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Abstract - V. DE Luca, M. LEZZERINI, F. CAVALCANTE, C. MARANO,
G. PALLADINO, M. BENTIVENGA, A large strain Finite Element Method
model of sandstone material in masonry building.

The use of squared natural stones in traditional constructions is quite
common in many Italian regions. Natural stones are basic materials of
traditional masonries. The characterization of a natural stone, as basic
material of masonry, is an important task in building design and reha-
bilitation. An appropriate knowledge of the stone mechanical behavior
is fundamental for the analyses with the Finite Element Method, fre-
quently adopted to design and check static and dynamic safety of both
new and existing buildings. Accordingly to this, in the present paper we
have analyzed the natural sandstone material by means of a Finite Ele-
ment Method model, based on a large strain formulation, to character-
ize the mechanical stress-strain path, from elastic to plastic and damage
until failure, of the investigated sandstone. Specimens of sandstone are
experimental tested under uniaxial compression and displacement con-
trol. The numerical results are matched up to the analogous experimen-
tal measurements in order to verify the accuracy of the present model.
On the basis of the obtained findings, the model has demonstrated to be
a consistent tool for checking the existing masonry buildings; it allows a
consistent representation of a quasi-brittle material.

Key words - Finite Element Method, elastoplastic damage coupled,
anisotropic multi-yield plasticity, finite strains, natural stone constitu-
tive law, masonry building

Riassunto - V. DE LucA, M. LEZZERINI, F. CAVALCANTE, C. MARANO,
G. PALLADINO, M. BENTIVENGA, U modello basato sul Metodo ad Ele-
menti Finiti a larga deformazione della pietra arenaria in costruzioni in
muratura.

Luso delle pietre naturali squadrate nelle costruzioni tradizionali ¢
abbastanza comune in molte regioni italiane. Le pietre naturali sono
materiali base delle murature tradizionali. La caratterizzazione di una
pietra naturale, come materiale di base della muratura, & un aspetto im-
portante nella progettazione e riabilitazione edilizia. Un’adeguata cono-
scenza del comportamento meccanico della pietra ¢ fondamentale per
le analisi con il Metodo degli Elementi Finiti, frequentemente adottato
per progettare e verificare la sicurezza statica e dinamica di edifici sia
nuovi che esistenti. Nell’ambito del suddetto tema, nel presente lavo-
ro abbiamo analizzato il materiale arenaria naturale per mezzo di un
modello a Metodo ad Elementi Finiti, basato su una formulazione di
grande deformazione, per caratterizzare il percorso meccanico tensione-
deformazione, da elastico a plastico e danneggiamento fino a rottura,
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dell’arenaria studiata. I provini di arenaria sono testati sperimentalmen-
te a compressione uniassiale sotto controllo di spostamento. I risultati
numerici sono confrontati con le corrispondenti misure sperimentali
al fine di verificare I'accuratezza del presente modello. Sulla base delle
risultanze ottenute, il modello si ¢ dimostrato uno strumento coerente
per la verifica degli edifici in muratura esistenti; esso permette una rap-
presentazione appropriata di un materiale quasi fragile.

Parole chiave - Metodo ad Elementi Finiti, elastoplasticita combinata
con danneggiamento, plasticita anisotropa multi-soglia, grandi defor-
mazioni, legge costitutiva pietra naturale, costruzione di muratura

INTRODUCTION

Currently, the restoration and conservation of histo-
rical buildings, both civil and rural, is a topic of cer-
tain significance among scientific literature (Trian-
tafillou & Fardis, 1997; Binda ez al., 1997; Lourenco,
2006; Sandbhor & Botre, 2013; Varas-Muriel et al,
2015; Betti et al., 2016; Vasanelli ez al., 2016; Mosele et
al., 2016; Guerreiro et al., 2017, Yavartanoo & Kang,
2022). Many historical buildings often require streng-
thening interventions to restore or to reinstate their
structure and their aged materials. Structural and
material deficiencies or requirements for earthquake-
safe can require specific interventions (Lucibello et al,
2013; Brandonisio ez al., 2013) by respecting the ori-
ginal architecture, structure and materials (Ramos &
Lourenco, 2004).

