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Abstract

The paper reports the results of 105 in situ tests performed on undamaged masonry panels
carried out by the authors during the last 20 years. The panels, mostly stone and brickwork
masonry, were selected in 59 buildings in Tuscany (Italy) and had different texture and sec-
tion typologies. The tests, aimed to evaluate both shear strength and deformability param-
eters, included 50 diagonal tests and 55 flat-jack tests. Main results of tests are supported
by a qualitative description of the masonry textures. As a general result, a good agreement
was found between the experimental shear strength and the range of values provided by the
Italian Building Code. On the contrary, significant differences were obtained with respect
to the longitudinal and the shear modules of elasticity. This is probably due to the high
sensibility of these values to the method used to treat the data records. The results here pre-
sented, together with further data on the subject, are included in a web page named “Tus-
cany Masonry DataBase”. The database constitutes an effective set of experimental results
that can be employed to extract reference values (both quality and mechanical properties)
for masonry typologies at local level.

Keywords Historic masonry - Mechanical properties - In situ tests - Diagonal test - Flat-
jack test - Masonry database

1 Introduction

The Italian territory is characterized by a medium-to-high seismic hazard, with a wide-
spread building heritage predominantly made of historic masonry buildings. The static and
the seismic behaviour of these buildings has been in depth analysed by several research-
ers in the last decades. Nevertheless, recent earthquakes have caused extensive damages
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to the masonry structures (D’Ayala and Paganoni 2011; Penna et al. 2014; Cescatti et al.
2017), often due to the lack of adequate connections between orthogonal walls and to the
poor compressive and shear strengths (TurnSek and Sheppard 1980; D’Ayala and Speranza
2003; Vignoli et al. 2003; Betti et al. 2008, 2014, 2015).

Rural and civil buildings have, usually, walls made of solid bricks and/or stones, assem-
bled by clay or lime mortar or, rarely, they are dry-stone constructions. Monumental and
religious buildings, as well as masonry bridges, were constructed with hard or soft squared
stones, assembled with a lime-based mortar. These different materials and construction
techniques lead to large scatterings of their properties (Corradi and Borri 2017). A proper
evaluation of the structural safety of these buildings requires an experimental investigation
of the mechanical characteristics of the walls (both strength and deformability parameters),
together with a survey of the structural details. This phase, called “knowledge process”, has
been specifically introduced in the Italian Building Code and in the corresponding Instruc-
tion (NTC 2008, 2018 and MIT 2009).

Within this process, the Italian Building Code asks to develop in situ tests to detect the
mechanical properties of the masonry. However, the execution of exhaustive tests is fre-
quently difficult due to both conservation issues and economic aspects, particularly in mon-
umental buildings (Milani and Valente 2015; Betti et al. 2017; Dall’Asta et al. 2018). In the
lack of experimental results, reference values for the properties of masonry can be found in
the Table C8A.2.1 (MIT 2009). The table provides average values of strength and deform-
ability with respect to 11 types of masonry, typically used in Italy. These values refer to
historic masonry in poor conditions and have to be modified by corrective coefficients in
the evidence of qualified characteristics, such as good mortar or presence of stringcourses
(Table C8A.2.2, MIT 2009).

However, due to the great variability of the masonry typologies on the Italian territory,
the properties of masonry belonging to restricted zones deviate from those of the national
categories (MIT 2009) and tests performed at local level are useful to cover this lack of
specificity. To this aim, several experiments have been carried out over the years by the sci-
entific community. Partially destructive and not-destructive flat-jack tests were carried out
by Rossi (1982) and Binda et al. (2000). Recently, Vicente et al. (2015) and Cescatti et al.
(2016) pointed out many open issues in the operational technique and in the elaboration of
the results. Magenes et al. (2010) and Morandi et al. (2012) carried out an experimental
characterization of stone and clay masonry walls, with specimens built in laboratory. Other
recent experimental campaigns investigated the effectiveness of retrofitting techniques.
Borri et al. (2011) examined the shear behaviour of unreinforced and reinforced masonry
panels by in situ diagonal tests, comparing traditional and innovative seismic upgrading
techniques. Silva et al. (2014) performed experimental assessment of in-plane behaviour
of three-leaf stone masonry walls. Experimental shear-compression tests were carried out
varying boundary conditions, scales and precompression levels, to evaluate the effects of
grout injections technique.

Within this context, this paper focuses on the mechanical characterisation of ancient
masonry at regional level, providing a useful tool for the design of seismic upgrading
interventions. Results of 105 in situ tests carried out by the authors during the last
two decades on masonry panels belonging to 59 masonry constructions in Tuscany
are collected. The majority of masonry types can be associated at the first, the sec-
ond and the sixth category of the Italian Building Code (Tables C8A.2.1 and 2, MIT
2009). Diagonal tests and flat-jack tests are considered. Even if the results of some of
these tests have been previously published (Chiostrini and Vignoli 1992, 1993; Vignoli
et al. 2016; Boschi et al. 2016), the experimental results available to date have been

@ Springer



Bulletin of Earthquake Engineering

elaborated again by a unique method and accompanied by a careful qualitative descrip-
tion of the masonry. The treatment of the test data by a unique procedure furnishes a
consistent set of results and allows a simple comparison with the values obtained by
other researchers on different walls.

The results here presented, together with a large set of data on the subject includ-
ing 5 simple compression tests and tests on single units and mortar specimens, are
included in the web page “Tuscany Masonry DataBase” TMDB, resulting in a total of
110 full-scale tests on masonry panels of Tuscany. These data set are an integration for
the Tuscany region of the data provided by the Italian Building Code and they can be
used by practitioners that operate in this regional territory. In next future the authors
will enlarge the data base with other results coming from different parts of Italy.

