mini-electrodes (typically 24-48) placed
along profiles at the surface of the wall. A multi-electrode Georesistivitymeter connects, in
sequence, 4 electrodes at a time and measures the apparent resistivities. Different electrode
arrays can be used: Wenner, Dipole-Dipole, Pole-Dipole, Pole-Pole, etc.By repeating the
measurements with different electrode spacings, it is possible to build up a qualitative image of
the apparent resisitvities under the profile, that is a "Pseudosection"..

By means of an inversion software, it is possible to obtain a quantitative image of the true
resistivities under the surface, that is a Geo-electrical Tomography.

The main technical problem for this kind of measurements is due to the high contact resistances
ofthe mini-electrodes on a masonry surface. It is necessary to use georesistivitymeters with very
high input impedance (10 Mohm or more).
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Code/recommendation references
=  Ministere de I'Industie Sous Direction Qualité-Normalisation, “Applied geophysics of
practice*, 1992

Note

The values can not be generalised.
= Non-destructive

=  On-site applicable

= Contact to surface required

4.9 Micro-Seismic Profiles

Aim of the test

This technique allows to evaluate the sonic velocities along profiles at the surface of a masonry
structure. It can be seen as a transposition of the Refraction Seismic method as a NDT on
masonry.

Theoretical background

The testing technique is based on the generation of elastic waves by mechanical impulses at a
point of the structure. The velocity of transmission qualitatively represents the characteristic of
the masonry.

Short description

Tomeasure the seismic velocities along profiles a number of transducers are fixed to the surface
of the wall. Sonic waves by means of light sources at the ends of the profile. The travel times of
the seismic waves from the source to each transducer are measured and plotted versus the
distance from the source. These graphs are called domochmones. The slopes of the straight
segments of the dromochrones give the velocities of the seismic waves.
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Code/recommendation references

= Ministere de I’ Industrie Sous Direction Qualité-Normalisation, “APPLIED GEOPHYSICS
OF PRACTICE", 1992

Note

The values can not be generalised.
=  Non-destructive

=  On-site applicable

=  Contact to surface required
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4.10 Micro-Seismic Profiles with Shear Waves

Aim of the test

The simultaneous use of P-waves and S-waves technique can allow the discrimination of
different type of "anomalies" in a wall.

The data obtained by this techniques give an important input for the static verification
procedures, also ifattention must be given to transfer the dynamic values ofthe elastic moduli to
the static modelling.

Theoretical background

The testing technique is based on the generation of elastic waves by mechanical impulses at a
point of the structure. The velocity of transmission qualitatively represents the characteristic of
the masonry.

Short description

The method is a variant of the micro-seismic profiling: it is based on the propagation of the
shear (or transversal) elastic waves (S-waves) instead of the pressure (or longitudinal) waves (P-
waves).

The procedure is quite similar, but the excitation tool must produce S-waves (more precisely,
SH-waves) and the sensors must be horizontal geophones.

There are two advantages in using s-waves: due to the smaller wavelength , it is possible to
reach a higher resolution. As the velocity of the s-waves depends from the shear modulus, the
simultaneous use of P- and S-waves allows a complete description of the elastic dynamic
properties of the solid.  The Poisson coeflicient can be derived from the v§/vp ratio.

Code/recommendation references

= Ministere de I’ Industrie Sous Direction Qualité-Normalisation, “APPLIED GEOPHYSICS
OF PRACTICE", 1992

Note

The values can not be generalised.
= Non-destructive

= On-site applicable

= Contact to surface required.
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4.11 Micro-Seismic Tomographies

Aim of the test

The aim is to get an image of the ideal section (tomography) across the wall. This allows to
point out eventual cavities, flaws or layerings in the structure etc. But the most interesting fact
is tha the image shows the variations of the velocity, that depend mainly from the dynamic
elastic moduli of the material.

The daa obtained by this technique not only give a geometrical description of the masonry
structure, but also an important input for the static verification procedures, also if attention must
be given to transfer the dynamic values to the static modelling.

Theoretical background

The testing technique is based on the generation of elastic waves by mechanical impulses at a
point of the structure. The velocity of transmission qualitatively represents the characteristic of
the masonry or the presence of voids.

Short description

The method of sonic tomography is a small-scale variant of the cross-hole time-travel
tomography used in geophysical high resolution investigations. Both sides of the masonry
structure must be accessible. A series ofreceivers (small geophones) is positioned on one side of
the wall and connected to a multi-channel seismograph. On the other side of the wall aseries of
pulses are generated by hitting the surface along a profile in correspondence to the receivers
line. For every shot the arrivals to al the receivers are recorded. The source-receiver rays cover
a section across the wall.

The interpretation consists in a tomographic reconstruction of the distribution of the sonic
velocities across the section (which is divided in pixels). This velocity distribution is expressed,
via graphi cal routines, in a grey-scale or in a colour scale.

Code/recommendation references

=  Ministere de I’ Industrie Sous Direction Qualité-Normalisation, “ APPLIED GEOPHYSICS
OF PRACTICE", 1992

Note

The values can not be generalised.
= Non-destructive

= On-site applicable

=  Contact to surface required

4.12 Shear-waves Micro Seismic Tomographies

Aim of the test

The aim is to obtain a higher resolution in micro-seismic tomography. It is interesting also that it
shows the variations of the shear-waves velocity, that depends firom the dynamic shear modulus
of the material.

The simultaneous use of P-waves and S-waves tomography can allow the discrimination of
different type of "anomalies" in a wall. For instance, an air filled gap will have a quite different

31



aspect in P or S-wave tomographic images. The data obtained by these techniques not only give
a geometrical description of the masonry structure, but also an important input for the static
verification procedures, aso if attention must be given to transfer the dynamic values to the
static modelling.

Theoretical background

The testing technique is based on the generation of elastic waves by mechanical impulses at a
point of the structure. The velocity of transmission qualitatively represents the characteristic of
the masonry.
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Short description

The method is a variant of the “sonic” tomography that is based on the propagation of the
pressure (or longitudinal) elastic waves (P-waves). In this case the shear (or transversal) elastic
waves (S-waves) are used. The procedure is quite similar, but the excitation tool must produce
S-waves (more precisely, SH-waves) and the sensors must be horizontal geophones.

There are two advantages in using s-waves: due to the smaller wavelength , it is possible to
reach a higher resolution, that is, smaller pixels in the tomographic reconstruction.

As the velocity of the s-waves depends from the shear modulus, the simultaneous use of P- and
S-waves allows a complete description of the elastic dynamic properties of the solid. The
Poisson coeflicient can be derived from the vs/vp ratio.

Code/recommendation references

*  Ministere de I’ Industrie Sous Direction Qualité-Normalisation, “ APPLIED GEOPHYSICS
OF PRACTICE®, 1992

Note

The values can not be generalised.
=  Non-destructive

= On-site applicable

= Contact to surface required

4.13 TSS Profiles
Aim of the test

The output of the method is a velocity profile along the depth of the hole The resolution is very
high, specially in detecting low velocity layers.
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It can be used (if a borehole, typically 50-60 mm of diameter, is allowed) when the one of the
surfaces of the wall is not practicable.
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Theoretical background

The testing technique is based on the generation of elastic waves by mechanical impulses at a
point of the structure. The velocity of transmission qualitatively represents the characteristic of
the masonry or the presence of voids.

Short description

Another kind of seismic tomography is the so-called T omographic Seismic Sounding, SST. In
this case the transducers are in a hole drilled in the wall, while the energising points are along
straight profiles a different distances from the hole A triangular section is covered by the
seismicrays. The datatreatment uses algorithms similar to the 2D-tomography. Theresultis a
velocity profile along the axis of the hole. This method gives the variations of velocities with
the highest resolution.

Code/recommendation references

= Ministere de I’ Industrie Sous Direction Qualité-Normalisation, “APPLIED GEOPHYSICS
OF PRACTICE", 1992

Note

The values can not be generalised.
=  Minor destructive

= On-site applicable

= Contact to surface required
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5 Recommendations for different methods for different level
of investigations

Recommendations for different methods for different level of investigations are based on:

= Theresults from WP4 — Methodology development for inspection

= Theresults from WP5 — Methodology development for assessment

=  Theresults from WP7 — New data acquisition systems

= Theresults from WP8 — Integration

= Theresults from WP9 — Structural models and

= Theresults from WP10 — On-site Application and evaluation

The methodology used in individual cases consists of a set of already available methods a well
as newly proposed NDT and MDT methodologies integrated in WP8 and WP 10. Based on the
results of case studies (200 test results at 10 different testing sites), and knowing which methods
are required in the case of individual situations, the methodology is recommended to be used on
the project related level.

The recommendations presented in this chapter are derived through join work and analysis of
test results of all involved partners in the project. They represent the join results of all three
involved groups in this project: experts, structural engineers and owners.

Depending on the problems to be solved the optimum combination of different methods are
recommended following the analysis and limitations presented in the form of tables. For each
type of problem the set of methods and their combinations are presented together with their
limitations. Thus each table consists of:

= Applied technique

= Expected performance and resolution

=  Limitation of the technique

= Diagnosis level

= Restriction of use

=  Notes for recommendation

Following these tables and the results of on-site investigations, the final recommendations
(REC), depending from the type of problem are stated at the end of each sub-chapter.
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5.1 Evaluation of state of stress in compression and elastic properties

Class of theproblems: Mechanical Evaluation of Masonry

Problem: Evaluation of state of stress in compression and elastic properties

Requirements:

= REQ(1): Evaluation of state of stress in compression
=  REQ(2): Evaluation of elastic properties

Technique

Singe flatjack

Hole Drilling

DoubleFlat
Jack

Expected perormances
and resolution

Evaluation of thelocd
state of stress with a
resolution of 0.1 Nfmm2
approximately.

Estimation of the stress
fieldin the surface of
stone dements witha
resoluion given by an
accuracy of he strain
gages of +/- 1ue

Evaluationof the locd
elasic modulus

Limitations

of the technique
The measurementislocal Any, provided he vaue
and only related with jack of the stressis greater

dimension. In case of than the test resdution
multipe  leaves, the

measurementis limited tc

the extemd leaves.

Thechoice of the flat-jack

dimensions and ofthe cut

posiionshouldtakeinto

account the masonry

texture dimensions and

characteristics.

Diagnosis level

The measurementislocal Any, provided he vdue
and supericial Gurface of the stressis greater
stress state). than the test resdution
Masontry is corsidered as

aisotropic materid and

the influence of thejoint

on the anisotropy is

neglected.

The thickness of the

joints incomparisonto

the size of the unils

shouldbe incomparabe

small.

The measurementislocal Any, teking intoaccount
being related to jack the limtafon.
dimersion. In case of

multipe  leaves, the

measurementis limited tc

the extemd leaves. The

dead lcad on top of the

flat jack must equilibrate

the induced state of

stress.

Restriction ofuse

Restricions being lacally
destrucive.

In the case ofirregular
stonewdl thecutshoud
preferably be canied out
in the stones.

Small flatjack tests are
not applicable onlow
stresses stone masonty if
the cutis camed out on
stiff stone dements, as
the measurable released
strain is of 20 pelimited
by the accurecy ofthe
mechanicd
extensometer. The test
does not gve precise
results on masonry
subject tolow stresses,
even ifthis is already a
precious information.

Restricions being locally
destrucive.

The application is limited
to regular store masonry
as thestate of stress in
imegular stone masonry
is rather complex.

It requires acalibration
test performed ona store
block ex tracted from the
structure understudy, to
determine Wwocalibration
constants (A and B).

The test
destructive.
In case of rubble stone
masonry wdls, the
stones mustbe cut

The choice of the cut
posifon is very important.
The test cannot be
canied outwhenstresses
on masony are very low
due to lack of contrast.
Eventudly only low
stresses can beinducted
in order to cdcuate the
modulus.

In laboratory some
problem might cccur
because of the non-

is parialy

Recommendation

A previous control of the
masonry by sonic test ol
other  techriques s
recommended This
woud avad carying out
the test in corresponden:
ce to urknown masonry
defecs or vads thal
could affect the rdiability
of the test.

Fora complete
interpretation o test
results, they shoud be
compared to reference
values obtained from
more or less complex
structural analysis

(ex pected stresses) or
material strength (for
comparison of existing
stresses).

The resuts  may
represent very locd state
of stresses of the testec
unit.

For the complete
interpretation o tests
results, they shoud be
compared to reference
values obtained from
more or less complex
structural analysis

(ex pected stresses) or
material strength (for
comparison of existing
stresses).

