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Abstract. Masonry is well known for being one of the most used construction
materials throughout the world, characterized by a great variability in terms of
constituent materials and construction techniques. One of the main challenges,
when dealing with the seismic vulnerability assessment of existing masonry
constructions, is the determination of its mechanical properties, especially for
historical and monumental buildings, in which the possibility of performing ex-
perimental tests is limited.

After the 2012 Emilia earthquake, the Emilia Romagna Region (Italy) funded
retrofit interventions on many public masonry buildings, on which experimental
campaigns were often performed to reach a specific knowledge level, in the
framework of seismic vulnerability assessment procedures. Starting from these
investigations, the main objective of this research is the definition of confidence
intervals for the mechanical properties of the masonry typologies typical of the
Emilia Romagna Region (ltaly). After the collection of the experimental data
and their organization within a database, statistical analyses are conducted to
define the confidence intervals for the mean values of the compressive strength,
shear strength and elastic modulus. The considered masonry typologies are sol-
id clay brick masonry with lime-based mortar and hollow brick masonry with
cementitious mortar, according to the definitions reported in the Italian Building
Code.

Comparisons between the obtained confidence intervals and the ones provided
by the Italian Building Code are presented. The results of this research can be
useful for technicians and structural engineers involved in the safety assessment
of masonry buildings in the investigated area, providing indications about the
mechanical performances to be expected.

Keywords: Masonry testing, Statistical analyses, Confidence Intervals, Com-
pressive strength, Shear strength.
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1 Introduction

Masonry is well known for being one of the most used construction materials
throughout the world, characterized by a great variability in terms of constituent mate-
rials and construction techniques. The evaluation of masonry mechanical properties
represents a challenging task in the framework of vulnerability assessment procedures
given that a specific knowledge level should be reached for the building under inves-
tigation [1,2]. Several methodologies exist for the determination of the compressive
and shear properties of masonry: they can be classified as non-destructive, slightly-
destructive and destructive according to their invasiveness on the constructions [3-5].
Although it is necessary to define consistent procedures to obtain reliable information
about the material properties, when dealing with historical and monumental buildings
the possibility of performing experimental tests is limited. In those cases where in-
formation is scarcely available, the Italian Building Code [1,2] provides ranges of
masonry mechanical properties, i.e., weight density, compressive and shear strength,
elastic and shear modulus, to be used for structural analyses and verifications. Given
the variability of the masonry typologies throughout the Italian territory, it is also
possible for the Regions to provide more detailed indications to technicians involved
in the seismic vulnerability assessment of existing constructions.

In recent years, the Emilia Romagna Region (Italy) funded retrofit interventions on
many public masonry buildings damaged by the 2012 Emilia earthquake. On these
buildings, experimental campaigns were often performed with the objective of in-
creasing the knowledge level. With the objective of defining confidence intervals for
the mechanical properties of the masonry typologies typical of the Emilia Romagna
Region (ltaly), to be used as an alternative to the intervals proposed by the Italian
Building Code, the results of these investigations were collected in a database and
statistical analyses were performed, as will be explained in the following.

2 Data collection

In this research, data were collected from building practises related to interventions on
public buildings archived by the Emilia Romagna region. On a total of 330 building
practises analysed, referred to both reinforced concrete and masonry buildings, in 251
cases it was possible to find information about experimental campaigns. Through
detailed classification of the collected data, it was possible to extract useful infor-
mation for 83 masonry buildings, on which tests were performed. The classification
of the considered masonry buildings according to construction age is reported in Fig.
1, from which it can be seen that the majority was built before the 1960. It should be
noted that the considered masonry typologies were solid clay brick masonry with
lime-based mortar and hollow brick masonry with cementitious mortar only, accord-
ing to the definitions reported in the Italian Building Code [1,2]. It is worth mention-
ing that there was, sometimes, uncertainty about the identification of the masonry
typology since limited information was reported in the practises, and the typologies
listed in the Code do not cover the wide variability detectable in reality.
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Fig. 1. Classification of the investigated masonry buildings by construction age.

