Materials and Structures (2022) 55:198
https://doi.org/10.1617/s11527-022-02032-5

)

Check for
updates

ORIGINAL ARTICLE

Material aging effects on the in-plane lateral capacity of tuff
stone masonry walls: a numerical investigation

Felice Saviano @ - Fulvio Parisi

+ Gian Piero Lignola

Received: 10 February 2022/ Accepted: 10 August 2022 /Published online: 4 September 2022

© The Author(s) 2022

Abstract Recent studies have shown how the vari-
ability of material properties affects the nonlinear
behaviour of unreinforced masonry (URM) walls. To
preserve the historical built heritage, variations in
structural capacity of URM buildings associated to
aging and deterioration of masonry should be quickly
predicted, by integrating with structural health mon-
itoring and risk management. In this study, relation-
ships between structural capacity features and material
properties are numerically investigated for single
walls, based on a structural modelling strategy that
was experimentally validated on full-scale URM
walls. The paper proposes an evaluation of the effects
of degradation of material properties on the macro-
scopic descriptors of single masonry walls, such as
peak strength and stiffness, also considering the
uncertainties in the estimate of those properties. The
authors do not attempt to model the physical processes
of material aging with time, but assume certain levels
of material degradation and investigate their effects on
the structural response and capacity. Force—
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displacement curves and failure modes are associated
with the overall nonlinear response of masonry walls
due to progressive deterioration of material proper-
ties. Regression models are then proposed to predict
variations in the peak load-bearing capacity and in -
plane lateral stiffness when the mechanical properties
of the constituents changed.
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1 Introduction

The structural assessment of historical masonry
buildings is a complex task because of several
motivations, such as a significant variability in geo-
metric and mechanical properties of masonry that are
rather difficult to be characterised, epistemic uncer-
tainties related to construction detailing, and nonlinear
behaviour of structural systems under different load-
ing conditions. In many cases, existing unreinforced
masonry (URM) structures were built according to
past rules of thumb and historical treatises, which do
not comply with current design criteria. Furthermore,
historical URM constructions have usually undergone
changes over time compared to their original config-
uration, accelerating deterioration due to


http://orcid.org/0000-0001-5271-0563
http://orcid.org/0000-0002-1374-0732
http://orcid.org/0000-0001-6027-9291
http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-022-02032-5&amp;domain=pdf
https://doi.org/10.1617/s11527-022-02032-5

198 Page 2 of 24

Materials and Structures (2022) 55:198

environmental actions, material aging, and/or damage
caused by other loads such as soil settlements,
earthquake ground motion, or impact. It is also
emphasised that mechanical properties of masonry
constituents (i.e., stones/bricks and, if any, mortar) and
assemblages are highly variable due to variations in
the quality of workmanship, environmental conditions
during construction, and material characteristics, both
between different URM structures (inter-structure
variability) and within the same structure (intra-
structure variability). Therefore, the huge variability
in material properties and masonry assemblage,
together with the highly nonlinear response to loads,
should be considered [1-3]. In addition to the
mechanical variability within masonry, especially in
historical buildings, there are many difficulties in
mechanical and geometric modelling when the con-
cern is quantifying the effects of alterations in
physical-mechanical properties of the materials due
to, for example, water infiltration in the foundation,
capillary rise of water, or corrosion of metallic ties. To
make the modelling and capacity assessment of
masonry structures even more challenging is the
different role played by nonlinear mechanical proper-
ties such as strength [4] and fracture energy, as
observed in [5-7]. Fracture energy plays a crucial role
in the post-peak behaviour and displacement capacity
of individual URM walls, while its impact is less
crucial at larger scales of masonry walls with openings
and at building scale [8].

After recent major seismic events such as the
L’Aquila earthquake in 2009 and the Amatrice
earthquake in 2016, the awareness of the importance
of preserving historic buildings and the implementa-
tion of structural health monitoring (SHM) techniques
has grown [9]. Structural monitoring is also one of the
main tools supporting engineers to ensure an accept-
able level of safety during different phases of facility
lifetime, from construction to demolition. SHM can be
based on wide variety of parameters, namely, dis-
placements, rotations, accelerations, stresses, and
strains. In this context, the challenge is to correctly
identify when damage detected through SHM mea-
surements is caused by, for example, structural
deterioration or earthquakes, such as in [10, 11] where
a theoretical investigation on the application of smart
bricks to full-scale masonry structures for seismic
assessment is presented. In the SHM framework, the
damage modelling strategy within the finite element

method (FEM) plays an important role in the imple-
mentation of automatic damage detection algorithms,
allowing the development of simplified macro-ele-
ment models from FEM. Indeed, although the macro-
element modelling approach allows accurate nonlin-
ear seismic analyses of masonry buildings [12-14], it
requires calibration and validation studies on masonry
buildings subjected to other loads and, more specif-
ically, under operating conditions and in the presence
of material aging and degradation. The aforemen-
tioned issues motivated this study, which is part of the
DETECT-AGING research project that aims at devel-
oping a multi-scale numerical approach for the
identification and quantification of the effects of
material aging and degradation on the structural safety
of cultural heritage, with a focus on URM construc-
tions. More specifically, this study is focused on
prediction of the in-plane capacity and stiffness of
URM single walls made of tuff stone masonry (TSM),
the behaviour of which [15-18] is different from other
masonry types such as clay brick masonry [19, 20]
(where mortar is usually weaker than clay brick units)
and adobe masonry [21, 22] (where mud mortar and
adobe bricks may have very similar properties). FEM
was used to simulate the global behaviour of TSM
walls, allowing force—displacement curves and crack-
ing patterns to be investigated. FEM micro-models
were developed using constitutive models calibrated
against experimental data from previous full-scale
tests [15, 23, 24]. So, based on a calibrated model, new
numerical simulations of walls subjected to in-plane
lateral loading were carried out under varying
mechanical properties of tuff stones and mortar. To
that aim, the variability in material properties was
simulated through different combinations of their
statistics because of lacking data on tuff stone masonry
to characterise stochastic processes over time and, if
any, in space. Indeed, previous studies focusing on
other masonry types investigated the response of URM
walls, making use of stochastic models (e.g., see
[25, 26]). This work employs the materials values used
to construct several masonry walls and a full-scale
masonry building [16, 23] where experimental results
on tuff stone masonry showed a well defined rising
branch of the stress—strain curve, a peak strength
associated with the typical value of 0.20% assumed as
yielding strain by masonry standards, but the post-
peak behaviour depends not only on imperfections but
also on the randomness in the fracture process, so
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values of residual strength, fracture energy are com-
plex to be defined. Tested tuff stone masonry had
similar elastic modulus, 1540 MPa and 1520 MPa
respectively for tuff and mortar with a compressive
strength of 4.13 MPa and 2.5 MPa. The main goal of
the overall study is to define a simple tool to support
the prediction of the effects of material aging on
structural capacity features such as stiffness, that can
be inferred from continuous monitoring over time, and
strength, that affect the peak load-bearing capacity.