More researchis needed
before its
recommendaiion.

A preliminary cortrol of
the masonry by sonic test
or other techniques is
recommended This
woud avaid to cary out
the test in
correspondence of
unknown masonry
defecs or vads thal
could affect the rdiability
of the test.

The main purpose of the
method is i use insitu,
however the calibration
coefficients have tobe
determined toobtain
results comparable with
standardised laboratory
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Technique

Sonic

Prismaiic
Sample
Testing

Cubic and
cylindrical
sample tesing

Expected perormances
and resolution

Qualitative indicaion of
the density properties of
the different areas.

The resduton depends
on masony texure and
on the testpoints’ grid,
(20 cm is the minimum).
A difference insonic
velccity cannot be drecly
related to the presence of
different mateials, only
the fact that an
inhomogeneily is present
can be detected, not the
nature of it.

Evaluation of the elasic
properties and strength
on  (non-standardsed,
prismaic samples cut of
bed mortar pieces teker
from real buildings.
Thespilittingtestcan be
carried out, aswell.

Evaluation of the dastc
properties andstrength
on (non-standardised)
cubic or cylindrical
samples of building
materials taken from real
buildngs.

Limitations
of the technique

The dstribution of
measurementpoints in
the tomographic section
has to be homogeneous.

The properties arelocd
and the method needs
calibration for dfferent
materials. Peculiar
attentionshoud be
directed tothe sampling
modality and quantty.
The sampled material
has to be enough to
produce a prismaic
sample. The testgves
information on the dastic
propetties orly o the
singe material. Up
now, rdiable
relationships between the
behaviour of the masonry
componerts andof wall
are not available.

The properties areloca
even they can be
determined across the
wadlsecion in different
places. The mehod
needs calibration for
different matetals.
Pecuiar attenionshoud
be directed to the
sampling modality and
quantity. The cores

Diagnosis level
Any.
Any with bed

thicker than 15mm

joints

Brick, store elements
and the specimens of the
size of singe bricks or

stonecylindes

Restriction ofuse

sufficientreaction of the
testingframe or the use
of unsuitable constraints.
If double 1atjacks are
used to determinelocd
elasfic modulus (secant),
it is necessary to mutiply
the modulus by a certain
calibration coeficient. Is
valuedepends on
strength of mortar and
height of masoniy
clamped between the wo
flat jacks. (Other
influences came from the
measurementitself and
they are the geometry of
flat jacks and he cut
spacefor insertion of fat
jacks.) Inlaboratory such
coefficients are possible
to obtain by calibration
and comparativetestng.

Restricions on frescos.
The test can not gve
information conceming
the elastic moduus or the
strength of themasonry.

Restricions yied from
the fact that the methoc
is locdly destructive.
Thesample is rarely
alloved.

Thelimitation liesin the
sampling process.
Thestress decrease and
the transportation phase
often damage the sample
itsdlf.

Restricions yield from
the fact that the method
is locdly destructive.
Thesample is rarely
possible.

Thestress decrease and
the transportation phase
often damage the sample
itself.

Recommendation

tests.

For this pumpose, more
research is needed
before its
recommendaion.

The methodology  of
testing in  bendng
provides reasonable
correlation to standarc
test procedure.

More research onsmall
sample conpression
testsis needed before its
recommendaion.

Further researchis
needed i.e tesing of
non-standard samples
requires correlation
coefficients with the
standard tests for
different types of natural
stones or bricks.
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Technique

Sonic + double
flat jack

Verticd micro-
seismic profiles

Micro-seismic
tomography

TSS (velocity
profilingsin
borehole)

Expected perormances
and resolution

Estimation of the
distribution of the dasic
propertiesin a large
dimensionwall.

Thelocd correlation of
mechanicd properties
and sonic velccifies
allows cdibraing the
sonic test on the actud
masonry iypdogy. The
sonic tests can be
repeated on diferent
areas of thewal.

As resuts, an extensive
sonic investigafoncan be
performed on different
areas of thewal, in order
to evaluate thevariaiion
of mechanical
parameters.

Evaluation dynamic
elasic modulus E, fora
“specimen’’ lengh of
severd meters

Qualitative evaluation of
the distribution of
dynamic dastc modulus
E in the tomographic
secfion.

From the high resduton
velccily profie along the
axis of the hole, it is
possibleto evduatethe
dynamic dastc modulus
E.

Limitations

of the technique
shouldbe extractedin the
direction of theload
applied because the
behaviour is not isotropic.
The test gives informaior
on the elastic properties
only ofthe singe
material. Upto now,
reliable relationships
between the behaviour of
the masony components
and ofwall are not
avaiable.

The areachosen for the
locd correlaiion has to be
as muwch representaiive
as possile of the actual
masonry Ex ture.

The masonry
characteristics shoud be
rather uniform in a
verticd strip as longas
the profile

Rather wide range of he
results.

The masonry structure
must be accessible from
both sides

Sensitive to the moisture
contentso addtioral
tests like coring and
powder driling are
required for the correct
interpretation of the
results.

Itis possible to obtain the
velecites of the material

around the hole, up to the
depth of 80% of the hole

Diagnosis level

any

Any, taking intoaccount
the limitaion

Any, taking intoaccount
the limitaion. The
obtainable resdution
depends on the qudity of
the structure.

Any, taking intoaccount
the limitaion.

Restriction ofuse

Thecalibrationis partially
destructive.

The test does not gve
reliable results onlow
stress masaonry.

Any. The new tools allow
to wok also on any
delicate surface

Any. The new ools dlow
to wok also on any
delicate surface.

The resus of the seismic
tomography are tobe
considered carefully; a
different pixel
schematization may give
different impression of
the results..

Restricion of delicate
surfaces (MDT)

Recommendation

Laboratory ex perimentd
research provides some
interestng resuts, which
have certain potentid for
practical applicaion but
more researchis needed
and it is notpossible to
recommend this methods
for general application.

More researchis needed
for the recommendation
of this method.

More researchis nesded
for the recommendation
of this method.

For eachborehole,
different TSS shoud be
performed changng the
direction of the shoot
profiles on the surface.
More researchis nesded
for the recommendation
of this method.
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Recommended procedure

Recommended proc edur es

REC(1): Evaluationof state of
stress incompression:

REC(2): Evaluationof elastic
properties

Technique

Singe flat
jack

Double flat
jack

Recommended by On-site investigation

Pisece: the level stresess were similar to analytically and numericaly cdcuated.

Turégano: estimated stresses were high accordng to experience. But complementary information about
material strength orstructural analysis was lacking; accordingy resulfs are quditaive values, rot directly
interpretable.

Avia size offlatjack is not kig encugh to gererate a measurable strain reease (combinaiion of very rigd
stone irreguar masonry andvery low exisingstresses)

Bottagisio: In the case of a highly heterogeneous masonly it has to be corsidered that the state of stress
measured can belocaly affected by thewal morphology andimegularity. The test posiiion has to be
carefully chosen.

Pisece, Avio, Altes Museum, Bottagisio
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5.2 Control of the effectiveness of the grout injection

Class of the problems: Control of Intervention

Problem: Control of the effectiveness of the grout injection

Requirements:

: Expected performances Limitationsofthe : -
Technique et Ty technique Diagnosis level
Sonic Indicafon of density Any

before and after injection
(from sonic velocity).
Rough informaton on the
modulus of dasfdity if
also fat jack tests are
carried out
The resduion depends
on the masonry texture
and on the grid (20 cmis
the minmum).
Direct visual  Indicaion ofintemd The test is locally Any
inspection by material and layers destruciive.
boroscopy or  compasiion by core For boroscope or
fiberscope or  drilling, by andysing the  fiberscope a hde of mex
videccamera  extractedmaterid and 1 cm dameter may be
inspecting the borehde  sufficient Forvideo
wit fibeiscope or camera a hde must be at
videoccamera. least 4cmin dameter.
DoubleFlat  Evaluationof thelocd The measurementislocal  Any, teking intoaccount
Jack elasic modulus. and only relatedwithjack the limitaion.
dimension. I case of
multiple leaves, the
measurementis limited
the extemd leaves. The
dead loadon top of he
flat jack mustequiibrate
the induced state of
stress.
Sonic indication of density Thecalibrationis slighly  any
transmission  before and after injection  destrucive
+directvisual (from sonic velodity).
inspection The drectvisual
inspection contrds the
effectiveness o the
injection.
Micro-seismic  From thecomparison of ~ The masonry structure ~ Any
tomography  the tomographies must be accessible from

performed before and
after the injecton, it is
possibleto evidence the
effectiveness dof the
grounting. If the
tomographies are
performed both with P-
waves end Swaves, it is
possibleto have some
information of the
effectiveness o the
injection.

Thesynerde of Pwaves

both sides.

Sensitive to the moisture
contentso addtioral tests
like coring and pow der
drilling are required for
the correctinterpretation
of the resuts.

Restriction ofuse

Restricions on frescos.
The test does not gve
information about the
mecharicd effectiveness
of the injection butonly
conceming the grout
diffusion.

Restricion being parially
destrucive.

The evaluationis anly
locd.

Wet process o drilling
may wash outweek lime
mortar particles.

Dust particles may easily
cover thelenses of
boroscopeand
fiberscope, thus the wok
wih videacamera may be
easier.

The test is partidly
destrucive.

In case of rubble stone
masonry wadls, the stones
must be cut.

Restriciions on frescos

Any. The new tools allow
to wok also on any
delicate surface.

The resuts of the seismic
tomography are tobe
considered carefully; a
different pixe
schematisation may give
different impression of the
results.

Recommendation

The test shouldbe camiec
out before and after the
injectionon thesame
measurements paints.

A directvisud inspection
orcoring is recommendec
in order to contrad the
effectiveness o the
injection.

Local measurement by
transmission is more
effective than
tomography.

The test shouldbe carriec
out before and after the
injection.

The test shouldbe carriec
out before and after the
injectionon the same
measurement pants.
The drectvisual
inspection shauld be
accuratey designed,
being partially destrucive
The measurement must
be performed before and
after the injecion.

More researchis needed
for the recommendation
of this method.
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Expected perormances Limitationsofthe

Technique and resolution technique Diagnosis level Restriction ofuse Recommendation
and S-waves tomography
can bevery useful.
Recommended procedure
Recommended proc edur es Technique Recommended by On-site investigation
REC(3): Control of the effeciveness of the groutinjection: Sonic test +directvisud  Recommended from previous ex perience. Note thatlaboratory
inspection investigation conceming the grout irjectability on the sampled

material shoud be aways canied out
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5.3 Presence of vegetation

Class of the problems: Morphological Information
Problem: Presence of vegetation

Requirements:

Well Logging Local measurement of The test is partidly
vegetaion. destrucive.

Recommended procedure

REC(4): Detection of vegetation Use ofwell loggingto evaluate locally the Recommenced from previous ex perience. Resuts
presence of roots inside the wall. are locd.
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5.4 Evaluation of the masonry thickness (e.g. foundation, underground walls, vaults ...)

Class of the problems: Morphological Information

Problem: Evauation ofthe masonry thickness

Requirements:

; Expected perormances
Lzl 1O and resolution
Radarin Indicafon ofthewall
Reflecton thickness wit a

resoluion of 5¢m (in

reflection) dependng on
radar frequency and size
of the masonry structure.

Impact-echo Determination of
thickness of masoniy
wdls
Depth resolution : >1 ¢cm

Coring and Indicaiion onthewall

directvisual thickness by direct

inspectionby ~ measurement.
boroscopy or

fiberscope or

videccamera.

Radar + coring indication of the wall

and directvisud thicknesswit a

inspection resoluion of 5¢m (in
reflection) dependng on
radar frequency and size
of the masonry structure.

Detemination of
thickness of masongy
wals.

Depth resolution :
>1cm

Impact echo
+direct visual
inspection

Evaluationof the
thickness of the masonry
wadlis possible butwih
low resolution.
Evaluation of the depth of
the foundaion can be
easily obtainedby
impedarce tomography
carried out on the sail
very nearthewall.

Geoelectric
tomography

Limitations of the
technique

Possible failurewhen
there is moisture or when
there are no electrical
property variaions.

Diagnosis level

Max imum penetraiion
depth: 0.60 m
Minimum depth o be
detected:0.2 m
Impactor and sensor
needwater resistant
housings

The presence of vads
couldaffect he test.
Thickress of thewadlis
limited, depends on the
moisture content

Good resuts for regular
brickwok (laboratory)
and large homogeneous
stonework (Lucca).
The testis lacaly
destrucive.

possible failure when
there is moisture or when
there are no electrical
property variaions.