The tests conducted on the investigated buildings, whose results were collected for
setting up the database, were both non-destructive and slightly-destructive tests and
they were aimed at evaluating compressive and shear properties of masonry. In more
detail, results from the following non-destructive testing methodologies were extract-
ed from the building practises:

- sclerometer (SCL) and penetrometer (P) tests on mortar joints on-site;
- ultrasonic tests (U) on masonry performed on-site.
In addition, results from the following slightly-destructive testing methodologies
were collected:
- double flat-jack test (FJ) [6];
- compressive tests on masonry samples (MC), either wallets or cores, extracted
on-site and tested in the laboratory [7];

- compressive test on brick samples (BC) extracted on-site and tested in the la-
boratory [8];

- double punch test on mortar samples (DP) extracted on-site from masonry bed
joints and tested in the laboratory [9];

- shove test (S) [10];

- shear test on cores (STC), extracted on-site and tested in the laboratory, i.e.,
compressive test on masonry cores with inclined mortar joint [11].

For what concerns the evaluation of the compressive strength, it can be seen that
the testing methodologies can be basically distinguished between tests performed on
masonry samples or on brick and mortar samples. Results of tests on constituents
should obviously be combined in order to obtain values of mechanical properties
usable for masonry.

A total of 2202 test results were collected, whose distribution among the different test
typologies is reported in Fig. 2.
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Fig. 2. Type of tests performed on masonry buildings.

3 Statistical analyses of the dataset

3.1  Methodology

Statistical analyses on the collected data were performed with the objective of deter-
mining confidence intervals for the material properties of the two masonry typologies
considered. In particular, the most relevant mechanical properties from a structural
point of view were considered, as well as those investigated through a number of tests
deemed relevant and representative for a subsequent statistical elaboration. The data
were aggregated by masonry type, based on the typologies reported in the Italian
Building Code (Table 1), and, when possible, by construction age. The data for which
it was not possible to identify the construction period, are indicated with the code ND
(Not Detectable).

On the aggregated data, statistical analyses made it possible to evaluate the proba-
bility distribution that best represented the data sets: based on the maximum likeli-
hood estimation, the lognormal distribution was identified as the best for almost all
the data sets and it was then used, for sake of consistency, for all the data sets in the
subsequent analyses. Afterwards, the 95% confidence interval on the mean value was
determined according to the Cox method [12]. In particular, the lower and upper lim-
its of the interval were calculated starting from the confidence interval of the log-
transformed, normally distributed variable Y = In(X), where X is the original variable,
lognormally distributed. This interval can be calculated as:
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where Y and S? are the mean value and variance of Y, respectively, and n is the num-
ber of observations. The limits so obtained are back-transformed to determine the
limits of the 95% confidence interval on the average value of the lognormal original
variable X. This method is valid for large samples, therefore the estimation of confi-
dence intervals was not performed for data sets with n lower than 15.

The described statistical analyses were performed with regards to the following
mechanical properties, determined through slightly-destructive tests:

- masonry compressive strength (fn), determined from double flat-jack tests or
evaluated through analytical expressions starting from the compressive
strength of bricks and mortar;

- masonry elastic modulus (E), determined by double flat-jack tests;

- masonry sliding-shear strength, determined by shove tests or by compression
tests on cores with inclined mortar joint.

The obtained confidence intervals are then compared with the ones reported in the
Italian Building Code [2] (Table 1).

Table 1. Reference intervals for masonry material properties (extracted from [2], Table C8.5.1)

fm 70 fvo E w
Masonry typology (N/mm?)  (N/mm?)  (N/mm?)  (N/mm?)  (KN/mmd)
min-max min-max min-max min-max

Solid clay brick masonry
with lime-based mortar
Hollow brick masonry with
cementitious mortar

2.6-4.3 0.05-0.13  0.13-0.27 1200-1800 18

5.0-8.0 0.08-0.17  0.20-0.36  3500-5600 15

3.2 Results

In this Section, the results of the statistical analyses are presented with reference to
the introduced mechanical properties for the two masonry typologies considered.