2 Collected data

To date, the TMDB includes results from 110 in situ tests on masonry panels that were
cut in 62 buildings of Tuscany. The set comprehends 50 diagonal tests (DT 45%), 5
simple compression tests (CT 5%) and 55 single and double flat-jack tests (FJT 50%)
performed in panels of different masonry types. The tests on wall panels were some-
times accompanied by tests on masonry components such as compression tests on
blocks (Cg 10%), penetrometric testing on mortar (DRMS 23%, Del Monte and Vignoli
2008) and macroscopic or microscopic analysis of mortar (A, 11%). In some cases
were extracted cylindrical cores (CAR, 17%) to examine the internal characteristics of
the wall sections.

The data have been collected by the authors in collaboration with the technicians
of the Seismic Sector of the Tuscany Region. They come from the existing scientific
literature and are the result of collaborations between the Seismic Sector and some
university laboratories (beginning in 1990) or they are shared by results of private test-
ing laboratories.

About 68% of the tests were performed by university laboratories (58% of which
from the Department of Civil and Environmental Engineering of the University of
Florence), the remaining 32% were performed by private laboratories. Approximately
75% of the collected tests were carried out in the decade 2005-2015 by using digi-
tal tools in the campaigns promoted after the Molise earthquake of 2002, while the
remaining 25% date back to the previous decade (1995-2005).

The geographical distribution of the tests is shown in Fig. 1. Most of them are
located in the provinces of Florence, Arezzo, Lucca and Massa Carrara, where many
municipalities with a high seismic hazard are located.

Figure 2a shows the distribution of the building types where the tests were performed.
10% are private buildings, about 84% are ordinary public buildings (e.g., schools), the
remaining 6% are not ordinary buildings, such as towers or domes. Figure 2b shows the
year of construction. About 37% of the sample relates to historic buildings (constructed
prior to 1919, partly dating back to the Renaissance). In these constructions mostly semi-
destructive tests (86% of FJT) were performed, proving the difficulty to perform destruc-
tive tests in historic buildings. Only a small percentage of buildings are recent, having
walls made of brick and hollow-brick masonry, while about 60% of the sample belong to
buildings built in the periods 1920-1949 and 1950-1980.
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Fig. 1 Distribution of experimental tests in Tuscany
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Fig. 2 Classification of the buildings: a destination use, b age of construction

2.1 Description of the masonry typologies

The data obtained by the in situ inspections have been used to compile specific Quality
Masonry Forms (QMFs) implemented by the authors in the research project DPC-ReLLUIS
2014-16. The QMF is similar to that proposed by Binda et al. (2009), with further added
details and it is organised in three parts. A first part gives general information about the
building. A second part includes the description of the masonry texture and section,
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Table 1 Mechanical parameters of Italian existing masonry categories (Table C8A.2.1, MIT 2009)

Masonry typology Cat. f, (N/em?) 7 (N/em?) E (N/mm?) G (N/mm?)

Disorganized irregular stone I 100-180 2.0-3.2 690-1050  230-350

Barely cut stone 1I 200-300 3.5-5.1 1020-1440  340-480

Roughly cut stone with good texture I 260-380 5.6-7.4  1500-1980 500-660

Ashlars of soft stone IV 140240 2.8-4.2 900-1260  300-420

Stone blocks squared v 600-800 9.0-12.0 2400-3200 780-940

Brick and lime mortar VI 240-400 6.0-9.2  1200-1800  400-600

Hollow brick with cementitious mortar (% VII 500-800  24.0-32.0 3500-5600 875-1400
holes <40)

Hollow brick (% holes <45) VIII 400-600  30.0-40.0 3600-5400 1080-1620

Hollow brick with dry vertical joints (% IX 300-400 10.0-13.0 2700-3600 810-1080
holes <45)

Hollow concrete or expanded clay (% X 150-200 9.5-12.5 1200-1600  300-400
holes =45-65)

Hollow concrete (% holes < 45) XI  300-440 18.0-24.0 2400-3520 600-880

f,» average compressive strength, 7, referential shear strength, E longitudinal modulus of elasticity, G trans-
versal modulus of elasticity

Table 2 Correction coefficients of the mechanical parameters of Table 1 (Table C8A.2.2, MIT 2009)

Masonry  Good mortar  Thin joints ~ Stringcourses Transversal ~ Poor Injections  Jacketing
typology (<10 mm) connections  quality
core
Code 1 2 3 4 5 6 7
I 1.5 - 1.3 1.5 0.9 2.0 2.5
I 1.4 12 1.2 1.5 0.8 1.7 2.0
111 1.3 - 1.1 1.3 0.8 1.5 1.5
v 1.5 1.5 - 1.5 0.9 1.7 2.0
\% 1.2 1.2 - 1.2 0.7 1.2 1.2
VI 1.5 1.5 - 1.3 0.7 1.5 1.5

together with the data of the units (shape, size, etc.). The third part describes the state of
conservation and reports the Masonry Quality Index (MQI) (Borri et al. 2015b), a numeri-
cal coefficient to classify a masonry panel depending on its response under out-of-plane
and in-plane loads. The QMFs have been used to classify the tested panels according the
categories and sub-categories of the Italian Building Code (Tables 1, 2, MIT 2009) and
to collect qualitative information about the texture and the section of the panels and their
constituents. A synthetic view of this classification is in Fig. 3 (for example I-1 refers to
disorganized irregular stone masonry, Table 1, with good mortar, Table 2).