2 Methodology of the study

Nonlinear FEM analyses were carried out on TSM
single walls, which were subjected to a uniformly
distributed vertical load to simulate gravity loads and
horizontal loading in the form of a monotonically
increasing displacement assigned on top of the wall.
Therefore, in-plane shear-compression tests on case-
study walls were simulated in DIANA FEA ver. 10.3
[27] through displacement-controlled static pushover
analysis based on Newton—Raphson incremental iter-
ative procedure and a mixed force—displacement
convergence criterion. Numerical analyses were per-
formed in the same way of previous studies where the
FEM modelling approach was validated against
experimental data [15, 23, 24]. Thus, this study builds
upon those previous numerical investigations, assum-
ing the same computational strategy without need for
further calibration or validation. The methodology has
a general nature, but FEM analysis and related models
do not refer to a specific tested tuff masonry since a
large variability was to be assessed, so scaling criteria
between properties have been implemented using
design code formula to deal with a generic tuff
masonry, with results closely linked to the type of
masonry investigated in this study. The methodology
could be applied to analyse any type of masonry. The
main aim is to investigate how the aging of mechanical
properties of masonry constituents influences the
overall in-plane lateral capacity and stiffness of single
TSM walls, using parametric analysis based on design
of experiments according to statistics under increasing
aging level. The latter is assumed to be a time proxy in
the long-term behaviour of masonry, because the
temporal evolution and spatial variability of material
properties in the case of tuff stone masonry has not
been yet investigated and hence, cannot be

stochastically modelled with proper support by data.
The degradation modelling is explained in detail in
Sect. 3.3. The starting point of this numerical inves-
tigation was the experimental compressive strength f,
of tuff masonry described in [23, 24]. The following
material properties have been considered to gradually
change over time due to environmental degradation:
uniaxial compressive strength f.; was the driving
parameter to associate tensile strength f,; Young’s
modulus E; shear modulus G; tensile fracture energy
G;; and compressive fracture energy G.. The numer-

ical investigation makes use of a multi-scale approach,
moving from the above-mentioned mechanical prop-
erties of the masonry constituents (which are supposed
to be modified by aging deterioration) to the following
global in-plane capacity properties of single TSM
walls: initial stiffness K¢; cracked stiffness K r; elastic
limit shear force Vy and peak shear force Vp.
Starting from modelling the environmental degra-
dation of material properties, where degradation is not
due to previous horizontal forces and masonry is not
already cracked, numerical analysis becomes a fun-
damental part of the proposed integrated approach
(Fig. 1). The numerical model was defined in terms of
geometry, material behaviour, boundary conditions
and loads, after that the variability in mechanical
properties related to their inherent randomness and
degradation phenomena was modelled. Based on
nonlinear static FEM analysis, the influence of mate-
rial variability on nonlinear behaviour of case-study
walls was investigated not only in terms of force—
displacement curves and corresponding capacity fea-
tures, but also in terms of failure modes. Numerical
results were processed to develop regression models
that allow the estimation of conditional mean values of
the above-mentioned capacity features (i.e., initial
stiffness, cracked stiffness and load-bearing capacity)
given the degradation level of masonry constituents
strength, which can be either assumed or measured. As
material properties reduce due to progressive degra-
dation, regression models allow to quickly predict the
progressive reduction in stiffness and load-bearing
capacity. Effects of material aging on TMS wall
capacity, in term of stiffness and peak load-bearing
could be used as a starting point to examine how the
global capacity and failure mode of more complex
structures change. Effects of environmental ageing or
capillary rise of water may affect a limited number of
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Fig. 1 Flow-chart of methodology and potential implementation in structural safety assessment
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walls in the building and therefore may result in
different effects depending on the wall’s contribution
to the overall response. Reduction in stiffness and
load-bearing capacity due to material aging can be
confirmed or anyway reported if structural monitoring
is provided. Indeed, when a frequency decay of a
monitored structure is recorded, some damage is
expected to occur in the absence of inertia mass
variations. It can be argued that aging does not lead to
mass changes, but it does affect stiffness which
impacts on dynamic monitoring. Hence, a change in
stiffness can be directly used either forward to predict
potential drops in peak load-bearing capacity because
of material properties degradation, or backward to
estimate the reduction in material properties that could
have caused the recorded stiffness drop.

3 Numerical modelling accounting for degradation

Probabilistic seismic assessment of masonry struc-
tures, considering uncertainty in the material proper-
ties has recently been explored by researchers [28-30].
In the approach used in this study, the following
assumptions played an important role in model
development:

(1) Probability distributions for mechanical
properties;

(2) The correlation between mechanical properties
which influence the behaviour of masonry

structures.

Due to the lack of data regarding tuff stone
masonry, the same mechanical properties were
assigned to the entire numerical model, hence neglect-
ing the possible spatial variability associated with,
e.g., construction process. A non-spatial analysis will
over-estimate the probability of wall failure compared
to a spatial analysis. For walls with unit-to-unit spatial
variability, both the shear strength and the random
presence of lower-than-average unit tensile strengths
will determine the locations that the cracking first
occurs. Moreover, as illustrated in [30] non-spatial
analysis is a part of spatial analysis, representing the
cases where the parameters are distributed with much
less variance. Aging as a natural phenomenon may
concern a specific area of the wall, or rather it could
not affect a widespread area. In this sense, spatial
variability could be expected and a diffuse degradation

at the base of masonry piers could occur, e.g. with
alterations in physical-mechanical properties of the
materials due to water infiltration in the foundation or
capillary rise of water. A set of two-dimensional (2D)
nonlinear finite element models were generated,
adopting different combinations of statistics for uni-
axial compressive strengths of mortar and tuff stones.
The following sub-sections describe the FEM micro-
modelling approach, material properties, modelling
criteria for material degradation, as well as the
geometry and mesh of case-study TSM walls.

