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NON-DESTRUCTIVE EVALUATION OF THE MECHANICAL
CHARACTERISTICS OF MASONRY STRUCTURES

SUMMARY

The most common testing techniques used in Europe for a non-destructive evalua-
tion of static conditions of masonry structures are presented in this paper, with
special emphasis on the methodological approach employed in ltaly. The prelimina-
ry phase of the investigation includes a geometric survey, crack pattern investiga-
tion and an historical analysis. Attention is then given to determining the mechani-
cal parameters of the masonry structures by using non-destructive or slightly-
destructive tests. Most non-destructive tests give only qualitative results which can
then be used as “quality indexes” of the masonry. ’[‘Lc information obtained by
these tests are presented with eritical remarks. A'reliable evaluation of the mecha-
nical parameters of the masonry structures can be acheived only by employing
slightly-destructive tests. For this purpose. emphasis is given to flatjack testing
techmiques for determining the state of stress, deformation and strength characteri-
stics (.)IJ the structures. The important role of dynamic analysis and monitoring for
evaluating the static behavior of existing masonry structures is also discussed.

INTRODUCTION

In situ testing for a non-destructive evaluation of masonry structures is a relatively
recent technique. In the last ten years. [lurope have witnessed a rising interest in
this field of research. especially in the area of historical buildings and monument
restoration. This is particularly important in ltaly where the large number of monu-
ments located in seismic arcas call for stricter controls and investigations. Some of
the testing techniques used on masonry structures originated from concrete struetu-
re testing. whereas others use testing techniques developed from rock mechanics.
This paper examines the tests which allow an evaluation of the static structural
behaviour of the structures. Due to the vastness of the topic. the main focus will be
on research methods most widely used in Ttaly. In addition, testing technicues used
in other European countries will be briefly summarized, based on information from
recent conferences on the subject.

The methodological approach usually adopted in ltaly for the static analysis of
existing masonry structures initially requires a series of preliminary investigations
which provide details of the structure’s geometric characteristics, crack pattern,
construction phases and use. Following this. a second more investigative series of
tests are carried out to determine and define the structural behaviour of the mason-
ry structure. These tests includes both the non-destructive types which allows a
quality evaluation of the structural masonry, as well as the slightly-destructive
types which permit a quantitative evaluation of the mechanical parameters. Also,
the analysis of the response to dynamic forees and the installation of mornitoring
systems may be considered good tools for the non-destructive evaluation of the
mechanical characteristics ol existing masonry structures.




PRELIMINARY INVESTIGATIONS

Before determining the mechanical parameters of a masonry structure, a broad
knowledge of the structure in question is necessary. First, an accurate geometrical
study is needed, which can be carried out by direct traditional measures with refe-
rence to datum points, or continuously by photogrammetric techniques. An accura-
te geometrical study makes it possible to identify eventual irregularities (vertical
deviations, etc) by showing both the geometrical defects purposely introduced by
the designer to create optical effects,
and the effects of bad workmanship.
During this study, the constructive and
architectural points of interest in the
restoration must be thoroughly tested,
as well as all the structural materials.Of
particular importance is the survey of
crack patterns in the building’s bea-
ring structures. A detailed survey of the
extent of the cracks and their openings
allows an early evaluation of the static
condition of a structure and recogni-
tion of possible causes of instability.
Figure 1 shows crack patterns on a wall
of the Cathedral in {)avia during one
phase of the study. Normally, the geo-
metrical survey is extended to founda-
tion structures by excavating small ex-
ploratory shafts or by continuous core
drilling.

Finally, an extensive knowledge of the
strueture cannot | gnore 1ts past hist(n‘y.
In fact, it is important to reconstruct
the building phases of the strueture and
to collect information about the con-
struction t.e(:lmi(:_[l.ies used in every pha-

Fig. 1- Crack pattern investigation on the se of the construction, including data
external wall of the Cathedral of Pavia. on the materials used and on subse-

quent reinforecement work. The infor-
mation on the construction phases and use of the building may be of great assistan-
ce when interpreting its static behaviour and when defining additional investiga-
tions to be initiated. It may explain the connection between different types of ma-
sonry and when evaluating the crack patterns, will not attribute the cause to actual
phenomena, but to overloading which the structure had undergone in the past.