Approximately 39% of the tests were performed on sandstone or limestone masonry
types with not-organised and not-squared stones such as rounded and irregular river stones
with poor lime mortar, generally composed of two unconnected leaves (Cat. I, Fig. 5a).
11% had stringcourses made of solid bricks (Fig. 4a, b). In 2% of cases, concrete string-
courses also ensured a good transversal connection and 8% of panels had good quality
mortar. Panels of this type had an average thickness of 50 cm.
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Fig. 3 Classification of tested panels according to the Italian masonry categories (Tables C8A.2.1 and
C8A.2.2, MIT 2009)

(a)

Fig.4 Sandstone (a) or limestone (b) masonry types with brick stringcourses. Panels with brick string-
courses and inner core (¢) and brick stringcourses (d)

About 14% consisted of barely cut stone masonry composed of roughly shaped stones
with irregular texture (Cat. II). Most panels of this type had brickwork stringcourses
(Fig. 5b), spaced from about 60 to 80-100 cm and were located in the provinces of
Lucca (38%), Arezzo (19%), Florence (19%), Massa Carrara (12%) and Prato (12%). An
inner core with poor mechanical characteristics was found only in three panels. In most
cases there were two wythes not or partially connected to each other by through stones
or brick stringcourses (Fig. 4c, d). Nine percent of the panels were made of roughly cut
stone masonry with good texture (Cat. III), having medium-to-high stone dimensions
(20—40 cm in their largest dimension, Fig. 5c).

Three percent of panels were of tuff masonry with good quality mortar (IV-1,
Fig. 5d) and 2% consisted of regular squared stone masonry with high dimensions
(more than 50 cm) with thin mortar joints of good quality (V-1-2). Approximately 17%
of the sample consisted of solid brick masonry (Cat. VI, Fig. 5e), 7% having good
mortar. These panels had hydraulic binder or cement mortar and were cut in walls of
recent buildings. About 9% of panels were made of hollow brick or hollow concrete
masonry (Fig. 5f). Remaining group of panels (8%) refers to masonry type that does
not fall within the definition of the national categories (NC =not classifiable, Fig. 3).
Among these, there was a mixed masonry consisting of stones and bricks in equal pro-
portions; the further panels were made of hollow bricks with holes percentage greater
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(d) (e) ®

Fig. 5 Examples of tested masonry types

Fig.6 Circular (a) and rectangular (b) hollow brick blocks. Solid blocks (c)

than 45% (Fig. 6a, b) or solid blocks, i.e., built-in-work-site or precast concrete ele-
ments made up of sand and river pebbles with a great irregular granulometry (Fig. 6c,
Boschi et al. 2016).

3 Experimental tests

The 110 panels were tested by diagonal (DT), simple compression (CT) or single and dou-
ble flat-jack tests (FIT). In this paper, only the results of DT and double FJT are reported
and commented (105 tests). Table 3 specifies the reference documents used for their execu-
tion and to calculate the masonry properties as explained in the following.
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Table 3 Documents used to

p b Test Reference documents Derived
perform the tests param-
eters
DT ASTM E 519-07 (2007) 75 G

RILEM TC (1994)
ReLUIS (2009)
FIT ASTM C 1197-14 (2014) E f,
RILEM TC (2004)
ReLUIS (2009)

3.1 Diagonal test

The DT is codified in the document ASTM E 519-07 (2007) and consists in applying a
compression increasing load along a diagonal of a masonry panel, causing its shear failure
for diagonal cracking. The description of the in situ test layout (Fig. 7), the measurement
of the physical quantities and the data elaboration are reported in ReLUIS (2009). Four
LVDTs, two for each face of the wall, are used to measure the deformations of the diago-
nals. The referential shear strength 7, is calculated starting from the maximum principal
(tensile) stress o,=f,, at the centre of the panel as (Brignola et al. 2008):

\f;ll 1 Pu
= =—(05— s
W Rl ) M

in which P, is the maximum load, f;, is the corresponding principal tensile stress at the

. 9

centre (where the subscript “#” denotes the tensile stress while “u” the ultimate strength)

steel profile

hydraulic jack

steel loading

shoe
wall panel tested

steel rod lateral wall

steel loading
shoe
steel profile

Fig. 7 Layout of the in situ diagonal test
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and A is the area of the panel section (calculated as A = Mr, being ¢ the thickness, w the
width, and & the height of the panel). The coefficient 1.5 has been introduced to obtain an
average measure (7,) from a maximum point value (f,,). Different methods have been used
in previous researches to calculate the shear modulus G from DT results (RILEM TC 1994;
Vignoli et al. 2003; Brignola et al. 2008; Calderini et al. 2010). According to the elastic
analyses reported in Brignola et al. (2008), the stress state at the centre of a panel loaded
along one diagonal is:

=0, = —0.562; o.,=T= 1.05;, )

c -

X

while the average angular strain y is:

7= e + e 3)
where e, and ¢, are the compressed and the tensile diagonal deformations, defined as (1

and 2 refer to the two faces of the panel, / refers to the initial lengths of each base and A
denotes elongation and shortening):

Al Al Al Al,
¢ = 14l - I 1Al 4 D) @
2\ Iy ln 2\ Iy la

Given the shear stress 7 versus the angular strain y diagram, the secant modulus G; at
every point I is determined as (Fig. 8)

2 Py
G =—=105—. 5)
71 Ay;

The choice of the point I is crucial to obtain the values of G,. Two choices have been
made in this paper. In the first case I corresponds to a shear stress of approximately 1/3
7,, obtaining G,;; (Fig. 8). This modulus clearly refers to an undamaged state of the
masonry. In the second case, the modulus has been calculated as the elastic slope of the
bilinear diagram equivalent in term of energy to the true test diagram z—y, obtaining the
value G, related to a cracked condition of the masonry (Fig. 8).