3.1 Finite element micro-modelling

Numerical analysis was carried out using DIANA
FEA software [27], defining the mortar and tuff
elements separately as continuous isotropic elements
without friction interfaces between them, assuming a
smeared-crack approach. The choice of simple micro-
modelling is motivated to examine the uncertainty in
the properties of each constituent material. Further-
more, such models are adequate for non-linear anal-
ysis with a minimum set of data, as validated against
experimental data in [23, 24] confirming that simple
micro-modelling without interface allows not only a
good simulation of tuff masonry behavior but also a
trade-off between accuracy and computational cost.
The use of interfaces and refined modelling requires a
larger number of parameters and a considerable
amount of experimental data, supporting degradation
effects, while the proposed simple micro-modelling
allows for separate evaluation of mortar and tuff
degradation. For these analyses, the wall thickness is
set to 0.25 m. The mesh of the FEM model was
generated using squared, plane-stress CQ16M ele-
ments with 8 nodes and isoparametric formulation.
The displacements u, and u, in the directions of global
axes x and y were defined through the following
polynomial equation:

ui(iv ’7) = oo + O‘lé + oo + 0C357’] + 05452 + 065112
+ o6& + a7 En’

(1)

In the case of undistorted elements, this polynomial
produces a strain ¢, that varies linearly in the
x direction and quadratically in the y direction.
Similarly, Eq. (1) produces a strain &, that varies
linearly in the y direction and quadratically in the



198 Page 6 of 24

Materials and Structures (2022) 55:198

x direction. Besides, the shear strain 7y,, varies
quadratically in both directions. By default, the
DIANA FEA software applies 4 integration points
[ne = 2; n, = 2], the formulation of which is based on
the concepts of quadratic interpolation and Gauss
integration (i.e., the calculation of the stiffness matrix
is not carried out analytically, but numerically using
Gauss points).

3.2 Material properties

A nonlinear, isotropic, constitutive relationship was
attributed to each finite element, accounting for strain
softening both in tension and compression through
fracture energies. As shown in Fig. 2, the same stress—
strain functional forms were assigned to mortar and
tuff stones, while considering different values of
mechanical properties. More specifically, a nonlinear
behaviour was considered in compression, whereas
the tensile behaviour was assumed to be linear elastic
up to peak strength with post-peak nonlinear softening
up to complete failure.

Tensile strength (f;), Young’s modulus (E), tensile
fracture energy (G;) and compressive fracture energy

(G,) were defined as functions of compressive strength
(f.). Based on experimental data [31-33] available in
the literature, tensile strength was set to f; = 0.1f.. The
Young’s modulus was defined so that the axial strain
corresponding to peak strength was ¢. = 0.2%. The
following relationship was derived by referring to the

; ; — 5fcy.
expression used by DIANA (i.e., ¢, = %E :

el-]
0005 -0004 -0.003 -0.002 -0.001

TUff _20% ' llllllllll
Mortar o[MPa] |-5

L ul

Fig. 2 Stress—strain diagrams used in FEM analysis for tuff
stones and mortar

E = 833f, (2)

Tensile fracture energy for mortar was evaluated
using the following equation proposed in [28]

Gh = 0.01571f, + 0.0004882 (3)

where f, is measured in MPa and G; in Nmm/mm?.
This relationship is reliable for general purpose mortar
(1:1:6 + air-entrainer) and calibrated for the range
[0.13-3.51] MPa. Tensile fracture energy for tuff
stones was instead evaluated through the following
equation [34] calibrated for the range [0.53-1.42]
MPa:

2
6= (L) 18,100 1073 (4)
! 0.68
An exponential relationship was considered for the
behaviour of the material in the post-elastic phase
taking into account the following parameters:

a<r ( &cr ) &cr
nn\%nn) __ exp Crnn ( 5)
f t <8nn,ult>

GI
e f ( 6)

nnult = h
crf ¢

where: oi, is the crack stress, &, is the crack strain,
& 18 the ultimate crack strain and h, is the crack
bandwidth.

To define the values of compressive fracture
energy, a parabolic softening law [35] related to the

equation used by DIANA was adopted as follows:

1/,
€c/3 “3E (7)
5fc
c — _gf_sgc/S (8)
3 G,
8” 8C B 5h(‘l’f‘c (9)
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if &c/3 <gj <0

if e, <g<éec3

if g, <gj<e.

if &j < Eu

(10)

where: &3 is the elastic strain corresponding to a
stress equal to one-third of the maximum compressive
strength, ¢, is the strain at the maximum compressive
strength, and ¢, is the ultimate strain at which the
material is completely softened in compression.

Compressive fracture energy was calibrated so that
a 20% strength degradation is associated with con-
ventional ultimate axial strain of 0.35%, in addition to
the above-mentioned assumption of axial strain
& = 0.2% [16]. Hence it is &, = 0.535% (see Fig. 2),
and the following equation was obtained:

G,

- = (8u - 80)

2
h 7fc (11)

3

3.3 Degradation modelling

Typical analyses of masonry structures assume spa-
tially-invariant mechanical properties throughout
structural elements [26, 28-30, 36], with compressive
strength obtained in accordance with the literature
(e.g., [37, 38]). This type of analysis considers
mechanical parameters as deterministic values to
assess load-bearing capacity of the structure, even if
some of those parameters are probabilistic in nature
and their assessment through in-situ testing is rather
complex. The choice of the suitable parameter to be
correlated to other mechanical properties fell on
compressive strength f., as it is considered to be
representative of any masonry type. Compressive
strength could be assumed random variable from a
truncated distribution chosen to prevent unrealistic
values in the subsequent degradation phase, obtained
from hardened mortar cubes which usually occurs
when mortar includes pozzolana-like or even cement
as single or primary binder, but in this paper hardened
mortar at early ages has been neglected. Therefore,
sensitivity analysis was run under varying the com-
pressive strength that was defined separately for
mortar and tuff stones through a normal probability

1.6 T T T T T

=== Normal
14+ = == Truncated|

0.8+

06

Probability density

0.4F

0.2F

Compressive strength [MPa]

Fig. 3 Truncated normal probability distribution for mortar
compressive strength

distribution truncated between mean () minus stan-
dard deviation (¢) and mean plus standard deviation
(Fig. 3), because this type of distribution agrees with
lower and upper bounds to experimental data. After
that the compressive strength value was assigned,
other mechanical parameters were defined according
to their correlation with f.