The importance of this phase of the preliminary investigation is widely recognized
in all Kuropean countries, and in particular those countries like Ttaly, where the
great importance of its architectural heritage demands precaution when instating
reinforcement works.




ANALYSIS OF THE STRUCTURAL AND MECHANICAL CHARACTERISTICS

After the preliminary investigation, a second phase testing program is started to
determine the structural and mechanical characteristics of the masonry structure.
This phase is approached in most cases by using only the non-destructive techni-
que (which requires no direct action on the masonry). This is due to the fact that
liw equipment used for the non-destructive tests is inexpensive and the testing
relatively simple. However, it must be pointed out that the use of a non-destructive
test, by itsell, is not sufficient for resoﬁving the problem satisfactorily. The results
obtained by these testing techniques are genera[liv of a qualitative type and give
only a preliminary evaluation of the mechanical characteristics through the defini-
tion of 'quality indexes” of the masonry. Even though these tests are unable to
supply the mechanical parameters necessary for a static analysis of the structure,
their use is very important as they provide important information on the homoge-
neity of the characteristics of the masonry and on the prospective presence of areas
of anomalous behaviour.

The only reliable way to determine the parameters that influence the mechanical
behaviour of the masonry is by slightly-destructive testing techniques which re-
quire drilling boreholes and cutting small sections. These actions must be of such
an entity as not to change the structure, and must be studied in such a way that the
disturbance to the masonry is temporary. At the end of the tests it is important that
no visible signs of the work remain on the structure. The necessity of using slightly-
destructive testing techniques is now widely recognized in Italy and in many Furo-
pean countries.

Non-destructive testing techniques
Sonic measurements

Among the non-destructive investigation methods, the sonic methods, are without
doubt, the most widelyspread tests used. The testing technique is based ,in general,
on the generation of sonic or ultrasonic impulses at a point in the structure. A signal
is generated by a percussion system or by an electrodynamic or pneumatic transdu-
cer, and (}()ll(}()t,ec[ through a receiver, which can be placed in various positions.
Elaboration of the data consists in measuring the time the impulse takes to cover
the section of material between the generator and the receiver, and in analysing the
signal wave.

Ultrasonic waves are preferably used for the study of continuous structures, adop-
ting measurements already coded for non-destructive tests on concrete structures.
For masonry structures that are typically unhomogeneous, it is necessary to use
sonic impulses, referencing the techniques of the same type used on soil and rock
mass. Sonic impulses must be used with masonry structures because the joints
present in the masonry would constitute inpenetrable barriers to the ultrasound
waves.

The sonic tests can be carried out through the masonry by the application of an
impelling force on a surface and receiving a signal on the opposite surface (at an

angle) or again, on the same surface. By placing the sensors at different heights on
the same wall, it is possible (based on the principle of wave reflection on contact
surfaces) to estimate the depth of the foundations.

I[ there are existing drill marks on the structure to be examined, a cross-hole or
down-hole sonic test is possible. Figure 2 shows some possible test schemes.

By using sonic test methods, the ["oﬁowing information can be obtained:




- Mechanical quality index” (estimate
of deformability modulus);

- Homogeneity ol the characteristics
the masonries which a building is
composed of;

- Homogeneity ofa single structural ele-
ment (slud\ of an pnssll)lv bag con-
stitution, the presence of a loosened
cortical ld}(? )

- The elfect of grouting reinforcements
(Iig.3);

- The presence of cracks in continous
materials.

of

I 1ouw 4 shows sonic \cl()ul\ measure-
m(‘nts taken on the masonry structures
of the Vezzolano Abbey in Asti.

Sonic Tomography

This testing lmhmquv oives a detailed
map of the sonic velocity distribution
on a [)Edn(‘ section of the structure un-
cer mwsllg ation.

The method consists of obtaining the
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Fig. 2 - Sonic and ultrasonic measurements: different testing schemes
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Frg. 3 - Effect of grouting on sonic velocity:
Comparison between the rates measured on
old masonry buildings in Basilicate before
and after grouting.




Fig.4 - Measurement of the sonic velocity
on the masonry structires of the Vezzo-

lano Abbey (Astl).

TYPICAL CROSS-SECTION

time taken by sonic impulses along se-
veral directions which uniformally co-
ver the section under investigation. The
computation is made by using the in-
version process which, starting {rom the
time of sonic signal propagation, re-
constructs the field velocity. The see-
tion of the masonry is marked by a
rectangular mesh grid whose dimen-
sion is related to the distance between
two snl‘»scquenl ErAnSIsSsions or recei-
ving points.