Generally, historic constructions of masonry are made
using stone blocks joined by a mortar stratum. Natural
stones, widely assorted, have been the most durable
and prevailing basic material in constructions until
today (Pereira & Marker, 2016; Sekularac ez al., 2019;
Kaur et al., 2021). Masonry is an irregular composite
structure whose two distinct resistant components,
stone blocks and mortar, solidly support loads through
compression distribution. Masonry exerts a strength,
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which is high in compression and low in tension and
shear. Normally, in a masonry structure failure is a
consequence of fractures in mortar components. The-
se fractures progressively grow parallel to the direc-
tion of loading (Garcia, et al., 2012). This can be at-
tributed to the fact that, in historic masonries, mortar
often holds a really weak stress.

The mechanical behavior and strength evaluation of
the natural stone component is a driving key in ma-
sonry design for the structural rehabilitation. Additio-
nally, when a Finite Element Method (FEM) code is
employed in masonry design, a complete evaluation of
masonry behavior and strength must be considered,
particularly in a pushover type analysis. This issue is
still quite under study in research activity. A good co-
gnition of the mechanical behavior of masonry is based
on an accurate knowledge of both masonry basic con-
stituents: stone and mortar. An approach, commonly
adopted in many numerical FEM models, is to analyze
the mechanical behavior of masonry constructions
(Senthivel & Lourenco, 2009) by separately modeling
each constituent within the overall composite.

The nonlinear mechanical behavior of stone materials
can be attributed to two kinds of inelastic deforma-
tions: plastic flow and mainly damage process (Mazars,
1986; Molladavoodi & Mortazavi, 2011). The plastic
flow is a process caused by local shear stresses which
create extension of existing faults. In a stone, plastic
flow arises in the portions where the material is un-
damaged (Chiarelli ez /., 2003), and at a macroscopic
level, on the whole, it leaves quite unchanged the mate-
rial stiffness (Yazdani & Schreyer, 1988; Wu & Faria,
2006). Stone exhibits a behavior, which experiences,
in a mechanical sense, damage and failure both under
tensile, compressive and shear loading. This behavior
can be assimilated to that of quasi-brittle material. The
damage is a primary cause of irreversible deformations
in quasi-brittle materials, caused by critical enlarge-
ment of micro-cracks by generating meso-cracks (Shao
et al., 2006).

Stone materials are intrinsically discontinuous in
their structure, the stress-strain distributions, varying
within the material mass, induced by micro-structural
inhomogeneity, take a major part in the brittle fracture
of some stones.

In scientific literature, various constitutive models,
focused on damage, have been proposed to represent
the mechanical behavior of stone materials (Grady &
Kipp, 1979; Krajcinovic & Silva, 1982; Gao et al., 2020;
Xie et al., 2022). And, various FEM numerical models,
based on an elastic-plastic-damage representation
of material constitutive equation (Faria et al., 1998;
Hatzigeorgiou et al., 2001; Agelopoulou et al., 2005),
have been proposed to perform the mechanical beha-
vior of a quasi-brittle material. Also, in scientific lite-
rature some analytical and experimental works have

been reported specifically addressed to anisotropic
elastoplastic-damage behavior of masonry structures,
in historical constructions, (Mazars, 1986; Hatzigeor-
giou et al., 2001) and other works to analyze an histo-
rical or a monumental building by the FEM (Ramalho
et al., 2008; Romera et al., 2008a, b; Ivorra ez al., 2009).
The use of blocks of sandstone in traditional regional
constructions and historic buildings is quite common.
An example is the “Gorgoglione Stone” (belongs to
the Gorgoglione Formation (Selli, 1962)) which has
been used, until today, in masonry construction in
Southern Italy, in territorial areas adjacent to the quar-
ries of extraction. Aiming to modeling the constitu-
tive law of that sandstone, the present work focuses
to numerically study the mechanical behavior of the
stone material, not of the mortar and nor of the mason-
ry assemblage. This study is conducted by employing
a FEM framework, with large strain formulation, in
conjunction with a material model elastic-plastic cou-
pled with damage, based on a multi-surface yield ap-
proach (De Luca, 2022). The proposed FEM model is
verified for its correctness by accordingly comparing
the numerical results, determined on uniaxial com-
pression tests, with the corresponding experimental
tests on sandstone specimens, here reported.