Compressive strength from double flat-jack tests. In Fig. 3, the lognormal distribu-
tions of the compressive strength for solid clay brick masonry with lime-based mortar
are presented for the entire data set and for the data subsets containing a sufficient
number of observations. In Table 2, the limits of the confidence intervals on the mean
value are reported. For the datasets in which the number of observations was limited,
the mean value only is presented.

For the hollow brick masonry with cementitious mortar, the number of data availa-
ble from double flat-jack tests, in terms of compressive strength, was not sufficient for



the purposes of statistical analyses. Therefore, in Table 3, only the mean value for
each construction period is reported.
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Fig. 3. Probability Density Function (PDF) of lognormal distributions of the compressive
strength for solid clay brick masonry with lime-based mortar: (a) entire data set; (b) buildings
built before 1919, (c) buildings built within 1919 and 1945, (d) ND.

Table 2. Confidence intervals for the compressive strength of solid clay brick masonry with
lime-based mortar, obtained from double flat-jack tests.

Construction  Number of  Lower Limit Expected value Upper Limit
Age data fm (MPa) fm (MPa) fm (MPa)
Entire data set 134 2.6 29 31
<1919 60 2.1 2.4 2.7
1919-1945 29 31 3.7 4.5
1946-1960 <15 - 2.7 -
1961-1970 <15 - 2.6 -
1971-1980 <15 - 2.8 -
1981-1990 <15 - 5.6 -
N.D. 19 2.3 2.8 3.5




Table 3. Confidence intervals for the compressive strength of hollow brick masonry with ce-
mentitious mortar, obtained from double flat-jack tests.

Construction ~ Number of Lower Limit Expected value Upper Limit
Age data fm (MPa) fm (MPa) fm (MPa)

Entire dataset <15 - 4.0 -
<1919 <15 - 4.2 -
1919-1945 <15 - 2.9 -
1961-1970 <15 - 5.0 -
1971-1980 <15 - 5.5 -
1981-1990 <15 - 1.4 -

It is worth mentioning that the test reports of double flat-jack tests did not always
contain complete information regarding the progress of the test (e.g., stress vs strain
diagram, failure mode, etc.); therefore, it was not always possible to assess the relia-
bility of the result in terms of compressive strength. It is known, in fact, that it might
be challenging to achieve the complete failure of the portion of masonry between the
flat-jacks (typically due to insufficient contrast provided by the masonry above the
tested location). In these cases, an underestimation of the compressive strength oc-
curs. This observation can probably explain why the confidence intervals here ob-
tained are often lower than the intervals reported in the Italian Building Code (Table
1).

Compressive strength from analytical formulations. The compressive strength of
masonry was also estimated through the analytical formulation reported in Eurocode 6
(EC6), considering the compressive strength of the constituents, evaluated by means
of compressive tests on brick samples or by double punch tests on mortar joints, as
follows:

f,=K-f* fF @)

where fy, is the normalized compressive strength of bricks, fj is the mortar compres-
sive strength, and K, a e B are correlation coefficients, assumed equal to 0.55, 0.7 and
0.3, respectively.

In previous research conducted by the Authors [13], it was found that the EC6
formula tends to overestimate the compressive strength for solid clay brick masonry
characterized by strength values lower than 10 MPa. For this reason, different calibra-
tion coefficients (K, a, B) were proposed, equal to 0.5, 0.3 and 0.85, respectively. This
alternative formulation was here considered as well, given the low strength values
characterizing the investigated masonry typologies.

In Fig. 4, the lognormal distributions of the compressive strength estimated
through both the EC6 formulation and the alternative one [13] are presented for the
entire data set for both masonry typologies. The corresponding confidence intervals
are reported in Table 4 and Table 5. It can be noticed that, by considering the alterna-
tive analytical formulation, the intervals obtained for the solid clay brick masonry



with lime-based mortar are closer to those determined by double flat-jack tests. It
should be mentioned that the alternative formulation was not specifically calibrated
for hollow brick masonry; therefore, further analyses on this typology might be rec-
ommended.
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Fig. 4. Probability Density Function (PDF) of lognormal distributions of the compressive
strength estimated through analytical formulations for the entire data set: (a) EC6 formulation
for solid clay brick masonry with lime-based mortar, (b) alternative formulation for solid clay
brick masonry with lime-based mortar, (c) EC6 formulation for hollow brick masonry with
cementitious mortar, (b) alternative formulation for hollow brick masonry with cementitious
mortar.