The calculation is carried out with the
hvpothesis that (in a non-uniform ve-
locity field) sonic impulses do not pro-
pagate in a straight line but follow a
curved line caused by relraction.

This testing technique is widely used
for testing conerete structures and is
used by ISMES in their investigation
of concrete dams to identify areas
where the condition of the concrete
requires reinforcement. Figure 5 shows
the results of a sonic tomography inve-
stigation applied on the gravity dam of
Careser - the propogation lines are
shown as well as the map of the velo-
cities.

SECTION B

P-WAVE VELOCITY
(m/'s)

>5000
4800-5000
4600-4800
4400-4600
4200-4400
4000-4200
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<3800

Fig. 5 -Typical results obtained from sonic tomography on a concrete gravity dam.




The use of tomoeraphy for masonry structures is still beine studied and improved.
. josrapiiy ASOTLTY StLUCIUL o : ’
and its potential is already evident. In Fig. 6 a tomographic study on pillars at the
Porta S.Agostino viaduet in Bergamo is shown.
o el

A remarkable improvement can be introduced in the quality and reliability of the
results with tomography for attenuation, a technique which examines not only
the sonic velocity, but also other characteristics of signal transmission (amplitude

g results

and [.[‘CCY,ICHC}*). This technique is now being tested, with some promisin
being collected from the study of concrete structures.
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lig. 6 - Use of sonic tomography on the masonry pillars at the Porta San Agostino viaduct
in Bergamo.

Acoustic emissions

This is a method for checking the degradation progress in structures, The acoustic
signals studied are composed of the elastic waves emitted by the deformation of a
solid body. The propagation of cracks, in fact, are always accompanied by emis-
sions of elastic waves transmitted in the structure and received on the surface. The
study of acoustic emissions is initiated by suitably placing a receiving network con-
nected to a recording apparatus on the structure. rhiiﬁ method localizes cracks and
within certain limits. evaluates their extent. The employment of this technique in
checking masonry structures is very limited due to the high cost of installing a data
collection system. /

Badar Investication
el

The radar testing technique uses high-frequency electromagnetic waves (100 MHz -
1GHz) emitted through an antenna with very short impulses (0.5 - 5 us) and per-
mits us to determine location of separate surfaces between materials with different
dielectric constants. The investigation is based on reflection (the veflected waves
from the contact surfaces between materials of different dielectric constants are
received through an antenna and are transformed into electric signals) so internal
defects in the masonry (damp areas, cavities, presence of metal structures, piping,
(lues) can be located. This technique permits the determination of the depth of the




foundation surface of a building.

Recently the radar technique has
been used on the arches which sup-
port the roof of the Cathedral in Par-
ma to determine the position of the
joints between the blocks ol stone
that are covered by a fresco (Fig.7).

1]!(’!'”!() gr (I[)Ilt(' (Ill(lh Sis

The thermographic analysis is based
on the thermal conductivity of the
material and may be passive or acti-
ve. In the former case it analyses the
radiation of the work during the cy-
cle of thermal stress due to natural
phenomena (insulation and subse-
quent cooling). If the survey is acti-
ve, forced thl‘l[l” ol the surfaces
dlldl\‘v(‘(! are applied. The thermal
radiation is collected by apparatus
sensitive (o infrared radiation, and
is then trasformed into electric si-

Fig. 7 - Use of radar technique to study strue-  gnals, which in turn are converted
tural characteristics of the arches supporting  into images in different shades of eo-
the roof of the Cathedral at Parma. lour.

Thermovision is used to identify
areas where morphological structures are covered by plaster that hide construction
anomalies (blocked openings etc.). It is partic ularly interesting for studies on
frescoed walls, where it is not possible to take samples or use t(‘stmn techniques that
come in contact with the frescoed surfaces.

Other applications are the survey of the presence of cavities, such as flues, ducts,
and water and heating systems, by distinguishing the areas of thermal (hspmsmu
and moisture.

[tis necessary to point out that the penetration depth of this technique is only a few
centimetres so it is unable o locate anomalies which are hidden in the central part
of the masonry.