MATERIALS AND METHODS

Theory of the material model

The proposed FEM framework employs a time-de-
pendent constitutive model for damage-coupled ela-
stic-plasticity of an anisotropic material, an approach
based on a rate-dependent (de Angelis, 2012a; b; ¢; d;
e) formulation of material inelasticity. A detailed sta-
tement of this approach is reported in the work of De
Luca (2022), which also is supported by other experi-
mental studies of non-isotropic materials (De Luca &
Sabia, 2007; De Luca & Della Chiesa, 2013; De Luca
& Marano, 2012) and by a study on geomaterials (De
Luca et al., 2015). Here, only a very short description
follows.

Starting from the classical continuum mechanics theo-
ry, by a large strain formulation, adopting a multiplica-
tive split of the deformation gradient tensor, in an in-
termediate configuration, the anisotropic constitutive
equations are formulated. The invariance principle of
tensor variables and the thermodynamic consistence
of dissipation are assured accounting for, in material
response, the elastic energy and the inelastic dissipa-
ted energies, expressed by multi-yield functionals. The
evolution laws, kinematically constrained, are devised
by applying the maximum dissipation principle to
the yield functionals, specific of the investigated ma-
terial. Here, for the sandstone, non-deviatoric yields
are adopted. The continuous evolution equations are
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approximated into algebraic ones in the context of the
FEM framework. Within the general return mapping
method, these algebraic equations are integrated by
the backward-Euler integration method, implicit in
time. The system of governing non-linear equations
is numerically solved by using the iterative Newton-
Raphson method. The above presented formulation,
Wi;[ih related algorithms, is implemented in a software
code.

Experimental work

Material and specimens - The selected variety of “Gor-
goglione Stone” is a grey sandstone, with rare light
brown-colored tones. It is fine-grained, moderately
hard, its matrix arrangement includes sand grains and
natural cement, chaotically distributed into the bulk
mass.

Two sets of sandstone specimens are obtained from a
unique sample of rock extracted from a quarry. The
specimens are manufactured as follows: a set of 10 spe-
cimens in the longitudinal direction (CL) of the geolo-
gical stratum (Fig. 1a), and 10 specimens in the tangen-
tial direction (CT) of the geological stratum (Fig. 1b).
The specimens are cut and shaped into cubes with
a side of 25 mm. These non-standard specimens are
mainly motivated by the need of a reduced impact of
destructive tests on the solidity conservation of histo-
rical masonries (Indelicato, 1993; Sklodowski, 2006;
Tuncan et al., 2008). Accordingly, cylinder micro-co-
res, with a diameter of 28 mm (Indelicato, 1998; Vasa-
nelli ez al., 2016; Vasanelli ez al., 2017) or small cubic
specimen, with a side of 1525 mm, are used to expe-
rimental test masonry in historical building (Drdacky
et al., 2008; Drdacky & Slizkova, 2008; Alejandre et
al.,, 2014). However, in our experiments the specimen’s
dimensions are large relatively to grain size of the in-
vestigated stone.

All the specimens are leveled and flatted by an elec-
tromechanical tool and then stored in laboratory for at
least 15 days at room temperature and humidity.

Test method and procedure - A Galdabini PMA10 elec-
tromechanical testing press, computer-assisted, is em-
ployed to carry out the experimental tests. The press
is equipped, into its cross-head, with a force transdu-
cer, whose maximum capacity is 100 kN, and a line-
ar variable displacement transducer (LVDT), whose
maximum displacement is 50 mm. During the unia-
xial compression tests (Figs 2 and 3), the measured
values by the load transducer and the displacement
transducer are data-logged and memorized at a pre-
fixed sampling rate by the digital press machine. The
experimental tests are executed under displacement
control. Therefore, the bottom cross-head of machine
is remained fixed while the upper cross-head is moved
at a constant displacement rate of 1 mm/min until rup-

ture. Rupture is automatically detected by the control
software of the testing machine, when a major drop in
the load-displacement path occurs. All the experimen-
tal tests are executed at room temperature and humi-
dity, in the laboratory of the SAFE School, University
of Basilicata, Italy.

a)

Figure 1. Photos of the sets of specimens of sandstone prepared for the
compression test along the longitudinal direction (a) and along the tan-
gential direction (b).