Max imum penetraiion
depth: 0.60m

Minimum depth ©o be
detected:

02m

Impactor and sensor
needwater resistant
housings.
Theinvestigation depth is
connectedwiththe lengtt
of the measurement
profile.

Restriction ofuse

The maisture presence
affects the test reliability.
Multipe scatteiing from
inhomogeneous
materials could fal he
test.

The test does not provide
reliable resultsin
presence of intema
unknown defects.

The testis localy
destrucive.
The test is locd.

Any. The new tools allow
to wok also on any
delicate surface.

The resuts of the seismic
tomography are tobe
considered carefully; a
different pixd
schematization may give
different impression of
the resulss..

Recommendation

A cdibration procedure
and a direct contrd are
recommended

A sted plae or any other
material dfferent from
the masony improves
the detecion.

A control or a cdibraion
is needed because
intemal unknown cefects
(e.g. voids) coud affect
the tests meaningfu.
More researchis nesded
before its
recommendaion.

A complementary
technique is
recommendedin order to
control the ex tension of
the result.

The number and the
posiion of the cdibraion
area should be
accurately chosen being
locdly destructive.
Direct visual inspection is
helpful for quantification
of indlusions (size,
material parameters).
The number and the
posiion of the cdibraion
area should be
accurately chosen being
locdly destructive.

Whenworking onwalls
to evaluate the hickness,
impedance tomographies
can be uisedwhenthe
situafonwas
unfavourable for radar.
More researchis needed
for the recommencdation
of this method.
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Recommended procedure

REC(6): Evaluation of masonry thickness: Radar in reflection Pisece, Avio, Vila Litta, Altes Museum, Veltrusy,
Wartburg, Lucca: The evaluaion of masonry
thickness by radar in reflection gained reasonable
results whichwere corfirmed by other drect
measurements anddrilling.

A cdibration procedure and a drectcontrol are
recommended

REC(7): Evaluation of masonry thickness: Coring and drect visual inspecion by boroscopy ~ PiSece, Altes Museum, Vila Litta, Vettrusy:
or fiberscope or videocamera Recommended by end-usess.
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5.5 Localisation of plaster detachments

Class of the problems: Morphological Information

Problem: Localisation of plaster detachments

Requirements:

Technique

Manual
Percussion

Natural
percussion
acousictracing

Natural
percussion
automatic
acousic tracing

Laser Doppler
interferometry

Expected perormances
and resolution
Detection of
delaminations between
masonry and plaster.
Resoluion of spaial
distribution of defects
depends on the mesh of
investigated pants
(typicdly 10 by 10cm),
defectsize resdution
very high —about 4 cn?.

Detection of
delaminations between
masonry and plaster.
Resolution of spaial
distribution of defects
along theinvesigated
lineis of order of the
minimum size of a defect,
in the pempendcular
direction it depends on
the distance of
investigated lines
(typicdly 10cm), defect
size resdutionvery high
—about 4cm2.
Detection of
delaminations between
masonry and plaster.
Resoluion of spaial
distribution of defects
along theinvestgated
lineis oforder of the
minimum size of a defect,
in the pempendcular
direction it depends on
the distance of
investigaed lines
(typicdly 10cm), defect
size resdutionvery high
—about 1cm2.

Detection of
delaminations between
masonry and plaster.

Limitations of the
technique

The measured area must  Any
be accessitle by a

technicien (scaffoldng).
Pointinvestigations. Low
spatid resdution.
Documentation by

marking cetached spois
directly on thewall or

sketches (When
investigatingmasoniy

withwall paintings).

The measured area must Any
be accessitle by a

technician. Lire

investigations. Along the

line avery good spatid
resoluion.

Documentafion by

marking cetached spofs
directly on threwall or

sketches (when
investigatingmasony

withwall paintings).

The measured area must  Any
be accessitle by a

technician. Lire

investigations. Along the

line avery good spatid
resolufion.

A need ofvideo, PC and
special sofware for

evaludion.

Dynamic excitation of the  Any
plasterlayer must be
ensured (mechanical or

Diagnosis level

Restriction ofuse

Method might be linited
on masony withvery
delicate surfaces
(precious or fragile
paintings, frescoes or
mosaic).

The test is too qualitative.

No. Method might be
limited on masony with
delicate surfaces
(precious or fragile
paintings, frescoes or
mosaic).

Photography or video +
PC isneeded.

Method might be limited
on masony with celicate
surfaces (precious or
fragile paintings, frescoes
or mosaic).

Photography or video +
PC is needed.

No. Dynamic excitation
may cause propagation
of defects and therefore

Recommendation

Photography or video +
PC is needed.

The dsadvantage of the
necessity to beincontact
wit the investigated
object remains. Onthe
other hand, this approach
issuitable namely in
case o hard and
polishedsurfaces, where
the thermography usudly
fails.

The mehod is sill under
develgpment and more
research is needed.
Automated acoustic
tracing approachis a
promising method. The
main advantage of this
method is seen inits low
cost. Contemporary
techndogy is still not
sufficientfor on-line
automatic measurements
and evduation. However,
this situationis going
change quickly and the
method has a potenial to
be developedinto a fuly
automated defectsearch.
The dsadvantage of the
necessily to beincontact
with the investicated
object remains. Onthe
other hand, this approach
issuitable namely in
case o hard and
polishedsurfaces, where
the thermography usudly
fails.

Detection of plaster
detachment by means of
surface velccily
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Technique

Thermography

Expected perormances
and resolution

Spatid resdution
excdlent Size resoluion
dependent onexciting
frequencies, ypically
about 4 cm2.

Itis quite ime consuming
and expensive
procedure.

Detection of
delaminations beween
masonry and plaster
Estimation of the
thickness of plasterin
combination with
numericd simdation
The measurement
depends ramely on
physicd characteristics
of the surface as well as
of the substratumlayess,
on the surface qudifes -
namely reflectance and
surface damages.
Theinterpretation of
results requires some
experience anda
detailed documentation
of the measured surface
qualily, at the bestby
means of usud
photography.

Recommended procedure

Recommended proc edur es
REC(8): Localisafon of plaster detachment:

Limitations of the
technique

acousical). For smal
defects highfrequencies
are needed.

The measurementtimeis
dependent on te qudity
of sigral, frequency of
movementand on the
spatid resdution. The
reading time is about one
hour for scanning an
area of about 10 000
points, i.e. asquare of
dimensions of 500mm
by 500 mm at resdution
of 5 mm, or 1000 mm by
1000 mm at resoluion of
10mm.
Surfaceshouldhave
uniform structure
(roughness)
Measurements outside
require constant
environmental condtions:
The area measured
shouldbewindess and
not directed to south or
southwest.

For exteior application
the wind might
complicate the
measurements butmight
be also helpiul
(depending dsofrom the
thickness of the plaster).

Diagnosis level

Technique
Themography

Restriction ofuse

the method might nat be
accepted by the buldng
owner.

The method is disturbed
significantly by moisture
content and this
phenomenon shoud be
further researched
because itcan bring
about both the negative
aswell as positive
effects.

Not suitable for pdished
surfaces.

Recommendation

measurements wsing
laser Doppler
interferometry and
mechanicd excitation of
the wdlis quite ime
consuming and

ex persive procedure.

Direct visual inspection
by boroscopy or
videccamera or
fiberscope shouldbe use
for verification (sufiicient
number of holes are
needed for the
verification).

Manual percussionas
additional method for
verification is required.
Perform the
measurements early in
the moming orlate in the
night.

For exteiior applicaton,
the winter time is more
suitable.

Recommended by On-site investigation
Altes Museum, Wartburg, the resuts shoud be verified by
some other DT technique.
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5.6 Presence of multiple leaves and measurement of the depth of each leaf

Class of the problems: Morphological Information

Problem: Presence of multiple leaves and measurement of the depth of each leaf

Requirements:

= REQ(1): Detection of the Presence of Multiple Leaves
= REQ(2): Measurement of the Depth of each Leaf

Technique

Radarin
reflection orin
tomographic
mode

Sonic
transmission or
tomography

Direct visual
inspection after
locd dismanting

Impact-echo

Ultrasonic
impulse-echo
and tomography

Expected
perrmances and
resolution

Indication onthe
presence and dimension
of leaves with a
resoluion of 5¢m (in
reflection) and a
resoluiion from 10 to 40
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.

indication on the
presence and dimension
of leaves with a
resolufion from 20 to 70
cm depending on velocity
and size of the masonry
structure.

Indicaion onthe loca
presence and dimension
of leaves

Detemination of the
depth and thickness of
the leaves.

Depth resolution:
>1cm

Determination of the
depth and thickness of
the leaves undemeath
templates (for positioring
of the transducers, size
of templak: 0.2 mx 0.3
m

Depth resolution: 20 to
50 mm; spatid resdution
paralld to the surface: 20
to 100 mm (both
dependingon the
wavelength).

Limitations of the
technique

Possible failure when Any
there is moisture or when

there are no electrical

property variaions

between theleaves

Difficultin case ofleaves

made with the same

materials.

Possible failure when Any
there are no elastic

property variaions

between theleaves

Not so accurate for

smaller structural

elements.

Any

Max imum penetraion Any
depth: 0.60 m

Minimum depth o be
detected:0.2 m

Impactor andsensor
needwater resistant

housings.

Airgapsbetveenleafs  Any
lead to 100% refecion
Max . penetration depth
dependingon side
condiions and the
materials.

Minimum depth o be
detected: 0.1 m.
Depending on the
wavelength and the
material.

Diagnosis level

Restriction ofuse

The maisture presence
affects the test reliability.
Multiple scatteing from
inhomogeneous
materials could fal the
test.

Limits are given by very
high masture and sdlt
contens aswél as by
very irhomogeneous
structures.

Restricions on ddlicate
surfaces.

The test by transmission
can seldom recogrise
the preserce of 2leaves.
The presenceof a
detachment coud be
suppaosed by low velccity
that shoud be conimed
by other tests.

The testis localy
destrucive (even ifthe
removed mateial can be
used for other andysis or
replaced after
reconstruction).

The test does not provide
reliable resultsin
presence of intema
unknown defects.
Restricion onsurfaces
whencontact not
alloved.

The test is meaningfu
onlyif theleaves are
detached.

Good resuts for regular
brickwok (laboratory)
and large homogeneous
stonework (Lucca).

Restricion onsurfaces, if
contaminationwith
coupling agent and
grinding of the surfaceis
not allowed (some
transducers).

The peretration depth is
very low incase of
historic masonry.

The test by transmission
can seldom recognise
the preserce of first 2
leaves.

Good resuts for regular

Recommendation

A cdibration procedure
and a direct contrd are
recommended

The daboration
procedure shauld bevery
accurate.

The use of asted plaie
opposite the antenna is
recommendedin order to
the wal hickness.

A cdibration procedure
and a direct contrd are
recommended
Efficientwhen the
extemalleaves are
regular stones and the
intemal is weak rubble.

The number and the
posiion of the inspection
shouldbe accurately

chosen being lecaly
destructve.

A control or a cdibraion
is needed because
intemal unknown cefects
(e.g. voids) coud affect
the tests meaningfu.
More researchis nesded
before its
recommendaton.

A preliminary control is
stricly recessay.

More researchis needed
before its
recommendaion.
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Technique

Radar + direct
visual inspecion

Sonic
trans./tomograp
hy +direct visud
inspection

Impact echo +
directvisual
inspection

Ultrasonic
impulse echo or
tomography +
directvisual
inspection

Micro-seismic
tomography

TSS (velecity
profilingsin
borehole)

Expected
perormances and
resolution

Indicaiion onthe
presence and dimension
of leaves with a
resoluion of 5¢m (in
reflection) and a
resoluiion from 10 to 40
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.
Indicaiion onthe
presence and dimension
of leaves with a
resoluion from 20 to
70cm dependingon
velecity andsize of the
masonry structure.

Determination of the
depth and thickness of
the leaves.

Depth resolution:
>1cm

Determination of the
depth and thickness of
the leaves undemeath
templates (for positioring
of the transducers, size
of templak: 0.2 mx 0.3
m)

Depth resolution: 20 to
50 mm; spatid resdution
paralle to the surface: 20
to 100 mm (both
dependingon the
wavelength).

indication on the
presence and dimension
of leaves with a
resoluion from 20 to
70cm dependingon
velceily andsize of the
masontry structure.