Rebound tests

The rebound tests are aimed at a qualitative evaluation ol the compressive strength
of mortar and of the superficial strength of stones or brick materials. They can also
provide information on local damage of the material. For information on the hard-
ness of the sampling material, pendulum sclerometers (low energy) or Schmidt
hammers, may be used. The results obtained with this test can be considered a
“‘quality index” which must then be correlated with results obtained through mecha-
nical tests on samples.

Magnetometric analysis

Magnetometry locates the presence of metallic elements within the masonry structu-




res. The test includes a magnetic probe which is placed on the masonry surface;
then iron bearing materials are identified by anomalies appearing on the instru-
ment’s magnetic lield.

The technique was set up to study the reinforcement in concrete structures and
transferred to masonry buildings, where it is used (o locate chains, tension bars or
metal connecting pins between blocks of stone.

Slightly-destructive tests

The non-destructive testing techniques described in the previous paragraphs are not
sufficient to determine the parameters necessary to evaluate the static condition of a
structure and to design reinforcement work.

The evaluation of these parameters is possible only by using special mechanical
tests which require, unfortunately, small operations on the masonry. It is Necessary
for this work to be as little as possible and visible ouly during testing. Morcover the
tests must he simple and finished quickly to reduce the costs of the investigation
and to entirely restore the structure in the shortest possible time.

Research into these testing methods have recently scen great developments in ltaly
due to the strong beleif that they represent the only way at our present disposal to
evaluate the structural and mechanical properties of a masonry structure.

Coring techniques

To understand the structural properties
of the different types of masonry of
which a building is composed. it is imn-
portant to core small diameter horeho-
les taking samples in the most repre-
sentative points of the structure. This
operation becomes indispensable in the
very [requent case when the masonry
consists of two surface layers in regular
bond with internal irregular packing,
Coring must be done with a rotary saw
using a diamond cutting edge. By using
a very light, handy per{oration tool, co-
rings can be obtained from inaccessible
arcas (IFig.8). This coring operation al-
low samples to be extracted from the
material on which laboratory tests can
be made; this is particularly important
when identifving the chemical-physical
and mechanical characteristics of mor-
tars. Inside the boreholes additional
investigations can be made which help
define the structural and mechanical
properties of the masonry.

Borehole video surveys

' Fig.s - Light drilling equipment for coring
A small colour video camera (d = 11 masonry walls.
mm) may be inserted into the borehole




allowing a detailed study of both the front and sides of the hole. The vesults of this
study may be recorded and archived for further analysis after the boreholes have
been sealed.

The information obtained by this survey include:

- the structural characteristics of the masonry.

- the measurements of the internal cavities of the masonry.

- the analysis of the propagation of internal cracks and measurements of their
openings.

Figure 9 shows the testing equipment and an example of a frontal view in a
borchole cored into the external wall of the Cliurch of San Francesco in Arezzo.

tig. 9 - Downhole video camera survev: View of the equipment and survev into «
borehole.

Flat jack tests

Ancinteresting testing technique based on the use of flat jacks, was developed at the
[SMES laboratory a few vears ago for the analysis of the mechanical characteristics
of existing masonry structures. The first applications of this technique on some
historical monuments clearly showed its great potential. It appeared to be the only
way to achieve reliable information on the main mechanical characteristics ol a
masonry structure (ie. deformability, strength, state of stress). After these first
encouraging experiences, the use of the flat-jack test rapidly increased and today
more than 50 historical monwments have been studied by this procedure,

This very simple technique. which is carried out by introducing a thin flat-jack into
the mortar layer, is only slightly destructive. After the test is completed. the [Tat-
jack can ecasily be removed and the mortar laver restored to its original condition.
Fhe high reliability of the test is related to the undisturbed conditions of the sample
on which the mechanical characteristics are determined, and to the large arca of
measurcment whose behavior is represented. '

The testing technique has been organized to give reliable answers for the following:




- measurement of the state of stress
- determination of deformability and strength characteristics
- determination of the shear strength along the mortar lavers.