Material parameters determination - A fundamental
step of the work is the estimation of mechanical pro-
perties of the material to be directly assumed for the
model, as input into the numerical runs of the FEM
code. Firstly we have carried out the elaboration of
the experimental data by means of fitting technique
to estimate the mechanical parameters of the material.
The material properties are determined as follows:
some from the experimental stage, other from analyti-
cal relationships, the material density from a previous
work (De Luca et al., 2019), and the rest material pro-
perties from literature.
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Figure 2. Experimental setup of a cubic specimen (CLO1) loaded in
longitudinal direction.

Figure 3. Experimental setup of a cubic specimen (CT01) loaded in
tangential direction.

According to the proposed model, nine components
are assumed for each tensor representation. These
components for the elastic constitutive law are the
components of the elastic tensor, and the six Poisson’s
ratios, which have to respect the relative coherence
conditions (Lekhnitskii, 1963; Jones & Ashby, 2018).
The elastic moduli are estimated, from the experimen-
tal data of uniaxial compression tests, by means of a
linear least-square regression with a coefficient up to
0.995. However, the first part, of crack closure process,
of the stress-strain curve is included in the elastic ran-
ge. The Poisson’s ratios are assumed from literature
(Gerceek, 2007).

The other material properties, which enter the FEM
code, are nine tensor components for the plastic mul-
ti-yield: minimum and maximum stress strengths;
minimum and maximum strain strengths; minimum

and maximum ultimate strains. The same properties
are assumed for the damage multi-yield. No plastic
and nor damage hardening is taken into account.
Some of these properties are consistently retrieved
from the experimental data and others are analyti-
cally determined.

Numerical analysis

On the basis of the estimated material parameters the
major purpose of the numerical modeling is to perform
the numerical prediction of the mechanical behavior
of the material, both along the elastic and post-elastic
path until rupture. To check the effectiveness of the
present model, a comparison of the numerical results
against the experimental data is here reported. The
numerical results are obtained by referring to the no-
minal dimensions and the mechanical characteristics
of a real specimen in order to effectively reproduce the
test on the same conditions.

Numerical model validation

The stress-strain couples of values in an experimen-
tal test of a sandstone specimen, under uniaxial com-
pression loading, are considered in the validation
stage. Based on the measured values of the displa-
cement, divided by the initial height of the cubic
specimen, and of the applied force, divided by the
initial cross-section of the cubic specimen, the whole
stress-strain measurements diagram of the examined
material is traced. Also, along the post-peak path of
this diagram the brittleness and failure kind of the
material can be identified, inside the overall mecha-
nical behavior.

Mesh, boundary conditions and loading - We have adop-
ted a fully three dimensional representation of the test
in the FEM numerical analysis, whose mesh, repre-
senting a specimen, is illustrated in Fig. 4. The mesh
is constituted by 3375 elements of hexahedral type,
with 8 integration points on the vertex, which totalizes
4096 measuring points.

At the points belonging to the bottom face of the
mesh, appropriate boundary conditions, of “uniaxial
strain” type, which restrain all the degree of freedom,
are applied (Fig. 4). In the mesh the lateral sides are
left free to move in all the directions.

To reproduce the uniaxial compression loading of the
cubic specimen, under displacement control, incre-
mental steps of displacement, represented by a time
function variable, are imposed at the points belonging
to the top face of the mesh.
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Legend
combination= 1
time= 1.00E+000

restrain
displacement +—

RESULTS AND DISCUSSION

Experimental results

Here we report and discuss the results obtained in the
present experimental work.

We have already measured in a previous work (De
Luca et al, 2019) some physical properties of the
analyzed sandstone: the real density of the sandstone
is 2630 + 10 kg/m’ and the apparent density is 2487 +
6 kg/m’.

Material parameters determination - The mechanical
parameters here estimated, on the basis of the expe-
rimental tests, are the values of the longitudinal ela-
stic moduli, relative to the only valid trials. They are
reported in Tab. 1 for longitudinal direction of loa-
ding (CL) and in Tab. 2 for tangential (CT) direction
of loading. Furthermore, the minimum, the maximum
and the mean values and the Root Mean Square Er-
ror (RMSE) of: elastic modules, compressive strength
and corresponding strain, strain at failure are listed in
both Tabs 1 and 2.

The estimation of the undamaged elastic modulus is
4383+364 N/mm? along the longitudinal direction of
loading (Tab. 1), and is 3766+367 N/mm? along the
tangential direction of loading (Tab. 2).