Fig.8 Example of diagram 7—y T4
obtained from diagonal test

Tu

T

T3

@ Springer



Bulletin of Earthquake Engineering

flat jack
TT T T T T T ITr7 jg‘g(
di d2 d3 |d4 Q
‘ as
2
T
ds
I e
de &
a
jus)
Z T
H EEEERIEEE NN QLQ(
| flat jack
Ll | | |
cut width
} Ltot } T
Fig.9 Layout of the double flat-jack test
G A
~m ____________:_ \‘ /'I
cr | = r 7 /)
Iy Iyl
7/ 7
y/4 i |
, /4 Vi I
/ |
A
y, Gsup=fm/3 Vi :
E 7/ I
O'sup / :
| / |
| / I
I > y .
Ev,sup &Ev Evmax Ev
(b)

(a)

Fig. 10 Stress-strain diagrams obtained from double flat-jack test: a monotonic loading, b cyclic loading

3.2 Flat-jack test

The results of 55 double flat-jack tests were considered to evaluate the elastic modu-
lus E. In case the tests were pushed up to collapse, the results were also employed to
estimate the compression strength f,. The techniques is encoded by ASTM C 1197-14
(2014), while European specific recommendations are given in RILEM TC (2004) and
ReLUIS (2009). The layout of the double flat-jack test is shown in Fig. 9. The modulus
E has been estimated from the stress—strain diagram in different ways, depending on the
type of loading. Tests performed with monotonic loading were stopped at a stress level
much lower than the compressive strength f,,, so E has been defined as the slope of the
initial part of the diagram, approximately corresponding to the linear elastic behaviour
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(Fig. 10a, o, is the stress used for calculation). For cyclic loading E has been calcu-

lated as the secant modulus at the stress o, corresponding to o,,,,/3 = f,/3 considering
the envelope diagram (Fig. 10b), because these tests were performed until the masonry

collapse was approximately reached.

4 Results
4.1 Diagonal test

Results from 50 DT are reported in Table 4, that collects main data for each test. Most of
the experiments exhibited the expected failure characterized by extensive crack pattern of
the compressed diagonal, starting from the centre of the panel (Fig. 11a—d). Examples of
figures refer to irregular stone masonry in which the cracks covered both the mortar and
the units. In some cases, this failure was not highlighted, especially for brickwork speci-
mens, in which the strength of the mortar and the masonry texture influenced the failure
mode (Borri et al. 2015a). Figure 11e, f refer to a brick masonry panel in which the crack
pattern is almost horizontal as the bed mortar joints. It is the case of tests #33, #34 and
#44, in which the formulas are not consistent and results are not provided (Table 4). For
some tests the records of the deformations were not available or were anomalous so, the
shear modules (G,/; and G,,) have not been provided. In other cases G,;; were not comput-
able due to the absence of diagonal deformations at low level of stress as in the tests #16
and #18. Figure 12 shows the envelope diagrams 7—y for some panels.

Table 5 reports some statistic indexes of the referential shear strength 7, grouping the
data of Table 4 in homogeneous categories for which at least two tests were available. In
the last rows there are the ranges provided for the same masonry types by the Italian Build-
ing Code (Tables 1 and 2). There is a great variability of results when a large number of
tests is available (CoV is 48% for the 12 tests of Cat. I and 38% for the 6 tests of Cat. II-3).
This scatter decreases for categories with a small number of tests (12% and 24% for the two
available tests of Cat. II-5 and Cat. VI).

Twelve tests were performed for Cat. I (irregular stone masonry, pebbles, erratic, irregu-
lar stones). The average value of 7, is 3.7 N/cm? which is 42% more than that provided by
the Italian Building Code (2.6 N/cm?). For Cat. I-3 (irregular stone masonry with string-
courses), the average 7, is 3.3 N/cm?, similar with that of the Code, in which the coefficient
of the stringcourses of Table 2 is applied to the base masonry ranges. For Cat. I-3-4 (irreg-
ular stone masonry with concrete stringcourses) the two results provide 7, ,, equal to 5.5 N/
cm?, 8% upper the average value provided by the Code. Considering the local distribution
of the 12 tests carried out on walls made of irregular stone masonry, the panels tested in
province of Massa Carrara have higher 7, ,, (5.1 N/cm?); the lower To,qy 18 TEgistered in the
province of Arezzo (2.8 N/cm?), while for Florence and Lucca 1, is 3.2 and 3.7 N/cm?,
respectively.

For barely cut stone categories (II-3 and II-5) the values found with the tests almost
confirm those of the Italian Building Code, for II-3 7, ,, is 5.0 N/cm? (4% lower than the
Code) and for II-5 7 ,, is 3.1 N/em? (9% lower). For regular textures results of the tests
agree with the Code, too. The 3 tests on tuff masonry, each on panels with good mortar
(IV-1), confirm the variation ranges provided by the Code. For the two consistent tests
on brick masonry 7 ,, is 7.8 N/em?, very close to 7.6 N/cm? provided by the Code. For
Cat. VII the 4 tests are fairly scattered (CoV =27%) but 7, ,, is about the 17% lower than
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Fig. 11 Examples of crack patterns of panels tested in diagonal compression; a, b=test #29, ¢, d =test
#16, e, f =test #33

the Code value. This result may depend on the different wall weaving, arrangement of
the blocks and thickness of the panels.

The results of tests on irregular masonries (I, I-3, I-3-4, 22 tests) and on barely cut
ones (II-3, II-5 and II-3-5, 9 tests) have been grouped. To obtain homogeneous values,
results of Cat. I-3 and I-3-4 have been divided by 1.3 and by (1.3 x 1.5), respectively; at
the same way results of Cat. II-3 and II-3-5 have been divided by 1.2 and by (1.2%x0.8)
for the stringcourses and the inner poor core. The results for these two grouped catego-
ries are also reported in Table 5 (I-new and II-new).

For I-new 7, is 3.2 N/cm?, largely higher than the value provided by the Italian
Building Code (2.6 N/cm?). However, the results are scattered with a CoV of 45%.
By deleting the outlier values the sample of data has been reduced obtaining well-dis-
tributed results (18 tests with 7, ,, equal to 2.6 N/ecm?, StD of 0.6 N/cm? and CoV of
22%). For II-new also the values obtained are quite similar to those defined by the Code
(tg.ap=4.1 N/em? is 5% lower of 4.3 N/cm?). By deleting the outlier values remained
only 4 tests, for which 7 ,, is 4.2 N/cm?, CoV change from 31 to 1%, denoting reliable
results even for small number of tests.