Measurement of the stale of stress

The determination of the state of stress is based on the stress release caused by a
plane cutting normal to the surface of the wall. Fig. 10 shows the different phases
of the test. Two reference points are installed on the wall surface and the initial
distance (di) between the two points is measured. A cut perpendicular to the wall
surface is then made and the stress release is determined {)_\' a partial closing of the
cutting, the distance (d) alter the cut being d < di. A thin [lat-jack is placed inside
the cut, and the pressure is gradually increased to cancel the previously measured
convergency. In this condition, the pressure (p) inside the jack is equal to the pre-
existing state of stress in a direction norn’ml to the plane of the cut. The value
obtained must be corrected by a coefficient which depends on the ratio between the
flat-jack surface and on the rigidity of the welded boundary.

The value ol the state of stress (0 ) in the testing point is given by:

o=p.Km.Ka
where:
p - oil pressure
Km - jack constant which must be determined in the laboratory
Ka - AJ/AC (ratio between the surface of the jack and the surlace of the cuat)
In a brick masonry, the plane cut can be easily made in the mortar layer between
two layers ol bricks by overlapping holes made with a hand tool. In this type of
masonry a rectangular l’lal’~jacL is used (40 x 20 cm.). Smaller jacks are also used
for measuring the state of stress on structural elements such as arches, pillars, and
vaults. A different cutting technique is used in the case of a stone masonry with
very thin mortar layers. The cut is made by a steel disc. with a diamond cutting
edge, and the flat-jack has the same shape (circular segment with length 32 em..

tig. 10 - Scheine of the flat-jack testing phases on brick masonry.




depth 12 cm. and thickness 3 mm.) The different phases of this testing technique
are shown in Figure 11. Tt must be pointed out that the very limited thickness of
this kind of jack required the solution of delicate problems in its design and con-
struction phases.

Fig. 11 - Scheme of the flat-jack testing phases on stone masonry.

An example of the state of stress measured by this technique is shown in Figure 12,
which illustrates the results of the measurements taken on the pillars and lateral
walls of the Cathedral at Orvieto.

5

2 6 (MPa)

Fig. 12 - Siress values { MPa ) measured by flat-jack testing on the masonry structures
()/ ‘the Cathedral at Orvieto .




Determination of deformability and strength characteristies

In a homogeneous isotrapic material, the test described previously can also be used
to determine its deformability characteristics. In the case of masonry, which is a
highly anisotropic material, it is advisable to introduce some changes in the testing
technique. For this purpose, a second cutting is made, parallel to the (irst one, and
a second jack is inserted, at a distance of about 50 em from the other . The two
jacks delimit, therefore, a masonry sample of appreciable size to which they apply a
uniaxial compression stress (Fig.13). Several measurement bases for removable
mechanical strain-gauge, installed on the sample free face, make it possible to
obtain a full picture of axial and transversal deformation of the sample. In this way
a uniaxial compression test is carried out on an undisturbed sample of large area.

f;)

lig. 13 - Test with two parallel flat-jacks to determine deformability characteristics.
a - scheme of the test
b - example of a deformability test performed on the external wall of the San
Francesco Church in Arezzo

Several foading cycles are performed at gradually increasing stress levels in order to
determine the deformability modulus ol the masonry in its loading and unloading
phases. Fig. 14 shows a view of the test applied to a stone masonry (The lateral wall
of San Irancesco Church in Arezzo). The loading test above can also be used to eva-
luate the compressive strength of the masonry. The load is increased until the first
cracks in the brick appear. then the strength limit of the masonry can be approxi-
mated by extrapolating the stress-strain curve. The effect of the lateral confinement
of the sample may be taken into account by calibration tests done in the laboratory,
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Fig. 14 - Typical stress-strain curve obtained by flai-jack test up to failure, and view of
the testing point after the test.

[t must be noted that, when nearing failu-
re conditions some cracks appear in the
brick., but the damage suffered by the
masonry is quite negligible and can be
repaired casily. Fig. 14 shows an example
of the results of a test made on the ma-
sonry walls of St. Eustorgio Cloisters in
Milan. The typical stress-strain curve up
to failure is presented and the correspon-
ding testing point after the test is shown .
It can be observed that the damage un-
dergone by the masonry in quite negligi-

hle.

Determining the shear strength along a mortar
layer

The flat-jack testing technique (combined
with a hydraulic jack) can also be used to
determine the strength characteristics of
the mortar between the brick lavers.