The measured uniaxial compression strength value
on the cubes, loaded in the longitudinal direction,
is 135.4+11.8 N/mm?. The value obtained on cu-
bes loaded in the tangential direction is 130.4+15.1
N/mm?. The corresponding strain at peak stress is
0.04048+0.00482 mm/mm, and 0.03774+0.00644
mm/mm, for longitudinal direction and tangential di-
rection of loading, respectively. The strain at failure is
0.04507+0.00563 mm/mm and 0.04246+0.00761 mm/
mm for longitudinal direction and tangential direc-
tion of loading, respectively.

By reading the high RMSE of the stress and of the
strain values, reported in Tabs 1 and 2, we can note

Figure 4. Model mesh of the specimen with the displacement loads and
the boundary conditions.

that the specimens give us an idea about the significant
heterogeneity of the material. This aspect can be attri-
buted to the intrinsic nature of stone.

The mechanical properties and the strength proper-
ties assumed for sandstone in the numerical runs are
reported in Tabs 3 and 4, respectively. In Tab. 4 the
tensile strength for the longitudinal direction is esta-
blished, according to literature findings on brittle
rocks (Hudson & Harrison, 1997), as 1/10 of compres-
sion strength. The longitudinal direction of loading
(CL) corresponds to the material direction of the local
axes in Tab. 3 and Tab. 4; obviously when the tangen-
tial direction of loading (CT) is considered the above
properties, listed in Tab. 3 and Tab. 4, must be pro-
perly rotated.

Fatlure modes - Being a heterogeneous material, the
stone is characterized by a quite pronounced variation
in its mechanical behavior, in an experimental test,
for different specimens even of same material and at
identical specimen size and testing settings. This also
is a direct consequence of the heterogeneity in the
coalescence development. However, to estimate the
mechanical parameters of the material, at a macro-
scopic point of view, the influence of heterogeneity on
material behavior and strength can be averaged. Yet
heterogeneity influences the complete path of stress-
strain, chiefly the post-peak softening and brittleness.
In fact, as well known in scientific literature for quasi-
brittle materials, along most part of loading increment,
the specimen is subjected to inner micro-structural
adjustments. Due to these fabric adjustments the vani-
shing of cohesion in stone matrix increases the mate-
rial damage and decreases the elastic modulus. These
effects initially seem not influencing the mechanical
behavior of the material, but, successively they pro-
gress up to a crucial stage, typified by micro-crack co-
alition (coalescence) into macro-cracks, which finally
cause specimen crumbling (Figs 5 and 6).
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Table 1. Mechanical properties of sandstone measured in the longitudinal direction of loading (CL).

Specimen Elastic modulus Compressive strength Strain at compressive strength — Strain at failure
(N/mm?) (N/mm?) (mm/mm) (mm/mm)
CLO1 4565 143.6 0.03905 0.05068
CL02 4682 1355 0.03118 0.03268
CLO03 4456 141.9 0.04200 0.04660
CL05 4405 1334 0.03720 0.04156
CL06 4328 130.6 0.03974 0.04532
CL07 3461 109.0 0.04145 0.04692
CLO08 4586 151.8 0.04854 0.05214
CL10 4578 137.3 0.04468 0.04468
minimum 3461 109.0 0.03118 0.03268
maximum 4682 151.8 0.04854 0.05214
mean 4383 135.4 0.04048 0.04507
RMSE 364 11.8 0.00482 0.00563

Table 2. Mechanical properties of sandstone measured in the tangential direction of loading (CT).

Specimen Elastic modulus Compressive strength Strain at compressive strength — Strain at failure
(N/mm?) (N/mm?) (mm/mm) (mm/mm)
CTo1 4322 103.6 0.02553 0.02677
CT02 3413 130.9 0.03802 0.04166
CT05 4126 128.9 0.03502 0.04290
CTo06 3604 148.7 0.04313 0.04702
CTo08 3909 116.2 0.03552 0.04009
CT09 3190 137.1 0.03940 0.04516
CT10 3797 147.7 0.04757 0.05362
minimum 3190 103.6 0.02553 0.02677
maximum 4322 148.7 0.04757 0.05362
mean 3766 130.4 0.03774 0.04246
RMSE 367 15.1 0.00644 0.00761

Numerical results and their discussion

The numerical results obtained in the uniaxial com-
pression loading are here presented and discussed.