Due to lack of experimental data supporting the
assumption of realistic correlation coefficients for tuff
stone masonry (see, e.g., [28, 39]), spatial analysis was
not carried out. A statistics-based sensitivity analysis
was used to overcome the definition of a priori
correlation coefficients between flexural tensile
strength and shear strength or other material proper-
ties, linked to the lack of data on tuff stones. As
technicians need to characterise the properties of
mortar and tuff on structures affected by degradation,
the ambition is to evaluate the effects of degradation
on the response of single masonry walls in terms of
both stiffness and load-bearing capacity. Mechanical
properties were assumed as a proxy of material
degradation over time, defining discrete changes in
their probability distributions regardless of when they
actually occur. Aging is here assumed as not linked to
a specific physical process of material, but is defined
by a condition that can be obtained after a certain time,
i.e. a reference is made with the state in which the
masonry may be. This also allows more generalised
analysis results and their wider implementation,
irrespective of the actual temporal variability of
mechanical properties that depend on several case-
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specific factors, most of which associated with envi-
ronmental conditions, use and maintenance of con-
structions. Hence, material degradation was not
treated as temporal variability of mechanical proper-
ties of masonry constituent elements, but by defining
specific levels of degradation. Each level of degrada-
tion was assigned to probability distributions obtained
by progressively reducing the initial value taken as the
mean of the distribution and increasing the coefficient
of variation (CoV). In detail, five different combina-
tions were defined by varying compressive strength,
not among randomly generated values within the
probability distribution, but between maximum and
minimum values, and also considering a combination
where both mortar and tuff were taken as average
values. The compressive strength value, which was
chosen as initial value of parametric analysis, was
taken from experimental data [23, 24]. So, the mean
value for tuff and mortar was set respectively to
4.13 MPa and 2.5 MPa, while the COV, experimen-
tally characterised by the authors, was set for both tuff
and mortar to 0.20 as it was the most recurrent COV
value for all properties. It is noted that this study
accounts for the variability in mechanical properties of
masonry, neglecting degradation phenomena that
produce geometric alterations (e.g., loss of mortar in
joints close to masonry faces, erosion or void forma-
tion of tuff stones). However, this aspect could be the
basis for future studies as it is not difficult to assume a

161
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close correlation between the physical mechanical and
geometric alterations. Five levels of degradation were
identified and for each level a higher reduction rate of
the mean value and a lower increase rate of CoV was
assumed (Fig. 4).

Due to the lack of data regarding environmental
aging on tuff masonry walls, reference was made to
similar studies on brick masonry. For the rate variation
of CoV, the value was set from [40, 41]. The authors
estimated that the change in the compressive strength
of bricks is negligible in all hygrothermal exposure
conditions with a low COV, maximum 10%. The
reduction rate of the mean value was set to 15%, which
on average resumes the degradation effects proposed
by degradation models obtained from a regression
analysis on the experimental data in [40, 41].

Table 1 outlines the assumptions regarding the
degradation levels, moving from the initial condition
without degradation (DLO) to the final, severe, degra-
dation level (DL4). Variations from initial values of
mean and CoV were gradually increased from 15 and
10% (DL1) to 48% and 46% (DL4).

In the numerical analyses, each combination of
degradation level and property statistics was denoted
as DLn (f, f,), where n = {0,...,4} refers to the
degradation level considered and bracketed values
include different permutations of the statistics
assigned to compressive strength of tuff stone, i.e.,
fo={w — o,u, u + o}, and mortar, i.e., f,, = {u — o,
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Fig. 4 Truncated normal probability distribution of compressive strength under increasing degradation: a mortar; b tuff stones
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Table 1 Mean value and CoV of truncated distribution of compressive strength: mortar and tuff at different degradation levels

Mortar 1 [MPa] CoV (%) Change from DLO Tuff 1 [MPa] CoV(%) Change from DLO
W(%) CoV(%) w(%) CoV(%)

DLO 2.50 20 - - DLO 4.13 20 - -

DL1 2.13 22 15 10 DL1 3.51 22 15 10

DL2 1.81 24 28 21 DL2 2.98 24 28 21

DL3 1.54 27 39 33 DL3 2.54 27 39 33

DL4 1.31 29 48 46 DL4 2.16 29 48 46

i, it + o}. For each degradation level, the combina-
tions were defined as follows:

e Combination 1, where compressive strength was
set to the maximum value of its probability
distribution for both mortar and tuff stones, so it
was denoted as DLn(u + o, u + 0);

e Combination 2, where compressive strength of tuff
stones was set to the maximum value of the
considered probability distribution and compres-
sive strength of mortar was set to the minimum
value of the considered probability distribution, so
it was denoted as DLn (u + o, u — 0);

e Combination 3, where, for tuff, the compressive
strength value is given by the minimum value of
the considered probability distribution and for
mortar the compressive strength value is given by
the maximum value of the considered probability
distribution DLn (4 — o, 4 + 0);

e Combination 4, where for both mortar and tuff the
compressive strength of tuff stones was set to the
minimum value of the considered probability
distribution DLn (4 — o, u — 0);

e (Combination M, where the mean values of com-
pressive strengths of both mortar and tuff stone
were assumed, so it was denoted as DLn (u, p).

Table 2 summarises the other parameters for
combination M, corresponding to mean values as
explained, assumed in the analyses.

3.4 Geometry and boundary conditions

This study focused on a simple masonry wall both to
prevent further variability in the geometric modelling,
but also it is noted that starting from local wall
response variations, due to the effect of aging, more
complex masonry buildings can be analyzed in terms
of global response, starting from single wall data.

Table 2 Comparison between numerical and theorical results for combination M at different degradation levels with their assumed

mechanical properties

DL fe [MPa] fi [MPa] E [MPa] GfI [N/mm] G, [N/mm] Veem [kN] V min, (Eqs 13, 14, 15) [kN]

DLO_M Mortar 2.50 0.25 2083 0.004 0.078 48.31 45.06(13)
Tuff 4.13 0.41 3440 0.007 0.184

DL1_M Mortar 2.13 0.21 1770 0.004 0.066 46.82 44.67(13)
Tuff 3.51 0.35 2924 0.005 0.157

DL2_M Mortar 1.81 0.18 1505 0.003 0.056 45.26 44.21(13)
Tuff 2.98 0.30 2486 0.004 0.133

DL3_M Mortar 1.54 0.15 1279 0.003 0.048 43.58 42.83(15)
Tuff 2.54 0.25 2113 0.003 0.113

DL4_M Mortar 1.31 0.13 1087 0.002 0.041 41.85 37.59(15)
Tuff 2.16 0.22 1796 0.002 0.096
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1200 mm

1230 mm 250mm
Fig. 5 Geometry of case-study TSM walls
Case-study TSM walls were

1230 x 1200 x 250 mm> in size (Fig. 5), with
masonry consisting of a running bond assemblage of
tuff stones and pozzolana-like mortar joints. Tuff
stones have nominal dimension of
300 x 100 x 120 mm® while masonry joints were
nominally 10 mm. According to a shear-compression
loading condition simulating the in-plane lateral
loading induced by, e.g., seismic actions, a vertical
compressive load per unit length of 37.5 kN/m was
uniformly distributed on top of each wall to simulate
the effects of gravity loads corresponding to an axial
stress of 0.15 MPa, whereas in-plane horizontal
loading was modelled as a monotonically increasing
displacement on top of the wall since monotonic

I B

Fig. 6 FEM model

response provides a good fit of the load—displacement
envelope of cyclic loading [26].