A brick is extracted [rom the center of the
masonry sample delimited by two {lat-
“jacks and a hydradlic jack of the same _
size is inserted in its place for the applica- g 15- Scheme of a shear test along the
tion of shear force (Fig.15). The testing ~ Mmortar layers: the normal stress is ap-
technique determines the peak and resi- £ lied [.,)-}"‘ ”f'o. / Z”'[":/ (_"'7/".'9, (.m‘a.’ [/.“) .‘5./“.)’(”.

stress is applied with a hydraulic jack.

dual shear strength of the mortar lavers.




By doing several tests
with different values of
the stress in a direction
perpendicular to the
joint, the friction angle
and the masonry cohe-
ston can be determined.
This test is important
for the study of mason-
'V resistance to seismic
movemnent.

At the end of the test
the jacks are extracted
and the masonry is re-

Fig. 16 - FView of the loading and measuring equipment for — siored (o its original

the calibration of flut-jack tests.

state. The brick remo-
ved for the implace-

ment of the hvdraulic jack is replaced, and the space between the bricks are filled
with mortar of the same color as the original.

All of the flat- jack testing phases have been calibrated at the laboratory by a wide
. 4 l - ' o . . v
series of tests on very large masonry samples. [n fig. 10 the loading frame and the
measuring equiptuent used for the calibration tests are shown. It is necessary to
point out the high reliability of these tests and the great importance of the results.
Their use is highly recommended even if small cuts on the masonryv surface are
o v R

reuired.

Fig. 17 - Scheme of borehole dilatometric

test that determines the deformability cha-
racteristics of the surface and inner layers.

Borehole dilatometer

Using the tests with parallel fat jacks
one can only determine the deformabi-
lity characteristics of the superficial
layer of masonry. In order to acquire
information on the deformability cha-
racteristics of the internal masonry it
becomes necessary (o conduet dilato-
metric tests using boreholes made by
coring. A special probe about 25 cms
long applies uniform hydrostatic pres-
sure on the borehole surface, and the
measurement of the consequent defor-
mation determines the modulus of de-
formability (Fig.17). As the portion of
masonry used for this test is very limi-
ted, the values obtained by the dilato-
metric test are less representative than
those obtained by the flat-jack tests.
This testing technique, however, is un-
doubtedly useful as it determines the
ratio of deformability of the internal




masonry to the outer layer. Dilatometric testing is also importaut for testing the
deformability chacacteristics of the foundation struetures. Figure 18 shows the te-
sting scheme used on the foundation ring of the Tower of Pisa. Numerous tests, in-
cluding dilatometric, ag well as, sonic-logs and cross-hole measurements  were
completed in radial boreholes. The values of deformability modulus are shown in
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Fig. 1S - Use of the borehole dilatometer for analyzing the deformabidity characteristics
of the foundation of the Tower of Pisa - Histogram of the deformability modudi.

the histogram in Figure 18. It was revealed that the foundations, which in the
past had undergone strengthening by grouting, still had good mechanical charac-
teristics throughout its thickness. Therefore, the grouting procedure is believed to
have been effective. '

DYNAMIC ANALYSIS

The in-situ testing using dynamic
methods can be considered -a relia-
ble instrument of a non- destructive
type. to verily the structural beha-
vior and integrity of a building.
Dynamic investigations can be car-
ried out according to the following
procedures:

a) Through the analysis of data gat-
hered as a response to dynamic loads
continuously imposed on the struc-
ture (urban and railroad traffic, bells
tinging, ete.) or [rom irregular ac-
tions. A seismometric network is in-
stalled in (le“(‘.["(tlll yarts of the SUUC o 19 Dyvnamic analysis in a corner of the
ture zm(:l‘ the slgnals arc analysed i 1500 i Caracalla” in Rome. to assess t he
terms of amplitude and frequency behavior of the structure in responce to traffic.




contentt. Through spectral analvsis tech-
niques it is then possible (o evaluate
the dynamic model parameters. As an
example, Figure 19 shows the seismo-
meters installed in a corner of the " Ter-
me i Caracalla™ in Rome, 1o assess
the response behaviour of the masonry
structure to the urban traffic.