Table 4. Confidence intervals for the compressive strength of solid clay brick masonry with
lime-based mortar, obtained from analytical formulations.

Number  Lower Limit Expected value Upper Limit

Entire data set of data fm (MPa) fm (MPa) fm (MPa)

EC6 formulation 40 8.0 9.0 10.3
Alternative formulation 40 3.7 5.1 7.1




Table 5. Confidence intervals for the compressive strength of hollow brick masonry with ce-
mentitious mortar, obtained from analytical formulations.

Entire data set Number  Lower Limit Expected value Upper Limit
of data fm (MPa) fm (MPa) fm (MPa)

EC6 formulation 18 9.9 11.9 14.3

Alternative formulation 18 6.7 10.2 15.5

Elastic modulus from double flat-jack tests. In Fig. 5, the lognormal distributions
of the elastic modulus for both masonry typologies are representatively shown for the
entire data set. In Table 6 and Table 7, the limits of the confidence intervals on the
mean value are reported for the entire data set and for the subsets for which more than
15 data were collected. For the datasets in which the number of observations was
limited, the mean value only is presented. Considering the hollow brick masonry ty-
pology, it should be mentioned that the number of data regarding the elastic modulus
estimation was greater than that found for the compressive strength since, in some
cases, it was possible to determine the elastic modulus only, given the critical issues
already described in the previous Section about the estimation of compressive
strength in double flat-jack tests.

By comparing these results with the intervals reported in Table 1, it can be noticed
that the obtained values are higher than the ones proposed in the Italian Building
Code for the solid clay brick masonry with lime-based mortar, while they are lower
for the hollow brick masonry with cementitious mortar.
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Fig. 5. Probability Density Function (PDF) of lognormal distributions of the elastic modulus
estimated from double flat-jack tests for the entire data sets: (a) solid clay brick masonry with
lime-based mortar, (b) hollow brick masonry with cementitious mortar.
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Table 6. Confidence intervals for the elastic modulus of solid clay brick masonry with lime-
based mortar.

Construction ~ Number of Lower Limit Expected value Upper Limit
age data E (MPa) E (MPa) E (MPa)
Entire dataset 126 2278 2597 2960
<1919 62 2115 2556 3089
1919-1945 24 2174 2935 3962
1946-1960 <15 - 3095 -
1961-1970 <15 - 2111 -
1971-1980 <15 - 3618 -
1981-1990 <15 - 3386 -

N.D. <15 - 1733 -

Table 7. Confidence intervals for the elastic modulus of hollow brick masonry with cementi-
tious mortar.

Construction ~ Number of Lower Limit Expected value Upper Limit
age data E (MPa) E (MPa) E (MPa)
Total 21 1385 2020 2948
<1919 <15 - 4177 -
1919-1945 <15 - 1605 -
1946-1960 <15 - 1743 -
1961-1970 <15 - 1400 -
1971-1980 <15 - 1916 -

Shear strength from shove tests and compressive tests on cores with inclined
mortar joints. To estimate the sliding shear strength of solid clay brick masonry,
according to a Mohr-Coulomb failure criterion, the results of the shove tests and of
the tests on masonry cores with inclined mortar joints were grouped together. The
number of collected data did not allow to disaggregate the results for the different
construction ages. The results of the cited tests were reported on a normal stress (o) vs
tangential stress (t) graph, as shown in Fig. 6. For the tests on cores, performed with
different inclination angles, the mean value obtained for each inclination was consid-
ered. Through a linear regression of the data, the Mohr-Coulomb failure criterion was
estimated, obtaining values for the cohesion and the friction coefficient equal to 0.27
MPa and 0.58, respectively. It can be observed that the value of the cohesion coin-
cides with the upper limit of the interval proposed by the Italian Code for f,o (Table
1), while the friction coefficient is higher than the suggested value, equal to 0.4, in
line with previous research conducted on masonry typologies in the Emilia Romagna
region [5].