Itis possible to obtain the
presence of muliple
leaves by the variation of
the velocity dong the

Limitationsof the

Pohnie Diagnosis level

Possible failurewhen Any
there is moisture or when

there are no electrical

property variaions

between theleaves.

Only when the ex temd

leaf is regularstone and

the thickness can be

controlled by inspecton

or coring.

Possible failurewhen Any
there are no elastic

property variaions

between theleaves

Max imum penetraiion Any
depth: 0.60 m

Minimum depth o be
detected:0.2 m

Impactor and sensor
needwater resistant

housings.

Interpretation of the

results.

Airgapsbetweenleafs  any
lead to 100% refecion
Max . penetration depth
dependingon side
condifons and the
materials.

Minimum depth o be
detected:0.1 m
dependingon the
wavelength and the
material.

possiblefailure when
there are no elastic
property variaions

the limitaion. The

between theleaves depends on the quality of
Not so accurate for the structure.

smaller structural

elements.

The masonry structure
must be accessible from
both sides.
Thesynerge of Pwaves
and S-waves
tomography can bevert
useful.

Sensitive to the moisture
contentso addtioral
tests like coring and
powder driling are
required for the correct
interpretation o the
results.

Itis possible to obtan the Any, taking intoaccount

velccifes of the matrial  the limitaion.
around the hole, up to

the depth of 80% of the

Any, taking intoaccount

obtainable resdution

Restriction ofuse

brickwok andlarge
homogeneous sionework
(Lucca).

Restricions on deicate
surfaces.

The test by transmission
can seldom recogrise
the preserce of 2leaves.

Restricion onsurfaces
when contect not dlowed

Restricion onsurfaces, if
contamnationwith
coupling agent and
grinding of the surfaceis
not allowed (some
transducess)

The penetration depth is
very low incase of
historic masontry.

The test by transmission
can seldom recogrise
the presence of 2leaves.

Any. The new tools allow
to wok also on ary
delicate surface.

The resus of the
seismic tomography are
to be corsidered
carefully; a dfferent pix
schematization may gve
different impression of
the results.

Restricion of delicate
surfaces (MDT).

Recommendation

The number and the
positon of the cdibraion
area should be
accurately chosen being
locdly destructive.

The calibrationshoud be
accurately cesigned,
being partially
destrucive.

Thecalibrationshoud be
accurately designed,
being partially destrucive

The number and the
posiion of the cdibraion
area should be
accurately chosen being
locdly destructive.

The number and the
posiion of the cdibraion
area should be
accuratey chesen being
locdly destructive.

More researchis needed
for the recommendation
of this method.

Foreachborehole,
different TSS shoud be
performed changng the
direction of the shoot
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aXis of the hole. hole profiles on the surface.
More researchis needed

for the recommencdation
of this method.

Recommended procedure

REC(9): Presence of mutipe leaves and Radar in reflection or in tomographic mode Altes Museum, FiSece, Avio, Villa Litta, Veltrusy,
measurementof the dept of each leaf Wartburg, Lucca, see also restictions and
recommendaions.
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5.7 Presence of inclusions (e.g. metal orwooden elements ...)

Class of the problems: Morphological Information

Problem:. Presence of indusions

Requirements:

Technique

Themovision

Radar

Pachometer

Radar + direct
visual
inspection

Geoelectric
tomography

Expected perormances
and resolution

Mapping d the inclusions
wit a 2D resdufon of 3
cm.

Mapping d the inclusions
wit a resdution of 5cm
(in reflecion) and a
resoluion from 10 to40
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.

Mapping o the metd
inclusions.

Mapping d the inclusions
wit a resdution of 5¢cm
(in reflecion) and a
resoluion from 10 t040
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure

The mehod can indcate
the materid of the
indusions and can be
extended bwide
portions of masonry after
calibrating.

Inclusioncan be spated
if its sizeis hig encugh
(bigger than 25-30cm).
The actual resolution
depends from the quality
and the homogeneity of
the masony

Limitations of the
technique

It gives only anear-
surface information (a
few cm deep), unless the
indusion is not atotally
different mateial (e.g.
steel). Surface should
have uniform structure
(roughness)
Measurements outside
require constant

environmental condtions.

The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no

artificial heat source. The

method can not indicate
the materid of the
inclusions.

Possible failure when
penetrationis precluded
by moisture.

The mehod cen not
indicate the materid of
the inclusiors.

Metal sheets lead b a
100% refecion of radar
waves.

Only in refecion mode.
The method is useful
only for the metd
detection.

The maximum
penetrationis about 15-
20cm.

Possible failure when
penetrationis precluded
by moisture.

Metal sheets lead b a
100% refecion of radar
waves.

Only in refecion mode.

Diagnosis level

Any

Any

Any

Any

A high resistivity anomay Any

can becaused both by a
cavity and a compact
stone dement.

Restriction ofuse

Restricion, when itis nat
possibleto heat the

surface (presence of
frescas etc) orof a

max imum surface

temperature is given.
Theindusion must be

superficid.

The mdsture presence

affects the test reliability.
Multiple scatteing from
inhomogeneous
materials could fail he

test.

no restricons

Any

The resuss of the seismic
tomography are tobe
considered carefully; a
different pixel
schematisation may give
different impression of
the resuls..

Recommendation

A cdibration procedure
and a direct contrd are
recommended

Active thermagraphy is
very well suited
investigate plaster and
the structures behind up
to a depth of mex. 10cm.

A cdibration procedure
and a direct contrd are
recommended

The daboration
procedure should bevery
accurate.

Only when theirclusions
are very different
materials (e.g. steel,
wood).

A preliminary control is
stricly recessay.

The number and the
posiion of the cdibraion
area should be
accuratey chesen being
locdly destructive.
Thecalibrationshoud be
accuratey designed,
being partially
destructive.

More researchis nesded
for the recommendation
of this method.
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Recommended procedure

REC(11): Presence of inclusions (e.g. metal or wooden Themovision Villa Litta, Wartburg, depth ofinvestigationup to 10cm.
elements ...)
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5.8 Masonry inhomogeneity (e.g. variation of masonry, texture, repair interventions ...)

Class of the problems: Morphological Information

Problem Masonry inhomogeneity

Requirements:

Technique

Themovision

Radar

Sonic

Micro-seismic
tomography

TSS (velecity
profiling in
borehole)

Geoelectric
tomography

Expected perormances
and resolution

Mapping d the
inhomogeneity witha 2D
resoluion of 3cm.

Mapping d the
inhomogeneiies with a
resoluion of 5¢m (in
reflection) and a
resoluiion from 10 t040
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.
Mapping o the
inhomogeneities with a
lateral resoluiion of 10
cm (in transmission) and
a resoluion from 20to 7¢
cm (in tomography)
dependingon sonic
velceity andsize of the
masonry structure.
Indicaion onthe
presence and dimension
of the inhomogeneity witt
a resoluton from 20to
70cm dependingon
velecily andsize of the
masonry structure.
Thesynerge of Pwaves
and S-waves tomography
can bevery wseful.

Itis possible to get he
inhomogeneity by he
variation of the velocity
along the ax es of the
hole.

Theinhomogeneity can
be spottedifits size is
big enough (bigger than
25-30 cm). The actual
resoluion depends from
the quality and the
homogeneity of he
masonry.

Limitations of the
technique

It gives only anear-
surface information (a
few cm deep). Surface
should have uniform
structure (roughness)
Measurements ouiside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source.
Possible failurewhen
penetrationis precluded
by moisture orwhen
there are no electrical
property variaions
between masonry and
inhomogeneity.

Possible failurewhen
there are no elastic
property variaions
between masonry and
inhomogeneity.

Possible failurewhen
there are no elastic
property variaions
between theleaves

The masonry structure
must be accessible from
both sides. Sensitive to
the moisture cortent so
additional tests lke
coring and powder
drilling are required for
the comrectinterpretation
of the resuts.

Itis possible to obtain the
velccites of the matrial
around the hole, up to
the depth of 80% of the
hole.

A resistivity anomaly can
be caused bothby a
cavity and a compact
stone dement

Diagnosis level
Any

Any

Any

Any, teking intoaccount
the limitaion. The
obtainable resdution

depends on the qudity of
the structure

Any, teking intoaccount
the limitaon.

any

Restriction ofuse

Restricion, when itis nat
possibleto heat the
surface (presence of
frescas etc) orifa

max imum surface
temperature is given.
Thechange must be
superficid.

The masture presence
affects the test reliability.
Multipe scatteiing from
inhomogeneous
materials could fail he
test.

Restrictons on frescos

Any. The new tools allow
to wok also on ary
delicate surface.

The resus of the seismic
tomography are tobe
considered carefully; a
different pixel
schematisation may give
different impression of
the resulss..

Restricion of delicate
surfaces (MDT).

Any

The resuss of the
geoelectric omography
are to be corsidered
carefully; a dfferent pix €
schematisation may give
different impression of
the results.

Recommendation

A cdibration procedure
and a direct contrd are
recommended

A cdibration procedure
and a direct contrd are
recommended

The eaboration
procedure should bevery
accurate.

More research are
needed beforeits
recommendaton.

A cdibration procedure
and a direct contrd are
recommended

More researchis needed
for the recommendation
of this method.

More researchis nesded
for the recommendation
of this method.

More researchis needed
for the recommendation
of this method.
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Recommended procedure

Recommended proc edur es

REC(13): Masonry inhomogeneity (e.g. variaion of masonry,
tex ture, repairinterventors ...)

Technique
Themovision

Recommended by On-site investigation
Villa Litta, Wartburg, depth ofinvestigationup to 10cm.
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5.9 Presence of detached external leaves

Class of the problems: Morphological Information

Problem:. Presence of detached external leaves

Requirements:

Technique

Radarin
reflection

Singe flatjack

Direct vistal
inspection by
boroscopy
(fiberscope,
videocamera,

)

Impact-echo

Ultrasonic
impulse-echo

Radarin
reflection +
coring and
directvisual
inspection

Expected perormances
and resolution

Mapping of detachment
extension and depth.

Detection of the
detachment by
comparison of the local
state of stress measured
at different depths.

indication on thelocal
detachment.

Detemmination of the
presence of
detachments.

Depth resolution :
>1cm

Detemmination of the
presence of detachments
undemeath templates
(for positioning o the
transducess, size of
template:0.2 mx 0.3 m)
Depth resolution: 20 to
50 mm; spatid resdution
paralld to the surface: 20
to 100 mm (both
dependingon the
wavelength).

Mapping of detachment
extension and depth

Limitationsof the
technique

The detachment mustbe  Any
sufficienty thick (more

than 3mm).

The test can not be Any
extensively applied

because of time and

coss.

The testis locad. Any

Max imum penetraion Any
depth: 0.60 m

Minimum depth o be
detected:0.2 m
Impactor and sensor
needwater resistant
housings.

The depth resdution of
Impact-Echo is not high
enough to detect
detachment of plaster or
thin leaves.

Airgapsbetweenleafs  Any
lead to 100% relecion
Mex . penetration depth
dependingon side
condifons and the
materials.

Minimum depth o be
detected: 0.1 m
dependingon the
wavelength and the
material.

The detachment mustbe ~ Any
sufficienty thick (more
than 3mm)

Diagnosis level

Restriction ofuse

The maisture presence
affects the test reliability.
Multiple scatteiing from
inhomogeneous
materials could fal he
test.

Restricions being locally
destrucive.

Small flatjack tests are
not effecive on low
stresses stone masonty if
the cutis camed out on
resistant stone blocks.
The test does not gve
precise results onlow
stress masanty.

Restricion being parially
destruciive.

Restricion onsurfaces
when contect not
allowed.

The test does not reliable
results in presence of
intemal urknown cefects.

Restriction onsurfaces, if
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transducers)

The peretration depth is
very low incase of
historic masonry.

The test by transmission
can seldom recogrise
the presence of 2leaves.

Thecalibrationshoud be
accuratey designed,
being partially destrucive

Recommendation

A cdibration procedure
and a direct contrd are
recommended

The daboration
procedure should bevery
accurate.

More researchis needed
before its
recommendaion.

A previcus control ofthe
masonry by sonic test or
othertechniques is
recommended This
woud avoid tocarry out
the testin
comespondence of
unknown masonry
defects thatcouldaffect
the reliahility of the test.