b) Subjecting the construction to low
intensity forced vibration tests (so as (o
produce vibrational levels that do not
affect the structural integrity) and re-
cording the system response in terms
of displacements, velocities and accele-
rations.
The foreed vibrations are induced by
vibrodynes and the response measured
by seismometric sensors.  This second
kind of analvsis allows the identifica-
tion of the dynamic behaviour of the
lFig. 20-Dynamic analysis by forced cibra-  structure through the evaluation of its
tion on the Roman temple of Marte Ultore. modal parameters (natural frequencies.
modal shapes, damping ratios). The
knowledge of these parameters allows
the computation of the structural response o any type of dvnamic load with known
characteristies, and in particular for evaluating the seismic vulnerability of the
masonry construction. Forced vibration tests repeated over a length of time. allow
the evaluation of possible modal parameter variations. These variations may be
associated with modifications in the structural integrity, enabling the actual strue-
tural degradation ol the masonry elements to be quantified. 1t must be stressed
that the information collected not only quantifies the structural degradation of the
buildings or parts of them, but they are also important in the planning stage of any
structural u(.l[a[')tuti()z'lm when choosing the type and size of the appropriate strengt-
hening works. Figure 20 shows the forced vibration test carried out on the pillars
ol the Roman temple of "Marte Ultore”.
The forced vibration technique using a vibrodine was recently emploved by ISMIEES
to analyse the structural condition of several towers in the town of Pavia. The
obtained results from these tests, together with those supplied by the flat-jack test,
have permitted the discovery of anomalics in the structural hehaviour in some of
the towers examined.

MONITORING

Installing measuring instruments to monitor the structural behaviour of a building
can be considered a reliable method for a non-destructive evaluation of the siatic
condition of the structure. This investigative technique is gaining popularity becau-
se, besides supplying information on the static conditions of the builc Ing. it is consi-
dered the only way to guarantee the salety of the structure before, during and after
the consolidation work. )

The principal features which are monitored in [taly arc the following:

- openings of the main cracks in masonry structures;




- absolute and relative horizontal
movements ol vertical structures;

- rotation of vertical and horizon-
tal structures:

- internal and external tempera-
ture;

- behaviour of soil and rock foun-
dations:

The evolution of the deformation,
in function of time and tempera-
ture, allows one to separate the
thermal effect from the deforma-
tion due to other causes (founda-
tion settlement, structural modifi-
cations, new forces induced on the
structure, aging of the materials).
Measuring the openings of cracks
is by far the most widespread met-
hod. The casiest measuring tech-
nique is using a removable mecha-
nical extensometer which is posi-
tioned on two small metal plates
positioned on opposite sides of the
crack. To improve the reliability

of the measurements, fixed exten- tig. 21 - Special extensometer for measuring
someters can be used that ave pro- the principal cracks in the Tower of San Beni-
vided with electric transducers con- gno Canavese (Turin).

nected to an automatic data col-

fection system. In Figure 21 an ex-

tensometer, recently installed by ISMES at the San Benigno Tower (Turin) is shown.
The extensometer 1s constructed with two spherical devices at its two cnds and is
completely waterprool, for use on surfaces outside.

To measure absolute horizontal movements of vertical elements. a lixed pendulum
is used with a measuring system based on a telecoordinometer.

Less expensive and easier (o install, are the instruments for measuring relative
movements of vertical structures. In this case, a long base extensometer is used
which is equipped with an invar wire kept in tension by a weight. The movements
of the weight are ecasily measured by means of clectric transducers. In Figure 22
this instrument is used to measure the relative displacements of the main walls of
the Abbey ol San Fruttuoso near the town of Portolino. A long-base extensometer
installed on the lateral wall of the San Bernardino Church in Bergamo is shown in
Fig. 23.

o

Rotation changes of vertical or horizontal elements can be measured by installing
cither fixed or removable clinometers of the tvpe shown in Fig.24.

In constructions of great historical or monumental interest, the instruments are
usually connected to automatic collecting and recording systems which can quickly




Fig. 22 - Use of long-base extenso-
meter with invar wire for measuring
the relative displacement of the ver-
tical walls at San Fruttiuoso Abbey
in Portofino

Fig. 23 - View of long-base extensoine- Fig. 24 - Measuring the rotation of the
o, - C . o C L
ter installed on the lateral wall of San vertical walls by a removable clinome-

Bernardino Church in Bergamo. ler.




indicate possible irregularities in the struc-
tural behavior,

[SMES has recently installed numerous mo-
nitoring systems in buildings and monu-
ments of great importance.