For the hollow brick masonry typology, due to the limited data, only the results of
the shove tests performed on-site on masonry portions characterized by a null vertical
stress (e.g, performed below windows) were considered with the objective of estimat-
ing the cohesion. The value obtained is equal to 0.54 MPa, which is higher than the
values proposed by the Italian Building Code (Table 1).
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Fig. 6. Mohr-Coulomb failure criterion estimation for solid clay brick masonry with lime-based
mortar.

4 Discussion

In addition to the definition of confidence intervals for the mean values of the mason-
ry mechanical properties, the critical analysis of the building practices made it possi-
ble to provide some indications: (i) on the types of test that seem most appropriate to
be performed, (ii) on the correct execution of the tests, and (iii) on the minimum in-
formation that the test report should contain in order to correctly interpret the test
results.

To determine the masonry compressive strength, it is advisable to conduct double
flat-jack tests, paying attention on obtaining indications about the first cracking stress,
the maximum stress reached, and an estimate of the elastic modulus; test reports
should also include tables and graphs to properly understand the stress vs strain be-
havior. Furthermore, it is essential to specify whether the maximum tension reached
actually corresponds to the failure of the portion of masonry investigated or whether,
instead, the test was interrupted, e.g., due to an inadequate contrast given by the sur-
rounding masonry or due to the onset of undesired failure modes. If it is not possible
to conduct double flat-jack tests, it is advisable to proceed with tests on specimens
obtained both from bricks (compression tests) and from mortar joints (double punch
tests), with the aim of using analytical formulations for the estimate of the compres-
sive strength of the masonry typology investigated. It has already been highlighted
that for masonry typologies typical of the Emilia-Romagna Regions, characterized by
a compressive strength usually lower than 10 MPa, the analytical formulation pro-
posed in EC6 tends to overestimate the compressive strength and is therefore unrelia-
ble. For this reason, an alternative formulation was introduced, calibrated for solid
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brick masonry with lime-based mortar, which allows the resistance to be more relia-
bly estimated.

To determine the masonry shear strength, it is suggested to perform shove tests
both on masonry portions characterized by a non-zero vertical compressive stress and
in correspondence with windows, where it is possible to reliably assume a vertical
compressive stress equal to zero. In all cases, it is necessary that the test report con-
tains both the value of the tangential stress at which the sliding failure occurs and an
explicit indication of the acting vertical compressive stress, estimated through load
analysis or evaluated through single flat-jack tests. In addition, to better calibrate the
Mohr-Coulomb failure criterion, it is also suggested to perform compressive tests on
cores with inclined mortar joint, which are typically characterized by higher vertical
stress values at failure with respect to shove tests. It should be noted that the results of
tests on cores are generally characterized by considerable dispersion, given the local
nature of the test; therefore, it is advisable to carry out at least three tests for each
mortar joint inclination and, then, consider the average of the three results for the
linear interpolation of the criterion.

5 Conclusions

In this research, thanks to the collection of data from experimental campaigns con-
ducted on existing public masonry buildings in the Emilia-Romagna Region (ltaly), it
was possible to obtain information on the main mechanical properties for two mason-
ry typologies: solid brick masonry with lime-based mortar and hollow brick masonry
with cementitious mortar. The amount of data collected made it possible to conduct
statistical analyses on different aggregated data sets, i.e., by construction ages, obtain-
ing 95% confidence intervals on the mean value of the masonry compressive and
shear strength, and of the elastic modulus. These intervals can represent a reference
for professionals who operate in the field of vulnerability assessments of existing
buildings in the Emilia-Romagna Region. Indeed, the obtained results can guide engi-
neers and technicians by supporting them in the interpretation of specific test data,
identifying possible correlation with the values of the collected database. Moreover,
useful indications were given for a correct planning of the experimental investiga-
tions.
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