A complementary
technique is
recommendedin order to
control the ex tension of
the result.

A control or a cdibraion
is needed because
intemal unknown cefects
(e.g. voids) coud affect
the tests meaningfu.
More researchis needed
before its
recommendaton.

A preliminary control is
stricly recessay.

More researchis needed
before its
recommendaion.

The number and the
position of the cdibraion
area should be
accurately chosen being
locdly destructive.
Thecalibrationshoud be
accurately cesigned,
being partially
destrucive.
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Technique

Impact echo +
directvisual
inspection

Ultrasonic
impulse echo +
directvisual
inspection

TSS (velocity
profilingsin
borehole)

Expected perormances
and resolution
Determination of the
presence of the
detachment.

Depth resolution : >1 cm

Determination of the
presence of detachments
undemeath templates
(for positioning of the
transducess, size o
template:0.2 mx 0.3 m)
Depth resolution: 20 to
50 mm; spatid resdution
paralle to the surface: 20
to 100 mm (both
dependingon the
wavelength).

It is possible to obtain the
presence of detached
extemal leaves by the
variation of the velocity
along the ax es of the
hole.

Recommended procedure

Recommended proc edur es

REC(14): Presence of detached extemal leaves

t';'c';::‘ai:z’;s Elte Diagnosis level Restriction ofuse

Max imum penetraion Any Restricion onsurfaces
depth: 0.60 m whencontact not
Minimum depth © be allowed.

detected:0.2 m

Impactor andsensor

needwater resistant

housings.

Airgapsbetweenleafs  Any Restricion onsurfaces, i

contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some

lead to 100% refection
Max . penetration depth
dependingon side
condifors and the

materials. transducess)

Minimum depth o be The peretration depth is
detected:0.1 m very lowincaseof
dependingon the historic masonry.
wavelength and the The test by transmission
material. can seldom recogrise

the presence of 2|eaves.

Restricion of delicate
surfaces (MDT)

Itis possible to obtain the  Any, taking intoaccount
velccites of the material  the limitaion.

around the hole, up to

the depth of 80% df the

hole.

The detachedextemd

layer must have a

minimum thickness of

about 10 cm (not stitable

for plaster detachments).

Technique
Radar in reflection +coring and drectvisual
inspection

Recommendation

The number and the
posiion of the cdibraion
area should be
accuratey chosen being
locdly destructive.

The number and the
positon of the cdibraion
area should be
accurately chosen being
locdly destructive.

More researchis needed
for the recommendation
of this method.

Recommended by On-site investigation
Altes Museum, Veltrusy, Wartburg, Lucca
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5.10 Presence of voids or chimney flues

Class of the problems: Morphological Information

Problent: Presence of voids or chimney flues

Requirements:

Technique

Radarin
reflection orin
tomographic
mode

Sonic

Themovision

Impact-echo

Ultrasonic
impulse-echo or
tomography

Direct visual
inspection by
boroscopy

Expected perormances
and resolution

Mapping o the voids witr
aresoluion of 5¢m (in
reflection) and a
resoluion from 10 to40
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.
Mapping d the void
posifonwith a resdution
from 20 to 70 cm
dependingon sonic
velecily andsize of the
masonry structure.

Mapping d the void
posiionswith a2D
resoluion of 3cm.

The peretration of the
method is up to 10cm,
whichis less than the
nomal width of brick unit,

Detemination of the
presence of vaids .
Depth resolution : >1 ¢cm

Mapping o the voids
Depth resolution: 20 to
50 mm; spatid resdution
paralle to the surface: 20
to 100 mm (both
dependingon the
wavelength).

Indicaion onthe
presenceand localisatior
of voids

Limitations of the
technique
Possible failurewhen Any
penetrationis precluded

by moisture.

In reflection mode, the
voidsignature might be
confusedwith other type

of inhomageneity.

Sonic velocityin arislov Any
so thatsonic waves tend
to bypass the vads.As a
result the void must be
sufficienty large (in he
order of the tomographic
resoluiion).

It gives only anear- Any
surface information (a
few cm deep). Only voids
and slots close to the
surfacecan be detected:
(diameter of void)/(depth)
>1. Surface shoud have
uniform structure
(roughness)
Measurements ouiside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source.

Max imum penetraiion Any
depth: 0.60 m

Minimum depth o be
detected:0.2 m

Impactor and sensor
needwater resistant

housings.

Large airvaids and Any
cavities lead to 100%
reflection

Max . penetration depth
dependingon side
conditons and the
materials.

Minimum depth o be
detected: 0.1 m
dependingon the
wavelength and the
material.

The testis loce Any

Diagnosis level

Restriction ofuse

The maisture presence
affects the test reliability.
Multiple scatteiing from
inhomogeneous
materials could fal he
testincase of smaller
Voics.

Restricions on frescos.

Restricion, when itis not
possibleto heat the
surface (presence of
frescas etc) orof a

max imum surface
temperature is given.
Thevoidmust be
superficid.

Restricion onsurfaces
when contact not
allowed.

The test does not reliable
results in presence of
intemal urknown cefects.

Restricion onsurfaces, if
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transducers)

The peretration depth is
very low incase of
historic masonry.

Restricion being parially
destrucive.

The test is onlylocd.
Preliminary information is
needed inorder to
choose the locdisation of

Recommendation

A cdibration procedure
and a direct contrd are
recommended

The daboration
procedure should bevery
accurate.

A cdibration procedure
and a direct contrd are
recommended

A control or a cdibraion
is needed because
intemal urknown cefects
(e.g. voids) coud affect
the tests meaningfu.
More researchis needed
before its
recommendaton.

A preliminary control is
stricly necessay.

More researchis needed
before its
recommendaion.

A complemeniary
technique is
recommendedin order to
control the ex tension of
the result.
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Technique

Radar + direct
visual
inspection

Sonic + direct
visual
inspection

Impact echo +
directvisual
inspection

Ultrasonic
impulse echo or
tomography+
directvisual
inspection

Themovision +
directvisual
inspection

Geoelectrical

measurement

Micro-seismic
tomography

Expected perormances
and resolution

Mapping of the voids witt
a resoluion of 5¢m (in
reflection) and a
resoluiion from 10 t040
cm (in tomography)
dependingon radar
frequency and size of the
masonry structure.

Mapping d the void
posifonwith a |ateral
resoluion of 10cm (in
transmission) and a
resoluiion from 20 t0 70
cm (in tomography)
dependingon sanic
velecity andsize of the
masonry structure.
Detemmination of the
presenceof vads .
Depth resolution : >1 cm

Mapping o the voids
Depth resolution: 20 to
50 mm; spatid resdution
paralle to the surface: 20
to 100 mm (both
dependingon the
wavelength).

Mapping d the void
posiionswith a2D
resoluion of 3cm.

Thevoidcan be spotted
if his sizeis big enough
(bigger than 25-30cm).
The actual resolution
depends from the quality
and the homogeneity of
the masony.

Indicaion onthe
presence and dimension
of the vaidwitha

Limitations of the
technique

Possible failurewhen
penetrationis precluded
by moisture.
Thecalibrationis partially
destructive.

Thevoidmust be
sufficienty large (in he
order of the tomographic
resoluion)
Thecalibrationis partially
destructve.

Max imum penetrafion
depth: 0.60 m

Minimum depth o be
detected:

0.2m

Impactor and sensor
needwater resistant
housings.

Airvads and caviiies
lead to 100% refeciion
Max . penetration depth
dependingon side
condifons and the
materials.

Minimum depth o be
detected: 0.1 m
dependingon the
wavelength and the
material.

It gives only anear-
surfaceinformation (a
few cm deep). Only voids
and slots close to the
surface can be detected:
(diameter of void)/(depth)
>1. Surface shoud have
uniform structure
(roughness)
Measurements ouiside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source.

A vad gives the same
anomaly of avery
resisive materid.

The masonry structure
must be accessible from
both sides.

Diagnosis level

Any

Any

Any

Any

Any.

Any, teking intoaccount
the limitaion. The
obtainable resdution

Restriction ofuse

the boroscopy.

Thecalibrationshoud be
accuratey designed,
being partially
destrucive.

Restricions on frescos.
The calibrationshoud be
accurately designed,
being partially
destrucive.

Restricion onsurfaces
whencontact not
allowed.

Restricion onsurfaces, if
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transduces)

The peretration depth is
very low incase of
historic masonry.

Restricions on frescos if
heatingis necessary.
Thecalibration shoud be
accuratey designed,
being partially destrucive
Thevoidmust be
superficid.

Thecalibrationmay be
partially destrucive.

Any. The new tools allow
to wok also on ary
delicate surface.

Recommendation

The number and the
posiion of the cdibraion
area should be
accuratey chosen being
locdly destructive.
Thecalibrationshoud be
accurately designed,
being partially
destrucive.

The nunber and the
posiion of the cdibraion
area should be
accurately chosen being
locdly destructive.

The nunber and the
posiion of the cdibraion
area should be
accuratey chesen being
localy destructive.

A cdibration procedure
and a direct contrd are
recommended
Thesurvey (position and
direction) shoud be
accurately cesigned.
The daboration
procedure should bevery
accurate.

More researchis needed
for the recommendation
of this method
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Expected perormances Limitationsof the

Technique and resolution technique Diagnosis level Restriction ofuse Recommendation
resoluion from 20 to Sensitive to themoisture  depends on the qudity of The resus of the seismic
70cm dependingon contentso addtional the structure. tomography are tobe
velecily andsize of the  tests like coring and considered carefully; a
masonry structure. powder drilling are different pixe
Thesynerge of Pwaves required for the correct schematisation may give
and S-waves tomography interpretation o the different impression of
can bevery wseful. results. the results..
Recommended procedure
Recommended proc edur es Technique Recommended by On-site investigation
REC(15): Location of voids or chimney flues Radar in reflection +coring and drectvisual Altes Museum, Vetrusy, Wartburg, Lucca, PiSece
inspection
REC(16): Location of voids or chimney flues Sonic + direct visuad inspection Pisece, Avio, Bottagisio
REC(17): Location of voids or chimney flues Direct vistal inspection by boroscopy
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5.11 Presence of different materials (e.g. use of different construction materials in plasteredwalls)

Class of theproblems: Morphological Information

Problem:. Presence of different materials

Requirements:

Technique

Radarin
reflection

Sonic

Themovision

Direct visual
inspection after
coring

Radar + direct
visual

inspection

Sonic by
transmission +
directvisual

Expected perormances

and resolution

Detection of the transitior

from different mateials.

Detection of diferent
materials from velccity
variations.

mapping d the dfferent
materials witha 2D
resoluiion of 3cm.

Indicaion onthe locd
materials.

Detection of the dfferent
materials.

Detection of the dfferent
materials.

Limitations of the
technique

Possible failure when
there are no electrical
property variaions
between the dfferent
materials.

Possible failure when
there are no elastic
property variaions
between the dfferent
materials.

A difference insonic
velccity cannot be
directly related to the
presence of different
materials, orly the fact
that an innomogeneity is
present cen be detected,
not the nature ofit.

It gives only anear-
surfaceinformation (a
few cm deep). Surface
should have uniform
structure (roughness)
Measurements oufside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source. The
method cen not indicate
the materid of the
inclusions.

The testis local.

Possible failure when
there are no electrical
property variaions
between the dfferent
materials.

Possible failure when
there are no elastic
property variaions

Diagnosis level

Any

Any

Any

Any

Any

Any

Restriction ofuse

The masiure presence
affects the test reliability.
Multipe scatteiing from
inhomogeneous
materials could fal he
test incase of smaller
Voids.

Restricions on frescos.

Restricton, when itis nat
possibleto heat the
surface (presence of
frescos etc) or of a

max imum surface
temperature is given.
Heatingcan cause
tension in the plaster and
lead to ddamination
problems.

Thechange must be
superficid.

Restricion being parially
destrucive.

The test is onlylocd.
Preliminary information is
needed inorder to
choose the locdisation of
the boroscopy.
Thecalibrationshoud be
accuratey designed,
being partially
destrucive.

Restricions on frescos.

Recommendation

A cdibration procedure
and a direct contrd are
recommended

The eaboration
procedure should bevery
accurate.

More researchis needed
before its
recommendaion.

A cdibration procedure
and a direct contrd are
recommended

Succesfuly appliedin
VilaLitta, Altes Museum
and Wartburg.

A complemeniary
technique is
recommendedin order to
control the ex tension of
the result.