Regarding boundary conditions, constraints were
assigned to the base to prevent horizontal and vertical
translations. A further constraint was applied on top of
each wall to prevent rotations (Fig. 6), assigning to all
points a kinematic link (tying type) for horizontal and
vertical translations. The choice of studying squat
masonry walls was based on greater influence of
compressive load on the failure mode compared to the
case of slender walls, as shown by several studies [42].

4 Impact of degradation on nonlinear behaviour
and ultimate failure mode

4.1 Evaluation of compressive strength

Variations in mechanical properties for the simulation
of degradation effects induces different values of
compressive strength for the whole masonry. Hence, a
numerical characterisation of tuff stone masonry
under uniaxial compression was carried out on
760 x 300 x 150 mm® single-leaf running bond
specimens according to EN 1052—1 shown in Fig. 7,
under varying mechanical behaviour of the mortar and
tuff stones, separately. Constraints were assigned to
the base to prevent both horizontal and vertical
translations. Uniaxial load test for each degradation
level and for all assumed combinations was simulated
to assess the masonry compressive strength and thus
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Fig. 7 FE model for J’l J' i
mechanical characterisation

of the material

760 mm

Yrrraxraaxaxx

300 mm

define the load ratio for the walls subjected to lateral
loading, whose configuration is illustrated in Fig. 5.

Fig. 8a shows that numerical analysis produced
significantly higher compressive strength values than
those obtained through the following equation pro-
vided by Eurocode 6 (EC6) [43]:

fo = K1,27F,03 (12)

where f is the characteristic compressive strength of
the masonry, K is a factor that is set to 0.45 in case of
natural stones and general purpose mortar, f, is the
compressive strength of masonry units and f,, is the
mortar compressive strength. Comparison of f, values
show significative differences for some combinations,
but Eq. (12) is not questioned because in fact it has a
statistical meaning and allows the assessment of
characteristic value of compressive strength for design
purposes, rather than a deterministic value related to
deterministic strengths of mortar and tuff element, as
discussed in this paper, for assessment purposes of
average behaviour. A comparison in terms of vertical
load ratio N (i.e., the ratio between compressive load
of the wall subjected to lateral loading (0.15 MPa) and
compressive strength values of the wall cross section)
associated with compressive strength values obtained
from EC6 [43] and FEM is shown in Fig. 8b. The
vertical load ratio corresponding to the compressive
strength evaluated in accordance with EC6 varies from
8 to 25%, due to inherent variability and degradation
levels. Lower variations were found by assuming the
compressive strength evaluated through FEM

analysis, which ranged from 4 to 13%; such values,
instead of design EC6 values, were used in the
following for consistent evaluations of FEM simula-
tions. In any case, the analysed masonry was subjected
to a low-medium level of vertical load ratio.

4.2 Force—displacement curves

FEM results were processed to assess the load—
displacement behaviour varying material properties
and degradation level, which can be combined with
the crack pattern observed in near-collapse conditions
and corresponding failure mode (see Sect. 4.3). For
each wall model, force—displacement curves were also
used to record the initial stiffness, cracked stiffness
and peak shear capacity, for development of regres-
sion models that are presented in Sect. 5.

Main focus of this study is the numerical analysis of
peak lateral force capacity and monitorability, in terms
of stiffness changes of tuff masonry walls. It is noted
that in all the analyses, peak load was achieved with a
limited post peak plateau mainly related to ultimate
strain and energy (in numerical simulations) and
rocking in experimental tests [8], not covered in this
study. Some analyses do not show a marked post peak,
but this is due to numerical convergence issues related
to the assumed fracture energy value. Post peak is
more evident for walls exhibiting flexural failure and
less so for those exhibiting a shear failure. Peak loads
are in agreement with theoretical formulations pro-
vided by the current Italian building code [37, 38],
adopting mean values without safety factors (for mean
behaviour assessment) as expected in the code, as can
be seen in Table 2 for combination M with formula-
tions briefly reported. In Table 2 for the theoretical
formulations, the value of the minimum resistance is
given with the relative equation reported in round
parentheses. The flexural strength is provided by the
equation:

00
2H 5

00

V=B -
=2 0.85f,

(1

) (13)

For regular masonry walls made of regular arrange-
ments of units bonded with horizontal and vertical
mortar joints the following equations for shear
strength, both based on the well-known Mohr—
Coulomb criterion, are provided:
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Fig.8 Numerical-analytical comparison obtained from EC6 [43] and FEM analysis for: a compressive strength values; b vertical load

ratios

Vg = B’SJM (14)
Tm
Bs ’ / fVO / 2
VS = — + (o) W = 7 = 7
_ 2hy
= bb ;

(15)

Both formulations depend on the geometry of the
walls, (the base B and the height H, the thickness s)
and on the vertical compressive stress G,. Equa-
tion (14) is provided for predicting the shear strength
in the case of sliding along horizontal joints while
Eq. (15), formulated by [44], is provided in the case of
sliding along diagonal stepped cracks in the mortar. In
the Eq. (14) the partial safety coefficient y,, appears.
In the formulation (14) p is the friction coefficient and
f,o is the cohesion, defined as ‘local’ parameters; in
Eq. (15) the ‘global’ parameters f',, and p’ are used to
account for the interlocking between the units

expressed by parameter ¢, which depends on the
units height hy, and length by, In addition to Eq. (15),
the Commentary to the Italian code [38] specifies that
the achievement of the tensile strength of the block is
set as upper bound for the shear capacity. Equa-
tion (13) also depends on the shape factor b that
according to the Commentary to the Italian code [38],
is herein assumed equal to the in-plane slenderness of
the wall b = A = H/B but limited to the range 1.0-1.5.
Equation (13) also depends on the compressive
strength of masonry f., and on the effective height
H.¢r, assumed as the shear length and, thus, equal to 0.5
H in the case of double-fixed constraint, while B’ is the
uncracked length of the end sections of the walls. The
values of f, and u used for the analytical predictions
have been obtained from [4].

Figures 9a—e show the shear—displacement dia-
grams under varying degradation level, given the same
combination of compressive strengths of tuff stones
and mortar. As the degradation level increases, almost
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«Fig.9 Effects of degradation on force—displacement behaviour
given the combination of stone and mortar compressive
strengths: a combination 1, b combination 2, ¢ combination 3,
d combination 4, e combination M

all curves gradually change indicating a progressive
reduction in stiffness and peak load-bearing capacity.
From combination 3 to M an increased bandwidth
stiffness as a result of their variations due to degra-
dation (i.e. from DLO to DL4) is point out.