The values of the modulus G,,; are reported in Table 6 and compared with the
ranges provided by the Italian Building Code. There is a great variability of the results
for stone masonry (CoV =44 +87%), while the scatters are acceptable for the tuff and
the brick regular masonries. It can be highlighted the large difference between the
stone masonry panels of Cat. I and the stone masonry with the stringcourses, Cat. I-3.
The first group has Gy ,, of 601 N/mm?, while the second group has 285 N/mm?, to
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Fig. 12 Stress-strain diagrams of some panels tested by diagonal compression. a Disorganised stone
masonry categories and b regular masonry categories

be compared with average of the Code equal to 290 N/mm?. As indicated in the Code,
since the deformability should not be influenced by the stringcourses, tests for Cat. I
and I-3 as well as II and II-3 have been grouped. The average value for the 13 avail-
able tests is 430 N/mm? which is 48% higher than the average of the Code, indicating
the major influence of Cat. I in the global results. For the II and II-3 categories the
average value is 26% lower than that of the Code and for the two tests of Cat. II-5 it is
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Table 5 Statistics of 7, from diagonal test results

Category I -3 134 1II-3 II-5 IV-l1 VI VI Inew II-new
n° tests 12 8 2 6 2 3 5t 4 22 9

T0.av (N/em?) 37 33 55 50 3.1 47 7.8 231 32 4.1

To max (N/cm?) 75 44 69 72 34 60 91 32 7.5 6.0
Tomin (N/cm?) 23 22 41 25 29 31 65 181 1.7 2.1
StD (N/cm?) 1.7 07 20 19 04 15 19 62 1.4 1.3
CoV (%) 48 22 36 38 12 32 24 27 45 31

Tables 1 and 2, 7y ype (N/em®) 2.6 34 51 52 34 53 76 280 26 43
Tables 1 and 2, 7 yre Nfem®) 32 42 62 61 41 63 92 32 32 51
Tables 1 and 2, 7yre (N/em®) 2.0 2.6 3.9 42 28 42 60 24 20 35

2 available values

Table 6 Statistics of modulus G,; from diagonal test results

Category L1-3 1L, II-3 1I-5 IV-1 VI VI
n° tests 20% 6 2 3b 5b 4°
Gz 0 (N/mm?) 430 303 85 447 1489 2730
G173 max (N/mm?) 1236 822 111 495 1853 2783
G /3 min (N/mm?) 43 136 58 398 1124 2676
StD (N/mm?) 340 263 37 69 515 76
CoV (%) 79 87 44 15 35 3
Tables 1 and 2, G.,,yrc (N/mm?) 290 410 328 540 500 1138
Tables 1 and 2, G, yrc (N/mm?) 350 480 384 630 600 1400
Tables 1 and 2, G,,;,yzc (N/'mm?) 230 340 272 450 400 875

213 available values

52 available values

74% lower. For the tuff masonry, only two values are available, and the results are 17%
lower respect to the Code variation range. For brick and hollow brick masonries, the
experimental tests provide results higher 198% and 140% than the codified ones.

The statistics for the modulus G, are reported in Table 7. It is worth nothing the
high scatter of the results, with CoV of 68% and 120%, even for the same masonry
category. For both the stone masonry types (irregular and barely cut) results are
significantly lower than those of the Italian Building Code. For Cat I and 1-3 G,
is 163 N/mm? and for Cat. II and II-3 is 142 N/mm? to be compared with 290 and
410 N/mm?, respectively. For the tuff masonry, only two values are available, and
the results are 44% lower respect to the Code variation range. This confirms that for
the stone masonry the computed G, are related to a cracked status. The experimen-
tal tests provide results higher than the codified ones only for brick and hollow brick
masonries (G of 1012 and 1444 N/mm? to be compared with 500 and 1138 N/mm?,
respectively).

cr,av
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Table 7 Statistics of modulus G, from diagonal test results

Category L1-3 I, 11-3 II-5 IV-1 A VI
n° tests 20° 6 2 3b 5b 4°
G.,a (N/mm?) 163 142 27 304 1012 1444
Gy max (N/mm?) 446 481 28 391 1224 1520
Gy pin (N/mm?) 19 36 26 218 800 1368
StD (N/mm?) 111 171 1 123 300 108
CoV (%) 68 120 3 40 30 7
Tables 1 and 2, G.,,yrc (N/mm?) 290 410 328 540 500 1138
Tables 1 and 2, G, yzc (N/mm?) 350 480 384 630 600 1400
Tables 1 and 2, G,,;,yzc (N/'mm?) 230 340 272 450 400 875

217 available values

b2 available values

4.2 Flat-jack test

Results from FIT tests are reported in Table 8. p, .. denotes the maximum pressure
achieved during the loading phase, and o,,, the stress adopted to calculate the secant
elastic modulus. The data have been grouped in homogeneous categories (Table 9).
Except for Cat. II-3, the E, obtained are higher than those provides the Italian Building
Code, as expected by using the flat-jacks technique.

As an example, for disorganised stone masonry E,, is 1057 N/mm? (CoV=48%),
22% higher of the Code (870 N/mm?). With good mortar E,, changes in 2498 N/mm?,
significantly higher (91%) in respect of that of the Code (870x1.5=1305 N/mm?).
Also for E, similar categories for which available data are in a greater number have
been grouped introducing I-new and VI-new, considering the correction coefficients
calibrated for E in the cases of good mortar for disorganised stone and good mortar
and thin joints for brick masonries (Table 2). For I-new (7 tests) E,, is 1351 N/mm?
(CoV=36%), 55% higher than that of the Code and the distribution has not outlier
values. For the 13 tests of VI-new, E,, is 2003 N/mm? (CoV =42%), 34% higher than
1500 N/mm?. Outliers were then deleted and for the residual 8 tests E,, is 1817 N/mm>
(CoV =9%), comparable to the higher value of the Code for the same masonry category
and 21% higher than the average one.