The number and the
posiion of the cdibraion
area should be
accurately chosen being
locdly destructive.
Thecalibrationshoud be
accuratey designed,
being partially
destructive.
Thecalibrationshoud be
accurately designed,
being partially
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. Expected perormances
e and resolution

inspection
Themovision +

directvisual
inspection

Mapping d the dfferent
materials witha 2D
resoluiion of 3cm.

Indicaion onthe
presenceof different
materials witha
resoluion from 20 to
70cm dependingon
velecily andsize of the
masonry structure.
Thesynerge of Pwaves
and S-waves tomography
can bevery useful.

Micro-seismic
tomography

Geoelectric
tomography

The presence of diferent
materials can be spotted
if his sizeis big enough
(bigger than 25-30cm).
The actual resolution
depends from the quality
and the homogeneity of
the masony

Micro-seismic
profiles

Thevariation of velocity
profilecan be due to the
presence of different
materials

Recommended procedure
Recommended proc edur es

REC(18): Presence of different materials (.g. use of difeerent

constrnctionmaterids in plasteredwals)

Limitations of the

technique Diagnosis level
between the dfferent

materials.

It gives only anear- Any

surfaceinformation (a
few cm deep). Surface
should have uniform
structure (roughness)
Measurements oufside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source. The
method cen not indicate
the materid of the
inclusions.

Possible failure when
there are no elastic
property variaions
between the matrials.
The masonry structure
must be accessible from
both sides.

Sensitive to the moisture
contentso addtioral
tests like coring and
powder driling are
required for the correct
interpretation of the
results.

Possible failure when
there are no significant
resisivity.

Variations between the
materials.

Sensitive to the moisture
contentso addtioral
tests like coring and
powder driling are
required for the correct
interpretation o the
results.

Favourable for“laiera?  Any, teking intoaccount
variations, that is material the limitafion

changes under the

plaster.

Any, taking intoaccount
the limitaion. The
obtainable resdution

depends on the quality of
the structure

Any

Technique
Sonic test

Restriction ofuse Recommendation

destructve.

Restricions on frescos if
heatingis necessary.
Thecalibration shoud be
accuratey designed,
being partially destrucive
Thechange must be
superficid.

Any.The new tools allow  More researchis nesded
to wok also on ary for the recommendation
delicate surface. of this method.

The resuss of the seismic

tomography are tobe

considered carefully; a

different pixel

schematisation may give

different impression of

the results..

Any More researchis needed
The resuts of theseismic  for the recommendation
tomography are tobe of this method.
considered carefully; a

different pixel

schematisation may give

different impression of

the resuls..

Any.The new tools allow  More researchis nesded
to wok also on ary for the recommendation
delicate surface of this method.

Recommended by On-site investigation
Avio, Bottagsio, Pisece. A cdibraion procedure and a drect

control are recommended.
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5.12 Presence of an hidden crack pattern

Class of the problems: Morphological Information

Problent: Presence of an hidden crack pattern

Technique
Radar

Sonic

Ultrasonic
impulse-echo
and/or
tomography

Ultrasonic
(surface test)

Crack pattem
survey (direct
inspection)

Radar by
reflection +
crack pattem
survey

Sonic
transmission +

Expected perormances
and resolution
Detection of main
fractures by reflection;
Mapping o areas
affected by dffused
cracks by reflectionor by
attenuation tomography
wit a resdution from 10
to 40 cm dependng on
radar frequency and size
of the masonry structure.

Mapping d areas
affected by cracks by
transmission or by travel
time and dtenuaiion
tomography with a
resoluiion from 20 070
cm depending on sonic
velecity andsize of the
masonry structure.
Detection of fractures.
Mapping o fractured
areas.

Depth resolution: 20 to
50 mm; spatid resdution
paralld to the surface: 20
to 100 mm (both
dependingon the
wavelength).
Ultrasonicis more
sensitive tocracks and
much less sersiive to
moisture and sdt
content.

Estimate of penetration
depth of cracks
orthogonal to he surface

Mapping of the surface
crack pattem

Detection of man
fractures and mapping of
areas affected by
diffused cracks by
reflection

Mapping o areas
affected by cracks by

Limitations of the
technique
Possible failurewhen Any
penetrationis precluded

by moisture.

Only for regular brick and  Any
stone masonry.

Othemise, the resulis

may be orly qualitative.

Airvads and caviiies Any
lead to 100% refecton.
Max . penetration depth
dependingon side
condifons and the
materials.

Minimum depth o be
detected: 0.1 m
Depending on the
wavelength and the
material

Only applicableon single Any
blocks because mortar
joints produce high
attenuation.

Any

Possible failurewhen Any
penetrationis precluded
by moisture.

Any

Diagnosis level

Restriction ofuse

The maisture presence
affects the test reliability.
Multiple scatteiing from
inhomogeneous
materials could fal he
test.

Effecive anly on the
comers of very massive
wadls with homogenous
structure andwhen the
cracks are paralel to the
antenna.

Restricions on frescos

Restricion onsurfaces, if
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transducers)

The peretration depth is
very low incase of
historic masonry.

Only for single blocks.

Restricion being parially
destrucive.
The testis only locd.

Thecalibrationshoud be
accurately designed,
being partially destrucive

Restrictions on frescos

Recommendation

A cdibration procedure
and a direct contrd are
recommended
Thesurvey (posttion and
direction) shoud be
accuratey designed.
The daboration
procedure should bevery
accurate.

More researchis nesded
before its
recommendaion.

A cdibration procedure
and a direct contrd are
recommended

More researchis nesded
before its
recommendaion.

A preliminary control is
stricly necessay

The technique is very
efficient and
indispensable.
However, itis possible
only afer the plaster
removal.

A complementary
technique is
recommendedin order to
control the ex tension of
the result.

The nunber and the
posiion of the cdibraion
area should be
accuratey chesen being
localy destructive.
Theccalibrationshoud be
accurately cesigned,
being partially
destrucive.
Thecalibrationshoud be
accurately designed,
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Technique

crack pattem
survey

Ultrasonic
impulse echo +
crack pattem
survey

Radar +
ultrasonic
impulse echo +
crack pattem
survey

Crack pattem
survey +
ultrasonic

Radarand
thermography
(+sonic)

Micro-seismic
profiles
TSS (velocity

profilingsin
borehole)

Expected perormances
and resolution
transmission

Detection of fractures.
Mapping o fractured
areas.

Depth resolution: 20 to
50 mm; spatid resdution
paralle to the surface: 20
to 100 mm (both
dependingon the
wavelength)

Detection of fractures.
Mapping o fractured
areas.

To detect areas behind
larger metallic inclusions
orshidds /covers with
Ultrasonic

To detect areas behind
larger voids with Radar
Cracks: large cracks can
be detected faster with
Radar; smaller cracks
can be detectedmore
detailedwith Utrasonic
Mapping d the surface
crack pattem and
evaluation ofmain
fracture penetration

Detemination of possible
distortions ofa measured
signd/respnse due to
origin and distribution of
cracks inmasonry.

Thejump of the
domochrones is due to
the presende o a crack
Itis possible to obtain the
presence hiddencrack
by the variation of the
velceily along the axis of
the hole.

Resoluionis very high.

Recommended procedure

Limitations of the

technique Diagnosis level

Airvads and cavies Any
lead to 100% reflecton.
Max . penetration depth
dependingon side
condifions and the
materials.

Minimum depth o be
detected:0.1 m
Depending on the
wavelength and the
material

Possible failure for radar ~ Any
when penetration is
precludedby masture.

Max . penetration depth
dependingon side

condifons and the

materials.

Penetrationcan be Any
estimated only onsingle
blocks because mortar

joints produce high
attenuation.

To beinvestigated Any.

Easily detecied crack Any
pattems under mortars.
Not for deeper areas.

Itis possibie to obtain the Any, taking intoaccount

velecifies of the material  the limitafion.
around the hole, up to
the depth of 8% d the

hole

No recommended procedure for this type of problem.

Restriction ofuse

Restricion onsurfaces, it
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transduces)

The peretration depth is
very low incaseof
historic masonry.

Itis applicable only on
singe blocks.

Restricion onsurfaces, it
contaminationwith
coupling agent and
grinding ofthe surfaceis
not allowed (some
transducess)

Only for single blocks.

The masture presence
affects the radar test
reliability andmuliple
scatteing from
inhomogeneous
materials could fal he
test.

The thermovision is only
superficid.

Any. The new tools allow
to wok also on ary
delicate surface

Restricion of delicate
surfaces (MDT)

Recommendation

being partially
destruciive.

More researchis needed
before its
recommendaion.

The number and the
posiion of the cdibraion
area should be
accurately chosen being
locally destructive.

The number and the
posiion of the cdibraion
area should be
accuratdy chesen being
locdly destructive.

The calibrationshoud be
accuratey designed,
being partially
destrucive.

A cdibration procedure
and a direct contrd are
recommended
Thesurvey (position and
direction) shoud be
accurately designed.
The daboration
procedure shauld bevery
accurate.

More researchis needed
for the recommendation
of this method.

More researchis needed
for the recommendation
of this method.
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5.13 Moisture detection, evaluation of the moisture and salt content, control of the effectiveness of
dehumidification intervention

Class of the problems: Moisture

Problen: Moisture detection, evaluation of the moisture and salt content, contol of the effectiveness of dehumidification

intervention

Requirements:

= REQ(1): Detection of the Presence of Moisture
=  REQ(2): Evaluation of the Moisture and Salt Content

=  REQ(@3): Contwl of the Effectiveness of Dehumidification Intervention

Technique

Themovision

Radar

Powder drilling

Borehole
microwaves

Moisture meter
+
Thermohygrom
eter + Powder
driling

Expected perormances
and resolution

Qualitative indication of
the 2D distribuiion of
moisture with a resoluior
of 3cm.

Qualitative indications of
the 2D and 3D maisture
distributionwith a
resolution from 10 to50
cm.
Measurementtolerance
is toobig.

Local measurement of
moisture with a resoluior
in depth of2 cm.
Resoluion for masture
content 1 3 Vd %

The sampled material
can be analysedin
laboratory in order to
recognise the ype ofsalt
and its content.

Depth-resolved lacal and
quantitaiveindcafon of
the moisture content and
distribution dong the
thickness of trewall
Resoluion for masture
content: 1to 3 Va%
Depth resolution: 1to 2
cm.

The sampled material
can be analysedin
laboratory in order to
recognise the ype ofsalt
and its content.
Detemmination of the 3D
distribution of the
moisture contentby
punctud registration of
the electric resistivity of
the materids, that is

Limitations of the
technique

It gives only a2D Any
distribution of moisture
on the ex plored surface.
Uniform structure
(roughness)
Measurements oufside
require constant
environmental condtions:
The area measured
shouldbewindess and
directed tosouthor
southwest, if thereis no
artificial heat source.

High moisture andsdt ~ Any
content reduce the

penetration depth

drastically.

The friction of the drill bit ~ Any
causes thermd energy

that mightlead o a lower
moisture content

The test is partidly Any
destruciive (requires o
parallel boreholes,
diameter 12 mm,
distance 5¢m)

Depends onthe strengh
of the materid, coring
must be possiblewithlow
pressure withoutwater
cooling. Maximum depth
2m.

Indirect method to Any
determine the moisture

content by measuring the
electric resistivity

(function o the maisture
content and ever facor

Diagnosis level

Restriction ofuse

Restricton, when itis nat
possibleto heat the
surface (presence of
frescos etc) orof a

max imum surface
temperature is given.
Heatingcan cause
tension in the plaster and
lead to ddamination
problems.

The testis only
qualitetive.
Better on sdidmasaonry.

The test is loca and
partially destrucive
Compactstones coud be
hit the driller and
underestimate the
moisture content

Restricionin conneciion
of destruciive
investigation methods
(boreholes are required).
Up to now there are not
calibrationlaws between
the didectric properties
and the maisture content.

There are not precise
and directcdibration
laws between resistvity
and eachmaterid, so
that the maisture content
must beverified in

Recommendation

Withlimited success
applied inPiSece, Altes
Museum, Wartburg, Avio
and Veltrusy.

More researchis nesded
before its
recommendaion.
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Technique

Thermo-
hygrometer

Radar +
Powder drilling

Expected perormances
and resolution

function of the moisture
content, in different
points of the structure (or
the surface and inside
the structure).

The resduton of the 3D
moisture content
distribution depends on
the number and
distribution of the
moisture meters

The metod does not
giveinformaion on the
salt iype and content.