In some analyses, particularly for combination 1,
combination 2, and for the first two levels of degra-
dation for the other combinations, an initial peak load
related to the attainment of cracking is noted, followed
by a stress distribution that leads to an initial unloading
and a subsequent phase in which TSM wall resumes
load bearing capacity (keeping in mind that constitu-
tive relationship has a softening both in tension and
compression through fracture energies).

Figure 10a—e outline the effect of uncertainty in the
compressive strengths of masonry constituents and
hence their different combinations of statistics, given
the level of degradation. As the degradation level
increases, Figs. 10a—e, the cracking force significantly
reduces with negligible change in the corresponding
displacement for all combinations, with a less marked
reduction in stiffness for the first two degradation
levels, while for the others, the stiffness reduction is
more evident. It is also interesting to note that as the
degradation level increases, combinations 1 and M
show parallel trend to each other after crack peak,
while combinations 3 and 4 show similar trends
overall. Besides, the load-bearing capacity of the walls
reduces as well, highlighting a potential correlation
between those capacity features, that is discussed in
detail in Sect. 5.

As expected, lower and upper bounds to material
strengths result in extreme values of peak resisting
force, regardless of the degradation level under
consideration. Furthermore, it is observed that, in the
early phases of degradation (i.e., from DLO to DL2)
and when mortar and tuff stones are not simultane-
ously set to the same statistics (combinations 2 and 3)
or when are set to their lower bound (combinations 4),
the peak resistance does not show marked variations.
In all material degradation levels (i.e., from DLO to
DLA4), the variability in the mortar strength does not
affect the peak resisting force when minimum values

of stone strength are assumed (combinations 3 and 4).
Also, for final stages of material degradation (i.e., DL3
and DL4), the variability in the mortar strength from u
to 4 — o and in stone strength from u to pu+ o
(combinations 2 and M) does not affect the wall
response.

Force—displacement envelopes associated with
increasing degradation level (Fig. 11) allow joint
considerations on the influence of both the variability
in mechanical properties and the degradation level on
the in-plane capacity of the single TSM walls. As the
environmental degradation level increases, the walls
develop a bilinear elasto-plastic behaviour with
decreasing variability, graphically represented by a
reducing bandwidth of the force—displacement envel-
opes. Although the stiffness and load-bearing capacity
gradually reduces under increasing degradation, the
displacement corresponding to the peak resisting
forces does not significantly change.

For the load-bearing capacity, if TMS walls are no
longer able to withstand the loads for which they were
designed, in the case of assessing the vulnerability of
buildings may be necessary to change the final
destination. Stiffness reduction has a dual effect.
TMS wall stiffness decrease entails a greater instabil-
ity at increased axial loads due to seismic action,
limiting the load-bearing capacity under seismic
conditions, but wall stiffness reduction compromises
also the estimation of the building fundamental
vibration period and the calculation of vibrational
modes resulting in incorrect design stress evaluations.

Modal frequencies analysis reveals a variation in
the frequency of the first in-plane mode of vibration
considering variations due to degradation (i.e. DLO to
DL4), from 25% for combination 1 to 32% for
combination 4 slightly less than reduction in initial
elastic stiffness as illustrated in Sect. 5.1.

Analyses focused on the individual TMS walls and
the variations in strength and stiffness (with same
boundary conditions and axial load but varying
vertical load ratio due to variations in mechanical
properties), the effects of which on a structure are to be
assessed on a case-by-case basis, by modelling the
entire structure using as input parameters the proper-
ties of single TMS walls with degradation (macro-
elements).
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«Fig. 10 Effect of mechanical variability on force—displacement
behaviour given the degradation level: a DLO, b DL1, ¢ DL2,
d DL3, e DL4

e

P T
Y.

Shear [kN]

0.2 0.4 0.6 0.8 1 1.2 1.4
Displacement [mm)]

Fig. 11 Force—displacement envelopes associated with differ-
ent degradation levels

4.3 Failure modes

Based on the interaction domain defined by equations
available in the literature (see, e.g., [42, 45, 46]) with
the mean values of masonry compressive strength and
the corresponding dimensionless axial force acting on
the wall (i.e. load ratio), flexural failure was found to
be the most probable failure mode.

The failure patterns are not very obvious, as
analysed in [47, 48] where the shear walls response
is highly influenced by axial load ratio and material

properties. In the numerical analyses different combi-
nations of constituent strengths and their variations
due to degradation can produce different failure
modes, even if compressive load of the wall is
constantly equal to 0.15 MPa but vertical load ratio
N changes. As discussed in [47] lower axial pre-
compression load caused flexural or rocking failures
and higher pre-compression load caused toe crushing
and diagonal shear failures along the diagonal direc-
tion. Shear failures in FEM analyses occur for highest
vertical load ratio N which ranged from 10 to 13%
with tensile mortar strength similar or lower than that
of tuff.

In Figs. 12, 13 and 14, three different failure modes
are defined through their respective cracking patterns,
with a full panel view and one only with tuff elements
where the vectors represent the normal crack strain in
the integration points, as derived from parametric
FEM analysis, as follows:

o Flexural failure (abbreviated as ‘F’ below), which
affects the first layers of tuff stone masonry at the
base and on top of the wall without damage at the
mortar joints.

Mixed failure (abbreviated as ‘M’), which consists
of (i) bending-related cracks affecting penultimate
mortar layers above the first masonry layer at the
base and below the first layer on top, and (ii)
diagonal shear-related cracks, which involve both
head and bed joints along the compressed diagonal
of the wall according to a stair-stepped path. In
those conditions, the portion of masonry affected
by rocking is almost the entire wall, with the

Fig. 12 Cracking pattern corresponding to flexural failure (F): a complete model; b partial model without mortar
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Fig. 14 Cracking pattern corresponding to shear failure (S): a complete model; b partial model without mortar

exception of the first and last masonry layers,
which keep a horizontal configuration.

e Shear failure (abbreviated as ‘S’), which consists
of a diagonal cracking failure in the mortar joints at
the centre of the wall, with flexural cracks lumped
in the end mortar bed joints.

Table 3 outlines the occurrence of the above-
mentioned failure modes under varying degradation
level and combination of constituent strengths.

Analysis results show that combinations of con-
stituent strength statistics denoted as 1, 2 and 3 always
resulted in the same failure modes (i.e., flexural, mixed
and flexural, respectively) under any level of degra-
dation, highlighting a major influence of the variabil-
ity in material properties. Conversely, TSM walls with
property combinations 4 and M, which were

respectively characterised by stone and mortar
strengths set to (u—o, u—o) and (u, p), were more
sensitive to degradation. Indeed, walls with those
property combinations experienced an F-to-S failure
mode transition as the degradation level increased
from 2 to 3 and 3 to 4, respectively. This is an
important outcome that is related to possibly different
cracking patterns and capacity features of TSM walls
under increasing degradation.