A synthetic view of the whole set of results is presented in Figs. 13, 14 and 15 (in
Fig. 15 in abscissae has been used the stress o, because in many flat-jack tests the
thickness of the wall was not available, anyway it is not so relevant for results). The tests
are grouped making a distinction among stone, brick and concrete block masonry types.

Experimental shear strengths 7, are normalized by the average (Fig. 13a) and the
minimum (Fig. 13b) values of the ranges provided by the Italian Building Code. Con-
sidering the high scatters usually accepted for this type of data, the measured referen-
tial shear strengths are reasonably similar to those recommended by the Code with the
exception of some stone masonry panels having minor thickness. However, in Fig. 13a
there are many values lower than one, so indicating that the corresponding tested pan-
els have a shear strength lower than the average value provided by the Italian Code.
Two considerations are required on this point. First, the national categories are similar
but not equal to those detected in a specific region so emphasizing the importance of
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Table 8 Results of the in situ double flat-jack tests. p,,,, is the maximum pressure achieved during the test,

oy, the maximum stress used for calculating the elastic modulus E, f,, is the compressive strength
Test Cat. Municipality—building type Puax (bar) 0, N/mm?)  f, (N/em®)  E (N/mm?)
51 NC-3 Empoli (FI)-private 18.9 0.62 2209
52 NC-3 Empoli (FI)—private 15.5 0.48 1483
53 V-1-2 Florence (FI)-church 30.0 2.30 9804
54 VI-1 Arezzo (AR)-public 12.0 0.82 2601
55 VI-1-2  Arezzo (AR)—public 16.0 0.85 4372
56 VI-1 Prato (PO)—public 6.7 0.45 2868
57 VI-1 Prato (PO)—public 15.2 0.39 2687
58 X Prato (PO)—public 14.1 - -

59 VI-1 Campi Bisenzio (FI)—public 18.2 0.89 3521
60 VI-1 Campi Bisenzio (FI)—public 13.1 0.80 3093
61 I-1 Florence (FI)—public 20.1 0.46 2975
62 1-1 Florence (FI)-public 20.5 0.53 2714
63 I-1-2 Florence (FI)—public 24.8 - -

64 I1-1 Florence (FI)—public 25.6 0.60 2700
65 II-1 Florence (FI)—public 9.7 - -

66 VI-1-2  Florence (FI)—public 15.9 0.80 9682
67 1I-3 Florence (FI)—public 9.2 0.21 891
68 1I-3 Castiglion Fibocchi (AR)-public 9.9 0.19 930
69 V-1-2 San Gimignano (SI)-tower 50.0 2.11 9512
70 VI Siena (SI)-church 16.0 0.88 1240
71 VI Siena (SI)-church 16.0 0.89 1767
72 VI Pistoia (PT)—church 18.0 0.38 832
73 1 Arezzo (AR)—public 16.2 0.45 1608
74 I-1-3 Arezzo (AR)—public 15.9 0.45 1932
75 1II-1 Florence (FI)—public 20.2 0.55 2573
76 1II-1 Florence (FI)—public 22.5 0.62 2408
77 1II-1 Florence (FI)-public 15.3 0.42 1675
78 -1 Prato (PO)—fortress 15.2 0.41 4725
79 I1-1 Prato (PO)—fortress 15.2 0.85 5354
80 I-1 Arezzo (AR)—public 15.2 - -

81 I Arezzo (AR)—public 12.1 0.33 604
82 I Arezzo (AR)—public 9.8 - -

83 I-1 Arezzo (AR)—public 10.0 0.28 1806
84 NC-1 Arezzo (AR)-public 14.0 0.38 2574
85 II-1-3  Prato (PO)—public 20.2 0.53 2523
86 1I-3 Prato (PO)—public 19.9 0.55 1279
87 II-1-3  Prato (PO)—public 14.2 0.38 4917
88 VI Prato (PO)—public 10.2 0.28 1832
89 VI Prato (PO)—public 9.8 0.28 2778
90 1I-1 Florence (FI)—public 23.4 0.69 208 2442
91 1T Florence (FI)—public 22.0 0.65 196 403
92 1II-1 Florence (FI)—public 35.0 1.04 312 3117
93 VII Filattiera (MS)—public 39.0 0.87 262 2500
94 VII Filattiera (MS)—public 49.5 - 333 -
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Table 8 (continued)

Test Cat. Municipality—building type Pmax (bAD) 0y, (N/mm?)  f, (N/em?) E (N/mm?)
95 VII Scarperia e S. Piero (FI)—public *)

96 I Florence (FI)—public (*)

97 1 Florence (FI)—public (*)

98 1 Piteglio (PT)—public 20.0 - 121 -

99 1 Piteglio (PT)—public (*)

100 (%) Volterra (PI)—public *)

101 (% Volterra (PI)—public *)

102 III-1 Piancastagnaio (SI)—public 31.8 0.88 3104
103 1 (*)—Public 36.0 0.85 254 960
104 1 (*)—Private 26.0 - 196 -
105 VI (*)—Private 15.0 0.37 110 1562

AR Arezzo, FI Florence, LU Lucca, MS Massa Carrara, PO Prato, SI Siena

(*) data not available; — not computable

performing in situ tests as many as possible. Second, the graph in Fig. 13b shows that
the minimum strengths provided by the Code are from the safe side with few exceptions.

Shear modules G,;; and G, and longitudinal modulus E obtained from tests are normal-
ized by the average values provided by the Italian Building Code (Figs. 14, 15). Experimental
results are markedly dissimilar in respect to the ranges provided by the Code and no trend can
be outlined for the different types of masonry, confirming that the measures of deformability
are very affected by the different treatments of the raw data records. Remembering that the
modulus G of the Table C8A.2.1 (MIT 2009) is associated to an undamaged status of the
walls, it has to be compared with G,;; while G, is effectively proper for a cracked status of
the panels. The Code suggests considering one half of G for cracked masonrys; test results here
presented give average ratios G,;3/G,, of 3.21 for the group of stone panels and 1.68 for that of
brick panels.