In order to appraise the global response obtained
by the numerical approach, in the following figures,
color-map values of significant tensor components of
damage, displacement, strain and stress, on the cubic
mesh specimen, are plotted both for the longitudinal
direction and for the tangential direction of loading.
By preliminary examining the damage tensor compo-
nents an initiate status of damage can be established.
This status signs the transition from the elastic beha-
vior to the inelastic one. Generally, inelasticity can
consist of: damage or plasticity or both, as a conse-

quence of the damage and plastic material parameters.
In the present work damage and plasticity parameters
are equalized and this implies the simultaneity of da-
mage and plasticity. The damage tensor component
D, at the time step when damage initiate is represen-
ted in Fig. 7. In a same manner, the damage tensor
component D,, in Fig. 8 and the damage tensor com-
ponent D, in i:ig. 9 are plotted. From these findings,
we can consider that the material maintains an elastic
behavior both along the compressive loading direction
D, and the orthogonal loading direction D, |, until the
sample reaches the rupture. On the contrary, the ma-
terial unfavorably undergoes a very premature starting
of damage along the tangential component, D,;.
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Table 3. Mechanical properties assumed for sandstone in the numerical tests.

Property C, C, (1) C; (1) C, (1) C,, C,; (1) G, (D Gy, (1) (O

Elastic modulus (N/mm?2) 4322 2120 2051 2040 4322 2118 2051 2118 4682
Vi2 Vi3 12 Va3 V31 V32

Poisson’s ratio (Gercek, 2007) 0.09 0.10 2) 0.10 2) 2)

(1) The mixed tensor components i#j, according to Lekhnitskii (1963), are assumed as:

Cii'Cji
C.= .
Y Cﬁ~(1+uii)+Cji~(1+vji)

(2) The Poisson’s ratios are taken as constant and, to satisfy the symmetry of the elasticity tensor, obeying the relations (Jones and Ashby, 2018):

i Vi

=2 ij=1,23.

Table 4. Strength properties assumed for sandstone in the numerical tests.

Tensile strength (N/mm?)

Yt Yi(1) Y1) Yi(1) Y3 (1) Yt Yi(1) Y}
10.4 5.1 5.4 4.9 10.4 55 54 55 135
Strain at tensile strength (mm/mm)

E} EL(1) EL(1) E; (1) Ex(1) E! EL (1) E}
0.00255 0.00125 0.00128 0.00121 0.00255 0.00132 0.00128 0.00132 0.00312
Strain at tensile failure (mm/mm)

R} Ri(1) RE(1) Ri(1) Ri(1) R} R} (1) R}
0.00268 0.00131 0.00134 0.00126 0.00268 0.00138 0.00134 0.00138 0.00327
Compressive strength (N/mm?2) [6]

Y¢ Y (1) Ye(1) Y (1) Y (1) Ys YS(1) YS
103.6 50.8 53.6 48.9 103.6 55.1 53.6 55.1 1355
Strain at compressive strength (mm/mm)

Eg¢ Es (1) E<(1) Es(1) ES(1) ES ES(1) Eg
0.02553 0.01253 0.01281 0.01205 0.02553 0.01320 0.01281 0.01320 0.03118
Strain at compressive failure (mm/nm)

Re Rg(1) Rg (1) Re(1) Re(1) Re Rg(1) Rg
0.02677 0.01313 0.01343 0.01264 0.02677 0.01384 0.01343 0.01384 0.03268

The mixed tensor components: Yy E,

Riand Y, ES

ji i

R for i#j are obtained by assuming an elastic moduli-like form (Lekhnitskii, 1963) as in

Table 3.

From the numerical findings, another important judg-
ment on the overall mechanical behavior of the in-
vestigated material can be obtained by observing in
Fig. 10 the color-map of the global displacement along
the loading direction z. Contextually, the deformed
shape at ultimate rupture is represented and the unde-
formed mesh is together overlapped. Here it is evident
a diffuse rupture through the body mesh (as in Fig. 5
for a real specimen).