Considering different combinations of constituent
strengths and their variations due to degradation, it is
noted that if mortar has values of mechanical proper-
ties set to the maximum values, flexural failure is
expected regardless of tuff stone properties and
property variations due to degradation. If mortar value
is equal to the minimum value of the probability
distribution, as mechanical degradation progresses,
the central part of the wall will mostly experience
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Table 3 Type of failure under varying degradation level and
combinations of strength statistics

Degradation level Analysis case Failure mode

DLO DLO(u + 0, u + o)
DLO(u + o, u — 0)
DLO(u — 0, u + 0)
DLO(u — a0, i — o)
DLO(u, w)

DLI1 DLI(u + o, u + o)
DL1(pt + 0, u — 0)
DLI(x — 0, u + 0)
DLI(u — o, u — o)
DLI(u, )

DL2 DL2(u + o, u + o)
DL2(u + o, 4 — 0)
DL2(t — 0, u + o)
DL2(u — o, i — o)
DL2(u, )

DL3 DL3(p + 0, u + o)
DL3(u + o, u — o)
DL3(up — 0, u + 0)
DL3(u — 0, i — o)
DL3(u, w)

DL4 DLA(u + o, u + o)
DL4(p + 0, u — 0)
DL4( — 0, u + 0)
DLA(u — o, u — o)
DLA4(u, )

2 I s B--lie > Bie s NI He > BC-lie s Mile s B s B s HK-Ge * Miie s Mo > Biie » E-ie > Bk » Miie o Bie > BN o

cracks in mortar joints and a mixed failure will be
observed in case of maximum value assigned to tuff
stone. On the other hand, if the tuff stone strength is set
to its minimum value, cracks in mortar joints are
caused by shear failure with mortar compressive
strength equal to approximately 1 MPa. In such
conditions, if mortar compressive strength is greater
than 1 MPa, flexural failure is expected. If tuff and
mortar are set to their mean values, a flexural failure
will be observed, with possible shear failure occurring
only when Young’s modulus of mortar is approxi-
mately equal to 1 GPa.

5 Regression models

Based on the parametric analysis presented in previous
sections, capacity features that summarise the global
behaviour of single TSM walls under in-plane loading
were recorded at each level of degradation. According
to the methodology and objectives presented in
Sect. 2, compressive strength was used as main local
property of masonry that is related to other mechanical
properties, whereas the following global capacity
features of walls were recorded: initial stiffness K;
cracked stiffness Kr; elastic limit shear force Vy and
peak shear force Vp, indicated with a generic shear-
displacement capacity curve in Fig. 15a. Local-global
data sets were then used to develop regression models
for their use in structural safety assessment of masonry
structures. Indeed, starting from the aging effects of
the constituents on the elastic stiffness of TSM wall,
other correlations have been defined between elastic
stiffness and other properties such as the cracked
stiffness, the elastic shear and the peak shear capacity,
so that it is possible to define step by step the entire
response of the wall for different conditions when the
mechanical properties of the constituents have chan-
ged. Let denote by Koo and Vp, the values of initial
stiffness and peak shear force corresponding to intact
TSM walls, i.e., walls with zero degradation defined as
DLO. Similarly, ;4 and f,,, indicate the initial values
of stone and mortar compressive strengths,
respectively.

5.1 Models for initial stiffness

The first regression analysis was performed to derive
simple models for prediction of the conditional mean
value of Ko/Koo given f,/f o Or fon/fmo- Hence, one
can use either the regression model related to tuff
stones or that related to mortar, depending on whether
TSM degradation is measured as reduction of f, or f,,,.
In this respect, it should be noted that tuff stone
masonry often suffers degradation of stones rather
than mortar, if the latter material includes pozzolana-
like or even cement as single or primary binder. In that
case, it is suggested to measure TSM degradation as
F»/fr, namely, as progressive reduction of stone
strength. To get more general findings, regression
analysis was thus carried out on normalised values of
both initial stiffness and compressive strengths, as
shown in Figs. 15b, c. Linear regression models for
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tuff stones and mortar are respectively provided by
Egs. (16) and (17):

K
Ko 1 003372 — 0.0040 (16)
Koo )

K

Ko _ 0994377 4 0.0022 (17)
Koo mo

which are characterized by a coefficient of determi-
nation R* equal to 0.998 and 0.9579, indicating a
satisfactory goodness of fitting to numerical data.

Figure 15b shows that tuff stone strength has a
greater effect on the behaviour of the TMS wall with a
direct proportionality between the tuff strength loss
and the initial stiffness reduction of TSM. Proportion-
ality between mortar strength loss and stiffness
reduction is less linear as shown in Fig. 15¢ with
values that deviate from the regression line related to
combinations when mortar and tuff stones are not
simultaneously set to the same statistics (combinations
2 and 3).

It is worth noting that the maximum loss of
compressive strength considered in regression analy-
sis was approximately equal to 55%. That level of
material degradation caused an initial stiffness loss of
approximately 50%.

The proposed regression models could be inte-
grated with SHM algorithms to understand possible
frequency decays, which might be caused by material
environmental degradation over time. Indeed, a
frequency decay denotes a stiffness loss, which is
here measured through the ratio £, /f,o OF fon/fmo- I
such a case, time becomes only an implicit variable
that does not influence damage detection.

The goal of relating correlation models to results
from long-term monitoring is a motivation that, due to
the lack of data from SHM, has not been used, but this
link is presented as a potential future implementation
in SHM damage detection methodology.

5.2 Models for cracked stiffness

As a result of the degradation of the mechanical
properties, the question arises also on its influence on
the cracked stiffness K trend (Fig. 15d). The cracked
stiffness Ky is defined as the slope of the branch
connecting the elastic shear force limit (i.e. at the end
of the elastic phase) with the point where the peak

shear force is reached. A third regression analysis then
allowed the derivation of the following linear model:

Kr = 0.1228K, + 19.146 (18)

with R = 0.546 indicating a good correlation between
Ky and Kj. According to the force—displacement
curves (see Sect. 4.2), material degradation produced
a progressive decrease in initial stiffness K, while
inducing a gradual increase in cracked stiffness Kp.
This finding agrees with the fact that the regression
models presented in Sects. 5.1 and 5.3 highlight
approximately 50% loss of initial stiffness compared
to a 13% drop in peak shear capacity at the maximum
level of compressive strength degradation (i.e., around
55%). Thus, initial stiffness reduced more signifi-
cantly than peak shear capacity under increasing
degradation. In the proposed integrated approach, the
derivation of another regression model for cracked
stiffness allows a quick characterization of the in-
plane behaviour of the case-study walls, assuming a
bilinear load—displacement curve to represent the
response until peak.