4.3 Web site “Tuscany Masonry DataBase” (TMDB)

All the qualitative and quantitative information about the characteristics of Tuscany masonry
types have been organised in the web page TMDB (www.abacomurature.it, Fig. 16). The web
site consists of a home page (Fig. 17) which describes the project and its content. Three main
pages can be accessed from the home page: (1) “Method” page describes the sample data and
the procedure for retrieval, test cataloguing and data processing, allowing the definition of the
mechanical properties; (2) “Search” page allows to look for information contained in the web
site and download them; and (3) “Contact” page contains references to the research team that
implemented the web site.
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Fig. 13 Shear strength 7, normalized respect to average values (a) and minimum values (b) provided by the
Italian Building Code for diagonal tests

5 Conclusive remarks

Data from 105 in situ tests on masonry panels obtained in existing constructions of Tuscany
have been collected. Most of these results were published in previous papers, however, the
data have been elaborated again following unique and scientific recognised procedures.
The results have been statistically analysed to determine the referential shear strength and
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Fig. 14 Shear modules G,,; and G, normalized respect to average values provided by the Italian Building

Code for diagonal tests

the deformability of the existing masonry of Tuscany. Panels were cut in historic buildings
as well as in more recent constructions and tested in their original undamaged state. Data
from diagonal tests and double flat-jack tests were collected. Since the great variability of
the masonry types the results are rather scattered. Nevertheless, the average values of the
referential shear strength obtained from diagonal tests are similar to those provided by the
Italian Code for the corresponding national masonry categories.

The values of G,/; (related to an undamaged status of the panels) are comparable with
the G provided by the Italian Building Code, while G, are lower, especially for stone
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Fig. 16 Web site TMDB

masonry types, signifying that G, can be used to calculate the shear stiffness of the walls
in the cracked status as recommended for linear seismic analysis. Longitudinal modules
of elasticity obtained by experiments, except for limited cases, are higher than those of
the Code. This agrees with the flat-jack technique in which only a small portion of wall is
compressed.

The web site TMDB collects all information concerning the research project and is
a useful instrument to be used by researchers, technicians and engineers in the seismic
upgrading of existing masonry buildings, to date limited to buildings of Tuscany. Future
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Fig. 177 Home page of TMDB

developments include the expansion of the database collecting results of in situ and labo-
ratory tests carried out at national level, catalogued and processed according to the same
procedures above described.

Acknowledgements This project was supported by the Tuscany Region and by the ReLUIS 2014-16
research program on masonry buildings. Authors thank the Universities of Tuscany, all the private Societies
and the persons who took part in the research.

References

ASTM C 1197-14 (2014) Standard test method for in situ measurement of masonry deformability properties
using the flat-jack method

ASTM E 519-07 (2007) Standard test method for diagonal tension (Shear) in masonry assemblages. West Con-
shohocken, ASTM International

Betti M, Galano L, Vignoli A (2008) Seismic response of masonry plane walls: a numerical study on spandrel
strength. AIP Conf Proc 1020(1):787-794

Betti M, Galano L, Vignoli A (2014) Comparative analysis on the seismic behaviour of unreinforced masonry
buildings with flexible diaphragms. Eng Struct 61:195-208

Betti M, Galano L, Petracchi M, Vignoli A (2015) Diagonal cracking shear strength of unreinforced masonry
panels: a correction proposal of the b shape factor. Bull Earthq Eng 13:3151-3186

Betti M, Borghini A, Boschi S, Ciavattone A, Vignoli A (2017) Comparative seismic risk assessment of basilica
type churches. J Earthquake Eng. https://doi.org/10.1080/13632469.2017.1309602

Binda L, Saisi A, Tiraboschi C (2000) Investigation procedures for the diagnosis of historic masonries. J Constr
Build Mater 14:199-233

Binda L, Borri A, Cardani G, Doglioni F (2009) Scheda qualita muraria: relazione finale e linee guida per la
compilazione della scheda di valutazione della qualita muraria. Report progetto ReLUIS 2005-2008 (in
Italian)

Borri A, Castori G, Corradi M, Speranzini E (2011) Shear behavior of unreinforced and reinforced masonry
panels subjected to in situ diagonal compression tests. Constr Build Mater 25(12):4403-4414

Borri A, Castori G, Corradi M (2015a) Determination of shear strength of masonry panels through different
tests. Int J Archit Herit 9(8):913-927

Borri A, Corradi M, Castori G, De Maria A (2015b) A method for the analysis and classification of historic
masonry. Bull Earthq Eng 13:2647-2665

Boschi S, Bernardini C, Borghini A, Ciavattone A, Del Monte E, Giordano S, Signorini N, Vignoli A (2016)
Mechanical characterisation of particular masonry panels in Tuscany. In: XVI International brick and
block masonry conference 27-29 Giugno 2016, pp. 1447-1455. ISBN: 978-1-138-02999-6

@ Springer


https://doi.org/10.1080/13632469.2017.1309602

Bulletin of Earthquake Engineering

Brignola A, Frumento S, Lagomarsino S, Podesta S (2008) Identification of shear parameters of masonry panels
through the in situ diagonal compression test. Int J Archit Herit 3(1):52-73. https://doi.org/10.1080/15583
050802138634

Calderini C, Cattari S, Lagomarsino S (2010) The use of the diagonal compression test to identify the shear
mechanical parameters of masonry. Constr Build Mater 24:677-685

Cescatti E, Dalla Benetta M, Modena C, Casarin F (2016) Analysis and evaluations of flat-jack test on a wide
existing masonry buildings sample. In: XVI international brick and block masonry conference. ISBN:
978-1-138-02999-6