In the following Figs 11, 12 and 13, some significant
strain tensor components and corresponding stress
components, at the same time step 0.70, at which the
post-elastic path goes on, are showed. These visuali-

zations show that the axial strain E;; (Fig. 11a) at the
corresponding axial stress S,; (Fig. 11b), as expected
for this kind of specimen configuration, by preserving
a certain symmetry with respect to the axis of loading,
presents a distribution quite uniform with little devia-
tion within the body centre of the specimen mesh and
wider deviation at the border of the body, where stress
is much sensitive to changes in the anisotropic material
properties, as effect of Poisson’s contraction. Realistic
concentration of strain and stress are both visible at the
bottom of the mesh in correspondence of the kinematic
constraints.



34 V. DE LUCA, M. LEZZERINI, F. CAVALCANTE, C. MARANO, G. PALLADINO, M. BENTIVENGA

Figure 5. Typical failure of a cubic specimen loaded in longitudinal di- ~ Figure 6. Typical failure of a cubic specimen loaded in tangential di-
rection. rection.

danaze33
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In the post-elastic path, it is quite plain to distinguish
among the mesh elements localization differences, as
non-uniform strain distribution after damage growths,
due to alternatively: strain localization at some por-
tions and softening unloading at other portions.

In Fig. 12, the time step 0.70, in the post-elastic path, is
selected for the strain E,, (Fig. 12a) and the correspon-
ding stress §,; (Fig. 12b). ‘hese visualizations show that
the transversal (respect to the loading direction) strain
at the corresponding transversal stress proceeds in a
quite uniformly distributed mode within the body of
the specimen mesh, by preserving a certain symmetry
only with respect to one transversal direction according
to the transversely isotropy of the material. An effect of
reduction of values, arc-shaped, is visible in the color-
maps, this being a credible reduction caused by the rela-
tively (respect to the low resistance of the material) high
resistance opposed by the constrained bottom edge.
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Figure 11. Color-map of the mesh displaying the strain tensor component Ey; (a) and the correspondent stress tensor component Sy; (b

tudinal direction of loading at time step =0.70.
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Figure 12. Color-map of the mesh displaying the strain tensor component E, | (a) and the correspondent stress tensor component S, (b)

tudinal direction of loading at time step =0.70.

In Fig. 13, the time step 0.70, in the post-elastic path,
is selected for the strain E (Fig. 13a) and the corre-
sponding stress S, (Fig. 13]b These images show that
the tangential strain at the corresponding tangential
stress roughly is uniformly distributed in the body
mesh, also some major diagonal seems to follow the
arc-shape of the transversal component before discus-
sed. A slight concentration of strain and stress is both
visible at the bottom of the mesh in correspondence of
the kinematic constraints.

A similar set of figures are built, likewise for the lon-
gitudinal direction of loading above discussed, for the
tangential direction of loading.

Figs 14, 15 and 16 display the damage initiate at a
certain time step for signiﬁcant damage tensor com-
ponents: D,; (Fig. 14), (Fig. 15) and D, (Fig. 16)
for tangential direction oi} loading. By observing the-
se figures it is plain that the material remains elastic
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for the component along the loading axis direction,
D;;, and for the component in the direction ortho-
gonal to loading, D, ,, until it reaches the rupture, on
the contrary the material undergoes an unfavorable
premature start of damage along the tangential com-
ponent D, ;

In Fig. 17 the global displacement along the loading
direction z is color-mapped. Here the deformed shape
at ultimate rupture is represented and overlapped with
the undeformed mesh. Some elements appear to form
slice formations at rupture in the vertical plane (as in
Fig. 6 for a real specimen).

In the following Figs 18, 19 and 20, significant strain
tensor components together with the corresponding
stress ones, at a time step 0.65 , in the post-elastic path,
are color-mapped. These visualizations show that the
axial strain E;, (Fig. 18a) at the corresponding axial
stress S, (Fig. 18b) proceeds as quite uniformly distri-
buted within the body of the specimen mesh, by pre-
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Figure 13. Color-map of the mesh displaying the strain tensor component E; (a) and the correspondent stress tensor component E,; (b

gitudinal direction of loading at time step =0.70.
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Figure 14. Color-map of the mesh displaying the initiate damage (tensor
component Dj;) for tangential direction of loading at time step =0.61
(at 0.4575 mm of global displacement component z).
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serving a certain symmetry with respect to the axis of
loading. Realistic concentration of strain and stress are
both visible at the bottom of the mesh in correspon-
dence of the kinematic constraints.