5.3 Models for shear capacity

A fourth regression analysis was performed on
(Vy,Kp) data sets, allowing the derivation of the
following linear model (Fig. 15e):
Vy Ko
Vi 0.4574 Koo +0.5517 (19)
with R* = 0.898, highlighting a very good correlation
between elastic limit capacity loss Vy/Vyq and initial
stiffness loss Ko/Ko. Elastic limit shear was defined
by an elastic-perfectly plastic bilinear law equivalent
to the force—displacement curve in terms of energy
dissipated up to the peak shear. Figure 15¢ shows
values that deviate from the regression line related to
combinations 2,3 and M. Regarding the DL1(y, )
combination the stiffness loss was not accompanied by
a reduction in elastic peak resistance, which was
found to be equal to that of DLO(u, 1) combination.
Same repeats for DL2(u + o, u — ¢) and DL1(u + o,
i —o). and for the pair DL2(y—0o, p + o) and
DLI1(y—o0, u + o).

A fifth regression analysis was performed on
(Vp,Ko) data sets, allowing the derivation of the

following linear model (Fig. 15f):
nilem
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% K

—L — 024812 40.7519 (20)
Veo Koo

with R? = 0.917, highlighting a very good correlation
between load-bearing capacity loss Vp/Vpy and initial

stiffness loss Ko/Kg. More specifically, this

regression model allows the estimation of the condi-
tional mean value of Vp/Vpy given the loss of initial
stiffness related to material degradation, and hence
after that the loss of compressive strength of masonry
constituents is known. This also provides evidence
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that initial stiffness Ky is more informative than
material strengths when the degree of detail moves
from the material to the wall scale. Figure 15f shows
values that deviate more than others from the regres-
sion line, generating the maximum residuals of the
regression model. With regard to the combination
DL3(p + o, 1 — o) the stiffness loss was not
accompanied by a reduction in load-bearing capacity,
which was found to be equal to that of DL2(u, W)
combination. Same repeats for DL4(n + o, 1—c) and
DL3(u + o, u + o). For DL4(h — o, pu + o), the
same values of initial elastic stiffness and peak
resistance of DL4(1 — o, @ — ©), were obtained.

A limitation of the applicability of all these
regressions is that they can be used for interpolation
only, never for data extrapolation.

Even if these analyses are limited to this typology
of tuff masonry, to the geometrical parameters of the
walls (the width, the height and the thickness), to
boundary conditions and to axial stress level also, this
approach shows a methodology that takes into account
material and stiffness degradation leading from a local
to global degradation, which can be used as a starting
point to assess the global capacity and failure mode of
more complex structures, a scaling up that can also be
extended to other materials and geometries.

6 Conclusions

Nonlinear analysis results on unreinforced TSM walls
subjected to compression and in-plane shear loading
have been presented and discussed. Numerical anal-
yses were performed to evaluate the influence of the
variability in mechanical properties of tuff stone
masonry and to quantify the effect of degradation at
the wall scale through a statistics-based sensitivity
analysis and subsequent regression analysis. This
study is part of an integrated approach where numer-
ical analyses not only provide a prediction of perfor-
mance decay, but they can also become useful in
structural health monitoring of historical masonry
buildings.

Numerical analysis results indicate how the degra-
dation is not only the reason of a capacity loss in terms
of stiffness and resistance, but it also affects the
expected failure mode, changing from flexural failure
(with cracks mostly lumped at wall ends) to either a

mixed or shear failure (with crack patterns involving
the mortar joints in the middle of the wall).

A flexural failure was observed when mortar
strength was set to its maximum value, irrespective
of the degradation level. Conversely, when mortar
strength was set to its minimum value, TSM walls
experienced either mixed or flexural failure at zero-to-
slight degradation levels, showing a transition from
flexural to shear failure at moderate-to-high degrada-
tion levels in case of minimum stone strength. Mean
values of both tuff stones and mortar resulted into a
flexural failure, exception made for the maximum
degradation level that induced a transition to shear
failure.

The influence of the variability in material proper-
ties becomes evident when compressive strength of
tuff stones is set to minimum values. In those cases,
variability produces either a sudden increase in
cracked stiffness or a sudden decrease in the initial
stiffness of the wall, and did not affect the overall
response, regardless of the mortar compressive
strength and degradation level. When mortar and tuff
stones were not assigned the same statistics equal to
the lower- or upper-bound values and the early
degradation levels were assumed, the peak shear force
did not significantly change. The same when the two
maximum degradation levels were assumed, with the
transition of mortar strength from the mean to the
minimum value and that of the stone strength from the
mean to the maximum value.

When masonry compressive strength values are
lower than those initially known due to the decay of
the mechanical properties, one can quickly estimate
the expected reduction in elastic stiffness and also
assess the global performance to understand how
urgent it is to intervene.

Based on regression analysis, five simple models
were obtained for quick prediction of conditional
mean value of initial stiffness loss, cracked stiffness,
elastic and load-bearing capacity loss, showing a
satisfactory correlation between such capacity fea-
tures of TSM walls and material strength used as
degradation measure.

On the other hand, if monitoring tools are available,
when a reduction in stiffness is observed, the proposed
tools can be used to investigate whether a degradation
phenomenon is taking place, allowing its identifica-
tion, location, and quantification of the extent of the
degradation. This can set alarm thresholds because a
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reduction in stiffness can be traced back to a reduction
in load-bearing capacity with a consequent increase in
the collapse potential, but this requires further anal-
yses on the global behaviour of structures.

Those regression models give room to structural
health monitoring and damage detection of historical
TSM buildings, allowing the estimation of degrada-
tion effects based on the loss of frequency, and hence
stiffness in some load-bearing walls. Future develop-
ments of this study might include (i) a correlation
between capacity features of TSM walls and geomet-
rical alterations (e.g., loss of mortar from the exterior
part of joints), (ii) the use of stochastic FEM models
based on future data regarding TSM degradation and
spatial variability of TSM properties whose distribu-
tion can be obtained from future accelerated degrada-
tion test and evaluate also hardened mortar at early
ages effect with mortar including pozzolana-like or
event cement as single or primary binder, and (iii) the
implementation of stiffness and strength degrading
properties to evaluate response variation to horizontal
actions and the consequent monitoring of complex
masonry buildings both with FEM modelling and
equivalent frame models, using the regression models
for quick estimation of macro-element properties.
Similar studies might also be carried out on other types
of masonry walls, which can develop different
behavioural and failure modes depending on their
different material properties and degradation
processes.
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