These ave:

- Milan Cathedral (during the reinforee
ment work on the pilars) (Fig. 25)

- Dome of S.Maria del Fiore in Florence

- Towers and Cathedral in Pavia

- Chureh of San Francesco in Arezzo

- Cathedral of Perugia

Walls of Leonardo’™s Last Supper in
Milan

Fig. 25 - Automatic data acqudsition and
recording system installed to monitor the
consolidation work on the pillars of the
Cathedral in Milan,

NON-DESTRUCTIVE TESTS USED IN OTHER EUROPEAN COUNTRIES

[ this chapter, a summary of the testing techniques used by other European coun-
tries to determine the mechanical characteristics of masonvies is presented. Due to
the enormity of the subject. only the most significant methods will be mentioned:
using material from the most recent international conferences on the subject and
from members of the International Commission on Masonry Structures. Testing
techniques that were not previously mentioned in this text will'be briefly described.

BELGIUM

- SONIC MEASUREMENTS

- THERMOGRAPHY

- GEO-ELECTRIC MEASUREMENTS IN COMBINATION WITH CORINGS
Geo-clectric measurement tests give the distribution of the resistivity over the ma
sonry mass. Using calibration corings, the resistivity is related to void content, po

rosity and composition. After grouting, the same procedure is used to check the
consumption and uniform qua]il._\' of the treatment.




FRANCE
FLAT-JACK TESTS (measuring the state of stress)

SONIC MEASUREMENTS
RADAR INVESTICATION
CORING AND VIDEO SURVEYS
REBOUND TESTS

GREAT BRITAIN

RADAR

FLAT-JACK TESTS (measuring the state ol stress)

SONIC MEASUREMENTS

ACOUSTIC-EMISSIONS (to test the integrity of masonry arch bridges)

ACOUSTIC FREQUENCY RESPONSLE

PULL-OUT TEST (helical probe for determining mortar quality)

BOND-WRENCH

This test (deve Inl)((l at the UK Building Research establishment) measures the

force needed to «
ting the flexural pet rformance ol the
masonry (Fig.26).

INTERNAL FRACTURE

This is an adaption of the pull-out
test. An object is fixed into the ma-
terial and ~ then pulled out. using
a standard diameter reaction ring
and a force measuring device. The
subsurface tensile sn(nﬂtll is mea-
sured by the force u([uue‘(l to sepa-
rate a cone of material [rom the main
body. The use of this test for ma-
sonry materials is now being deve-
loped.

GREECE

SCRATCH-WIDTH METHOD

This test is used to estimate the com-
pressive strength of stones and/or mor-
tars.

ebond a masonry unit. assessing the mortar bond and calcula-

i
!
]
|
|

[ -

Fig. 26 - Schenie of the bond-wrencli test: a)
start of test with load p applied: b) after

failure of the bond between unit and mortar.

A standard pointed steel bar (held against the wall by a standard load) is dragged
aiong a mortar surface. The width of the scratch produced in the mortar is measured,

using appropriate sized lenses.




GERMANY

FRAGMENTS TEST METHOD

Small mortar fragments are taken from the joints and arranged in a special
mold by a strong matrix. Then a direct-tension test is made on the mold. The
fragment-test is used in combination with the scratch-width method.

BONDING CAPACITY

This test is used to evaluate the bond between the mortar and its support, andto
control subsequent treatment of the surface layer of bricks and stones. A eircu-
lar steel plate is 5’)(,)sil,immd on the surface of the mortar {after a hole has been
drilled) and tensile stress is then applied (Fig.27).

RADIOGRAPHY

This method is used to identify inter-
nal irregularites  (voids, inclusions)
and to measure the depth and widih
ol cracks. A radioactive source is po-
sitioned in front of the feature under
investigation, and a photographic filin
is placed behind the feature. The use
of this technique is complicated by the
salety precautions that must be adhe-
red to. It has been used to investigate

important statues,
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SONIC MEASUREMENTS
ACOUSTIC EMISSION

RADAR INVESTICATION | Pre-drilling 3 (stone or brick)
GEO-ELECTRIC INVESTICATIONS

CORING AND VIDEO SURVEYS Fig. 27 - Scheme of bonding capacity test.

ROMANIA

ULTRASONIC PULSE VELOCITY
REBOUND TESTS
COMBINED TECHNIQUE BASED ON PULSE VELOCITY AND REBOUND INDEX

PULL-OFF METHOD
Measuring the force necessary (o pull a metal dise. glued by esposy resin, off
a stone surface,
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