Cescatti E, Taffarel S, Leggio A, Da Porto F, Modena C (2017) Macroscale damage assessment of URM
churches after the 2016 earthquake sequence in Centre of Italy. In: Proceedings of XVII ANIDIS confer-
ence. ISBN: 978-886741-8541

Chiostrini S, Vignoli A (1992) An experimental research program on the behavior of stone masonry structures.
J Test Eval 20(3):190-206

Chiostrini S, Vignoli A (1993) In-situ determination of the strength properties of masonry walls by destructive
shear and compression tests. Masonry Int 7(3):87-96

Corradi M, Borri A (2017) A database of the structural behavior of masonry in shear. Bull Earthquake Eng
(2018) 16:3905. https://doi.org/10.1007/s10518-018-0328-6

D’Ayala DF, Paganoni S (2011) Assessment and analysis of damage in I’Aquila historic city centre after 6th
April 2009. Bull Earthq Eng 9(1):81-104

D’Ayala D, Speranza E (2003) Definition of collapse mechanisms and seismic vulnerability of historic masonry
buildings. Earthq Spectra 19(3):479-509

Dall’Asta A, Leoni G, Meschini A, Petrucci E, Zona A (2018) Integrated approach for seismic vulnerability
analysis of historic massive defensive structures. J Cult Herit. https://doi.org/10.1016/j.culher.2018.07.004

Del Monte E, Vignoli A (2008) In situ mechanical characterization of the mortar in masonry buildings with
DRMS. In: Ist international RILEM symposium on site assessment of concrete, masonry and timber
structures, Varenna, Italy, 1-2 September 2008, pp 421430

Magenes G, Penna A, Galasco A, Rota M (2010) Experimental characterization of stone masonry mechanical
properties. In: Proceeding of the 8th international masonry conference, Dresden, Germany

Milani G, Valente M (2015) Failure analysis of seven masonry churches severely damaged during the 2012
Emilia-Romagna (Italy) earthquake: non-linear dynamic analyses vs conventional static approaches. Eng
Fail Anal 54:13-56. https://doi.org/10.1016/j.engfailanal.2015.03.016

MIT 2009 (2009) Circolare n. 617 del 2 febbraio 2009. Istruzioni per I’Applicazione Nuove Norme Tecniche
Costruzioni di cui al Decreto Ministeriale 14 gennaio 2008, (in Italian)

Morandi P, Magenes G, Albanesi L (2012) Mechanical characterization of different typologies of masonry
made with thin shell/web clay units. In: Proceeding of the 12th Canadian masonry symposium

NTC 2008 (2008) D.M. del Ministero delle Infrastrutture e dei Trasporti del 14/01/2008. Nuove Norme Tec-
niche per le Costruzioni. G.U. n. 29 del 04.02.2008, S.O. n. 30, (in Italian)

NTC 2018 (2018) D.M. del Ministero delle Infrastrutture e dei Trasporti del 17/01/2018. Aggiornamento delle
“Norme Tecniche per le Costruzioni”. G.U. n. 42 del 20 febbraio 2018, (in Italian)

Penna A, Morandi P, Rota M, Manzini CF, Da Porto F, Magenes G (2014) Performance of masonry buildings
during the Emilia 2012 earthquake. Bull Earthq Eng 12(5):2255-2273

ReL.UIS (2009) Linea di Ricerca 1 - Valutazione e riduzione della vulnerabilita di edifici in muratura - Sub Task
3b3 - Indagini diagnostiche su tipologie murarie, (in Italian)

RILEM TC (1994) 76-LUM Diagonal tensile strength tests of small wall specimens, In RILEM, recommenda-
tions for the Testing and Use of Constructions Materials. London: E&FN SPON, 488-489

Rilem TC (2004) In situ stress-strain behaviour tests based on the flat jack. Mater Struct 37:497-501

Rossi PP (1982) Analysis of mechanical characteristics of brick masonry tested by means of in situ tests. In: 6th
IBMaC, Rome, Italy

Silva B, Dalla Benetta M, da Porto F, Modena C (2014) Experimental assessment of in-plane behaviour of
three-leaf stone masonry walls. Constr Build Mater 53:149-161

Turnsek V, Sheppard PF (1980) The shear and flexural resistance of masonry walls. In: Proceedings of the
research conference on earthquake Eng., Skopje

Vicente R, Ferreira TM, Mendes da Silva JAR, Varum H (2015) In situ flat-jack testing of traditional masonry
walls: case study of the old city center of Coimbra, Portugal. Int J Archit Herit 9(7):794-810

Vignoli A, Corradi M, Borri A (2003) Experimental study on the determination of strength of masonry walls.
Constr Build Mater 17:325-337

Vignoli A, Boschi S, Modena C, Cescatti E (2016) In-situ mechanical characterization of existing masonry
typologies: a research project in Italy finalized to update the structural codes. In: Proceedings of XVI
international brick and block masonry conference 27-29 Giugno 2016, Padova, Italia, pp. 1983-1991.
ISBN: 978-1-138-02999-6

@ Springer


https://doi.org/10.1080/15583050802138634
https://doi.org/10.1080/15583050802138634
https://doi.org/10.1007/s10518-018-0328-6
https://doi.org/10.1016/j.culher.2018.07.004
https://doi.org/10.1016/j.engfailanal.2015.03.016

	Mechanical characterisation of Tuscany masonry typologies by in situ tests
	Abstract
	1 Introduction
	2 Collected data
	2.1 Description of the masonry typologies

	3 Experimental tests
	3.1 Diagonal test
	3.2 Flat-jack test

	4 Results
	4.1 Diagonal test
	4.2 Flat-jack test
	4.3 Web site “Tuscany Masonry DataBase” (TMDB)

	5 Conclusive remarks
	Acknowledgements 
	References