Punctud or continucus
registration (equipment
with automated data
acquisiton) of
temperature, relative
humidity, masture
content and dew inthe
airin pants distributed at
different height and deptt
inside (on a bored hole)
and outside (ambient) of
the structurestructura
element.

Itis asupporing
technique for the
interpretation o data of
moisture meters.

The tests does not give
information on the salt
type andcontent

2D and 3D map of
moisture contentwith a
resoluiion from 5 to 40
cm depending on radar
frequency and size of the
masonry structure.

Ex pected sensivity f
radar to moisture
content:

5Vol%.

The sampled material
can be analysedin
laboratory in order to
recognise the ype ofsalt

Limitationsof the
technique

that infuences the
electric conductivity of
the materids (sds,
compasifon,...)), only
applicable if oher
parameters are invariable
(generic irformation).

No automated data
acquisiion.

The resdufon of the3D  Any
distribution of the
ambientcondtions on
the structure depends on
the number of
measurementpoints.
Sometimesit is
necessary tobore a hde
toinsert a
thermohygrometerinside
the structure and closeit
hemeticdly. Leaving it
there for the time
necessary toachieve the
equilibiumwith the
ambient, arough
evaludion ofthe
moisture contentis
possible.

The friction of the drillbit ~ Any
causes therma energy

that mightlead o a lower
moisture content

Diagnosis level

Restriction ofuse

laboratory by e.g. powder
drilling technique.
Thermohygrometer, that
registers emperature,
relative humidity,
moisture contentand
dew in the arto
determine the ambient
condifors andits
evoluion,is necessary
as supporting technique
for the interpretation of
data of maisture meters.
If the materid is very
inhomogeneous, the
interpretation of datais
more difficult
Condensation of water
inside the structure can
disturb the
measurements.

The test is locdly
destrucive, if the
evaluation ofthe
moisture contentinside
the masony is
requested, s itis
necessary tobore a hde
toinsert a
thermohygrometerinside
the structure and closeit
hemeticaly.

The test is lacaly
destructive, if the
evaludion ofthe
moisture contentinside
the masony is
requested.

Thecalibrationis partially
destruciive.

Recommendation

A cdibration procedure
and a direct contrd are
recommended
Thesurvey (posttion and
direction) shoud be
accurately designed.
The eaboration
procedure should bevery
accurate.
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and its content.

Recommended procedure

REC(19): Moisture deteciion, evaluation of the maisture and
saltcontent, contrd of the efieciveness of dehumidfication
interventon.

Powder drilling Avio, Pisece, Aites Museum, Vetrusy: Asufficient number of
tests shoud be evaluated.
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5.14 Structural monitoring: origin and ev olution of cracks

Class of the problems:Structural Monitoting
Problent: Structural monitoring: origin and evolution of cracks

Requirements:

= REQ(1): Inspection and Documentation of Visible Cracks
= REQ(2): Control of theCrack Pattern Evolution
= REQ(3): Support Activity to the Interpretation of the Origin of Cracks

Expected perormances Limitationsofthe

Technique e technique Diagnosis level Restriction ofuse
Visal Quantitative vaues of the Different accordingto Any No
inspectinand  dimensions of cracks type of structure or
crackpattem  (width, lengh and buildng.
survey possibly depth), their
indinaiion and
locdisation in the
structure/structural
element.
Gypsum or Short-term instebility of ~ No information about Any Restricions yield from
glass strips crack movement. evoluionin time cousse. the fact that the method
The evaluationis very Locally destnuctive for is localy destructive for
rough and approximate.  plasterlayes. plastess.
The evaluationis very The evaluationis very
rough and approximate rough and appraximate.
Glass strips canbe easily The progress of the
broken also dueto structural damage could
severe temperature. not be evauatedin ime.
Micrometric Quantitative values of Accessiblity to he crack  Any Restricionin the case of
lens movementof masonry  has to begiven. frescoedsurfaces.
blocks separated by No automated cata The resduion is very
cracks inthe course of ~ acquisiion (periodically low. The progress of the
time. Resoluion of 005  inspections onsite). structural damage could
mm. No automated data not be evaduatedin ime.
processing.
The resduton could be
not enough.
Mecharicd Quantitative vaues of Accessilility to he crack  Any Restricionin the case of
extensometers movementof masonry  has to begiven. A need frescoedsurfaces, where
blocks separated by of access to the the permanent brass
cracks inthe course of ~ monitored place during bases can not be gued.
time. Resoluton of 0.001 the whole peiiod of However, sometimes the
mm. monitoring, regular importance of the
inspection visits. structural problemcan
No automated data justify the insertion o the
acquisiion (periodcally fixed demert.
inspections onsite). They canbe vely smal
No automated data (¢ 8-10 mm).
processing
Electricd Quantitative vaues of Thesensos are vely Any Restricionin the case of
extensometer  movementof masonry  sensitive against frescoedsurfaces, where
(LVDTs) blocks separated by instabilities. the pemanent dements
cracks inthe course of  Accessibility to the crack can not be glued
time. has to be givenwhie However, sometimes the
The resduton and the posifioning the sensors, importance of the
sensorsensibility can be  further automated data structural problemcan
variable, accordingto the acquisiion. justify the insertion o the
monitored problem. No automated cata fixed eemert.
processing.
Electrica Quantitative vaues of Accessitility to he crack  Any Restricionin the case of
extensometers  movementof masonry  has to begivenwhile frescoed surfaces, where
(LVDTs) blocks separated by positioning the sensors, the permanent dements
connectedtoa  cracks inthe course of  further automated data can not be glued
PC time. acquisionincluding the However, sometimes the

Recommendation

At least 1year and half
shouldbe considered in
order to take into account
the thermal variaion.

At least 1yearand haf
shouldbe considered in
order to take into account
the thermal variaiion.

At least 1yearand haf
shouldbe considered in
order to take into account
the thermal variaiion.

At least 1year and hdf
shouldbe considered in
order to take into account
the thermal variaion.
The managingand the

65



Technique

Leveling

Tiltmeter

Damage
mechanism
scenafos

Structural
analysis modd

Singe FlatJack

Expected perormances
and resolution

The resduion and he
sensorsensibility can be
variable, accordingto the
monitored problem.
Automated data
processing.

Thesystem is often very
complex andto monitor
severd parts of he
structure.

It can be completed by
further equipmenis, such
as the onefor the
dynamic control ofthe
structure, wind and/or
environment
measurement {vibraion,
temperature,
humidity,...). In this last
cases the measured
quantitaive values can
be directy related to
physicd phenomena
such as, temmperature anc
relative humidity
variations.

Quantitative vaues of
differentid settlements
wit a resdution of 0.05
mm.

Quantitative vaues of oul
of plan deformations
measured by an
electrical transducer
(high resolution).

Qualitative models of a
most probable damage
mechanismcausing
cracks.

Qualitative simuation of
the state of stress of a
structural
elementsstructure.

Evaluation of thelocd
state of stress with a
resolution of 0.1 Nfmm2
approx imately.

Limitations of the
technique

possibility of a online
connection o the PCvia
intemet.

Thesensos are vey
sensitive against
instabilities.

Electricd readings must
be converted inb
required physical wnits by
processing using
calibrationcurves and
temperature
compensation functions.
Special software has to
be avalable.

Values that need an
interpretation and need
to be conplemented by
other techniques.

Values that need an
interpretation and need
to be conplemented by
other techniques.

Difficulty to assess
contribuions of different
possibleagents and
actions.

Up to now, reliable
mechanicd modes are
not avalable for all the
materials and masonry
typolagies.

The mockl needs severd
input data (geametrical,
material, mechanical,
environmental
parameters) and
theoreticd assumptions
and simplifications that
couldbe limited in extent,
incomplete orincorrect
Up to now, reliable
mechanicd modes are
not avalable for all the
materials and masonry
typolagies.

The measurementis
locd and only related
wit jack dmension. In
case of muliple leaves,
the measurement is
limited to the extemd
leaves.

Thechoice of the flat-jack

Diagnosis level

From single buildings to
surrounding construction
site.

From structural dements
to groups of buldings.

From structural eements
to groups of buldings.

From structural dements
to groups of buildings

Any, provided he vaue
of the stressis greater
than the test resdution

Restriction ofuse

importance of the
structural problemcan
justify the insertion o the
fixed demer.

no restricions

no restrictons

No

Information conceming
the masony
characteristics and
geometry are previowsly
necessary.

Restricions being locally
destrucive.

In case of iregular stone
wadl thecutshoud
preferably be caried out
in the stones.

Small flatjack tests are
not applicable onlow

Recommendation

interpretation of the large
amount of dataneeds
specific resources.

Needs alot of experience
of the invesigator. Also
require teamwork of
structural engineer,
architect and
restaurateur.

For non-inear analysis it
may require anumerous
mechanicd parametes.
Even for the simple linear
elasic analysis, a
different scenarios of
loading pathshould be
evaluated before any
final corclusions.

A previcus control ofthe
masonry by sonic test or
othertechniques is
recommended. This
woud avoid tocarry out
the testin
correspondence to
unknown masonry
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ezl 0 and resolution

Expected perormances Limitationsofthe
technique

Diagnosis level

dimensions and ofthe cu
posifonshouldtakeinto
account the masonry
texture dimensions and
characteristics.

Estimation of the stress
fieldin the surface of
stone demens witha
resoluiion given by an
accuracy of he strain

gages of +/- 1Le.

Hole Drilling

The measurementis
locd andsuperficia
(surface stress state).
Masonry is corsidered as
aisotropic materid and
the influence of thejoint

Any, provided the vaue
of the stressis greater
than the test resdution

on the anisotropy is
neglected.

The thickness of the
joinfs incomparisonto
the size of the units
shouldbe incomparable

small.

Recommended procedure

Recommended proc edur es

REC(21): Inspection and documentaiion ofvisibie
cracks

REC(22): Control of the crack pattem evoluion

REC(23): Control of the crack pattem evoluion

REC(24): Control of the crack pattem evolution

REC(25): Support acivity b the interpretation of
the origin of cracks
REC(26): Support acivity © the interpretation of
the origin of cracks

Technique
Crack pattemsurvey (directinspecion).

Use of gypsum or glass strips for (periodic)

inspections of cracks 1o determine their evolution.

Use of micrometerlens (or mechanicd
extensometers or decticd exensometers —
LVDTs) for (periodc) inspections of cracks to
determine ther evdution.

Use of electrical extensometers (LVDT's)
connected to a PC for coniinua monitoring.

Levellingto veify dfferential settlements.

Tiltmeter to measure outof plan deformaions.

is rather complex.

It requires acalibration
test performed ona store
block ex tracted from the
structure understudy, to
determine wo calibration
constents (A and B).

Restriction ofuse Recommendation
stresses stone masonryif defects or vads that

the cutiscamied outon  couldaffect he reliability
stiffstone dements, as  of the test.

the measurable released
strain is of 20 elimited
by the accuracy ofthe
mechanicd
extensometer.

The test does not gve
precise results on
masonty subject tolow
stresses, evenif this is
already aprecious

information.

Restrictions being locally  The resuts may
destrucive. represent very local state
The application is imited  of stresses df the tested
to regular stone masonry  unit.

as thestate ofstress in ~ For the complete
imegular stonemasonry interpretation of tests

results, they shoud be
compared to refererce
values obtained from
more or less complex
structural analysis

(ex pected stresses) or
material strength (for
comparison of existing
stresses).

More researchis needed
before its
recommendaiion.

Recommended by On-site investigation
Recommended according to previous ex peiience.

Recommended according to previous ex peiience.

Recommended according to previous ex peiience.

Recommended according to previous ex peiience.

Recommended according to previous ex peiience.

Recommended according to previous ex peiience.
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7 Summary of all deliverables from the project

This paragraph deals with summary and short description of the deliverables, i.e that complex
of documents, data and physical objects which represent the practical and tangible output of the
project.

The deliverables are organised following the subdivision of the project into tasks or work
packages (WP): for every WP one or more deliverables are provided.

For a complee list of tasks and deliverables refer to the web site

www.onsiteformasonry.bam.de.

WP1: Project Management

This task deals with organisation and follow up of the project.

The deliverables are all the reports necessary for the control of the correct development of the
project by the EU Commission.

Also the web site and the official brochure of the project are official deliverables.

WP2: Dissemination and Exploitation

This task which consists with the promotion of the results to the end users of Cultural Heritage,
to the small industries offering services of diagnostics and measurement and to the appropriate
standardisaion committees, as well as the identification and preparation of commercial
opportunities has as principal deliverable the preparation and up dating of the “TIP”
(Technological Implementation Plan) which is a standardised EU form in electronic format
describing with numerical details all the actions and necessities for exploitation, the reports of
the completed actions and the changes in the running actions.

As further output of this task there are also some divulgative documents related to the activities
in the test sites and a memory on the cost/effectiveness relationships of the NDT techniques in
the Restoration of Monumental Heritage context.

During the project all opportunities to promote the activities ofthe partners team were exploited,
with participation at a lot of events, exhibitions, congresses, seminars and lessons, making
presentations, writing articles and publications.

The complete list of the events and publications is available, annexed to the leaflet.

WP3: Requirements of users and performance specifications

This task defines with the maximum possible detail the inputs to the research and

experimentation activities, starting from the most common needs ofthe end users and arriving to

the definition of the theoretical requirements in terms of performance of the solutions, both for

diagnostics and structural assessment. In the task also a definition of the state of the art in terms

of techniques and methodologies was performed.

The deliverables are a set of specialist documents:

= a Standard Damage catalogue with the most common problems encountered in Histotc
Masonry;

= alist of the most common structural typologies;

= aclassification of the different approaches for structural assessment;

= the complete system requirements specification for the project.

Especially the Damage Catalogue is an interesting tool for end users which need an overview of

the problenvsolution matiix for structural assessment.

WP4: Methodology dev elopment for inspection

This work package deals with the definition of the single techniques and the combination of

complementary ones related to the requirements of WP3, with analysis of the expected

performances, resolution and limitaions. A definition of the on-site and laboratory procedures

for evaluating the strategies (single techniques or combinations) is also defined.

The outputs of the task are principally:

= the definition of the strategies and the analysis of the expected performances, limitations
and costs;
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= specifications of laboratory specimens for the validation of the strategies in a controlled
environment.

WP5: Methodology dev elopment for assessment

This task consists of the study and definition of the different levels of application for
assessmert, i.e. the different levels of application necessary for different needs of assessment:
morphological information, moisture level detection, measurement of mechanical properties,
diagnosis for small or complex buildings, assessment of seismic vulnerability, etc.

In this WP also the definition of the parameters needed for the assessment, with the possibility
of integrated NDT and MDT methods to support these parameters is developed.

The deliverables are related to reports about the definition of parameters for assessment and on
methodologies for optimal approach to structural and non-structural assessment, for different
levels of application.

WP6: New data acquisition systems

This task produced the development of a general purpose positioning system dedicated to high
resolution tomography and echo radar techniques, complete of the sofiware and the necessary
interfaces to the acquisition systems.

The deliverables consist of reports and specifications of the positioning system in order to use it
on different acquisition systems and the hardware and software prototypes. Also an evaluaion
of the achieved accuracy, resolution and speed was provided.

WP7: NDT System modifications and optimisation

The task deals with modification to existing equipment in order to allow better resolution and
penetration of echo and tomography configuration.

The techniques modify range from the radar to the ultrasound, passing through sonic equipment.
The deliverables of the task were:

= anew high frequency radar antenna suitable both for echo and tomography applications;

= a scanning impact-echo automated prototype (hardware and software);

= an ultrasound pototype for tomography;

= anew tool for quick positioning of sonic transducers for microseismic and sonic equipment;
= new sensors for sonic applications;

= software for integrated presentation of results coming from different techniques;
= report on calibration and testing results.

WP8: Integration

The aim of this task is to explore if and how it is possible that a multi-expert team can improve
the interpretation through direct and quantitative comparison the results coming from different
NDT techniques.

= In this task the following deliverables were provided:

= Software for 3D EchoRadar, Impact-Echo, sonic/radar tomography;

= Software for combined presentation of NDT and MDT methods;

= Laboratory specimens for calibration and validation;

= Report on calibration testing

WP9: Structural models

The task deals with the very complex matter of the numerical modelling of the masonry. During
the project several models were proposed at different levels of computationa difficulty in
practical applications.

Also a correlation among data collected by MDT techniques (flat jacks and similar techniques),
data given by NDT and mechanical properties measured in laboratory was performed.

Several activities of calibration and experimentation of models also in the test sites were tried.
The deliverables are the following repotts:

= Experimental results of normal/shear fracture of brick masonry;

= experimental results of irregular masonry;
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= normal/shear fracture model of brick masonry;
= mitigated model for irregular masonry.

WP10: Application and evaluation

The devedoped approaches to the assessment and the modified techniques were to be tested on
the field.

This was the moment when the end users involved in the project had the possibility to propose
practical problems, utilising also the results for their purposes.

After a long selection, a final list of 27 sites was proposed and in a large part of them where
experimented the strategies and the methodologies developed.

The sites were representative of different typologies of buildings, building techniques and
materials, in various conditions and presenting a variegated range of problems.

In every site a team composed by different partners worked utilising all their equipment,
producing an impressive quantity of data.

The most of those data were processed and a lot of reports produced.

Among them the most significant are:

= the description of the pilot test sites and their open problems;

= the evaluaion at the pilot sites;

= the implications for the evaluation guidelines to be developed at WP9 and WP11;

= the reports for the owners of the test sites.

The test sites were also an opportunity for dissemination activities, organising presentations,
press conferences, visits and seminars everywhere and when possible (see aso WP2).

WP11: Guidelines/Recommendations

This is the final output of the project giving all the guidelines for a correct structural assessment
of Historic Masonry buildings to the end users. The principal deliverable is this very document
you are reading.

In this WP was tied to council a necessary scientific methodological approach with a plane
language, in order to stimulate end users, not aways well prepared in terms of knowledge of the
NDT, MDT diagnostic approaches to utilise them for an effective control and assessment of the
building which they have in charge.

=  Thedeliverables of this tasks are:

= Technical guidelines for an appropriate use of the suggested methods;

= Structural modelling for the assessment of the load bearing capacity of masonry;

= Recommendations for end users.
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1

Federal Institute for Materials Research
and Testing (BAM)

Division IV.4

Unter den Eichen 87

D-12205Berlin

Germany

Radar, Ultrasonics, Thenmography,
Impact-Echo

Dr. Christiane Maierhofer

Tel.: +49-30-81 04 14 41

Fax: +49-30-18 04 14 47
christiane maierhofer@bam.de

2

Politecnico di Milano

Dept. of Structural Engineering
Piazza Leonardo da Vind 32
1-20133 Milano

Italy

Flat-jack, radar, sonic tests, numerical
models

Prof. Luigia Binda

Dr. Antonella Saisi

Tel.: +39-0223 99 4318 / 4208

Fax: +39-02-23 994 220
binda@stru.polimi.it

saisi @stru.polimi.it

3

Politecnico di Milano

Dept. of Structural Engineering
Piazza Leonardo da Vind 32
1-20133 Milano

Italy

Radar, tomographic methods
Prof. Luigi Zanzi

Tel.: +39-0223 99 4271
Fax: +39-02-23 994 220
zanzi @stru.polimi.it

4

Geotecnia Y Cimientos S. A.

Research and Development Department
C/ Los Llanos de Jerez 10-12
E-28820Coslada — Madnd

Spain

Jesus Rodriguez Santiago

Beatriz Knupfer

Tel.: +34 91 660 30 73

Fax: +3491 671 4 60
jrs-geocisa-madnd @dragados.com
bkl-geocisa-madrid @dragados.com

Annex: Address list of NDT-Networks of Expertise and NDT experts

5
Mala Geosdence AB

Skolgatan 11
S-93070 Mala

Sweden

Bernth Johansson

Tel.: +46-953 345 56

Fax: +46-953 102 25
bernth.johansson@malags.se

6

Universita di Padova
Dipartimento di Construzioni e
Trasporti

Via Marzolo, 9

1-35131 Padova

Italy

Prof. Claudio Modena

Dr. Maria Rosa Valluzzi
Francesca da Porto

Filippo Casarin

Tel.: +39-049-827 56 13
Fax: 439-049-827 56 13
modena@dic.unipd.it
valluzzi @caronte.dic. unipd.it
daporto@dic.unipd.it

casarin @dic.unipd.it

7

Universita di Pisa

Dipartimento di Ingeneria Civile
Via Diotisalvi, 2

[-56126 Pisa

Italy

Prof. Ing. Mario Marchisio
Laurent D"Onofrio

Tel.: +39-050-55 04 21
Fax: +39-050-5535 73
m.marchisio @ing unipi.it
l.donofrio @ing. unipi. it

8

Regione Toscana

Direzione generale delle politiche
formative e deibeni aalturali
ViaFarini 8

1-50121 Firenze

Italy

Francesco Gravina
Tel.: +39-055-4 38 26 23
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Fax.: +39-055-4 3826 11/ 00
f gravina@regione.toscana.it

9

Universidad Castilla-La Mancha
E.T.S. Ingenieros de Caminos
Canales y Puertos

Paseo Universidad 4

E-13071 CiudadReal

Spain

Prof. Dr. Jame Carlos Galvez Ruiz
Tel.:+34 926 295 422

Tel.:+34 91 336 5350

Fax: +34 926295 391/91 336 5350
jgalvez@caminos.upm.es

10

Slovenia National Building and CGivil
Engineering Institute

Dept. of Structures

Dimiceva 12

S1-1000 Ljubljana

Slovenia

In-situ MDT and DT (compressive and
shear) tests of masonry structural elements,
numerical models, seismic assessment.
Prof. dr. Miha Tomazevic¢

Dr. VlatkoBosiljkov

Tel.:+386 1-2 8042 &0

Fax.: +386 1-2 8044 84

miha tomazevic@zag si
vlatko.bosiljkov @zag si

11

Stiftung Luther Ged enkstéitten in
Sachsen-Anhalt

Dr. Christiane Hennen
Lutherstrasse 33 D

D-06886 Wittenberg

Dr. Christiane Hennen
Tel.:+493491-400 455
hennen.hennen @t-online.de

12

Junta de Commnidades de Castilla La
Manda

Secretario General Técnico
Concejeria de Cultura

Trinidad 8

E-45071Toledo

Spain

D. Enrique Lorente Toledo
Tel.: +34-92526 74 19

Fax: +34-92526 75 05
director. patiimonio@jccm.es

13

IRMA Institute for Researd in
Materials and Applications Ljubljana
Slovenceva Street 95

SI-1000 Ljubljana

Slovenia

Doc. Dr. Andrej Zajc

Tel.: +386-15 62 11 68
Fax: +386-1-562 10 13
Andrej.zajc@guest.arnes.si

14

Amministrazione Provinciale di Verona
Laboratorio Provinciale Prove su
Materiali da Costruzione

Via Zeviani, 8

1-37131 Verona

Italy

Flat-jacks, endoscopy, ultrasonic, core-
drillings

Ing. Sandro Delli Paoli

Tel.: +39-045-840 22 52

Fax: +39-045-840 02 78
sandro.dellipaoli@provincia.vr.it

15

Institute of Theoretical and Applied
Mechanics (ITAM)

Czch Academy of Sciences
Prosecka 76

190 00 Praha 9

TheCzech Republic

In situ tests on masonry, mortars and
plasters. Videoscopy Thermography Small
and non-standard sample testing

Doc. Ing. Milo$ Drdacky, DiSc.

Director

Tel.: +420 286885382

Fax: +4202 86 88 46 34

Dr. Jan Valek (Head)

Ing. Zuzana Slizkova (Head of Laboratory
of stone mortar anal.)

Tel.:+4202 86 88 21 21 (290)

Fax: 44202 86 88 46 34

drdacky @itam.cas.cz

itam @itam.cas.cz

lesak @itam.cas.cz

jirovsky @itam.cas.cz

valek @itam.cas.cz

slizkova@itam.cas.cz
zuzana.slizkova@seznam.cz
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16

Institut fiir angewandte Forschung im
Bauwesen (IaFB)

Sophienstr. 33a

D-10 178 Berlin

Germany

Dipl.Ing Martin Hamann
Tel.: +49-3028 39 28 25
Fax: +49-30-28 3928 39
mail @iafb.de

17

IDK Institut fiir Diagnostik und
Konservierung an Denkmalen in
Sachsen und Sachsen-Anhalt e V.
Richard-W agner-Str. 9/10
D-06114 Halle

Germany

Dipl.Ing. Uwe Kalisch
Tel.: +49-345-522 05 10
Fax.: +49-351-4914 408
IDK-Halle@t-online.de
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