In Fig. 19, the color-maps at the selected time step
0.70 in the post-elastic path are represented for the
strain E;, (Fig. 19a) and the corresponding stress S,
(Fig. 19b} These visualizations show that in the post-
elastic path strain and related stress show a plain clu-
stering into vertical slices of the mesh elements.

In Fig. 20 the time step 0.70, in the post-elastic path,
is selected for the strain E|, (Fig. 20a) and the corre-
sponding stress S, (Fig. ZOE It is evident that in the
post-elastic path in strain and relative stress clustered
concentrations prevail in the mesh body. This is a clear
signal of an imminent, chaotic and diffuse disintegra-
tion of the inner structure of the material.

Overall, the numerical results have permitted to con-
textually observe in the investigated stone material,
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Figure 15. Color-map of the mesh displaying the initiate damage (tensor
component D, ) for tangential direction of loading at time step =0.62
(at 0.4650 mm of global displacement component z).
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under loading, both softening and localization of
strain. When the stone material entirely reaches the
compressive strength, a coexisting contrast in beha-
vior of some mesh elements can be viewed: a lot of
them show localization of strain and others evidence
softening of strain. So, damage can be due to both
compressive and tensile stresses.

Verification of the numerical model

The validity of the elastic-plastic-damage numerical
model is based on the comparison of the FEM nume-
rical analyzes with the experimental tests of the san-
dstone.

The mesh dependency is a part considered by incre-
menting the number of mesh elements. At this con-
cern, as expected for the Finite Element Method, a
monotonically convergence of the numerical solution
is obtained.
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Figure 16. Color-map of the mesh displaying the initiate damage (tensor
component D, ;) for tangential direction of loading at time step =0.40
(at 0.3000 mm of global displacement component z).
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Concerning the numerical issue of the mesh depen-
dency on damage, the model turned out to be not
excessively sensitive, so no particular strategy is adop-

ted.

Stress-strain response - In Fig. 21, the experimental
couple of stress-strain points, data-logged in a test
(specimen CL02) along the longitudinal direction of
loading, are plotted. Correspondingly, in the same
stress-strain diagram of Fig. 21, contextually, for com-
parison purpose, the numerical values of strain and
stress are overlapped. These values are the overall
average at the integration points on the upper face of
the mesh model. Both the experimental and numerical
values of the above diagram are referred to the same
uniaxial compression loading on a specimen having
the same nominal geometrical dimensions. We can see
in Fig. 21 that the numerical diagram quite agree with
the experimental one.
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Figure 17. Color-map of the mesh displaying the global displacement

component z at rupture for tangential direction of loading at time step
=0.86 (at 0.6450 mm of global displacement component z).
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Figure 18. Color-map of the mesh displaying the strain tensor component E; (a) and the correspondent stress tensor component Sy (b) for tan-

gential direction of loading at time step =0.65.
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In Fig. 22, the diagram of stress-strain of the couple
of experimental points data-logged in the mechanical
compression test (specimen CT01) along the tangential
direction of loading are plotted. The numerical stress-
strain points, also, for a same mesh model of specimen
and loading condition, are overlapped for comparison
purpose. We can see in Fig. 22 that the numerical dia-
gram quite agree with the experimental one.

General discussion

On the whole, the experimental data on the stone spe-
cimens under uniaxial compression loading have reve-
aled that the stress-strain path is quite alike to those of
sandstones reported in scientific literature. We can no-
tice that after the first downward flexing, due to crack
closure, a defined elastic-linear path is well distingui-
shable. Subsequently, at the post-peak, the material ex-
periences a quite short softening, followed by a brittle
failure. These features can be detected, for the investi-
gated material, both in the longitudinal direction and
in the tangential direction of loading (Figs 21 and 22).
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nent E|; (a) and the correspondent stress tensor component S, (b) for
tangential direction of loading at time step =0.70.
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The graphing of numerical stress-strain diagrams of
the material model, until failure occurs, is compared
with that of the experimental test to check the validity
of the proposed model. This comparison has hi-
ghlighted that the numerical predictions of the stress-
strain path along the elastic and inelastic phase, plastic
fmd damage, rather agree with the experimental va-
ues.
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Figure 20. Color-map of the mesh displaying the strain tensor compo-
nent E 5 (a) and the correspondent stress tensor component § 5 (b) for
tangential direction of loading at time step =0.70.

The overall results have shown that the proposed mo-
del can usefully outline the material behavior, both
elastic and post-peak, and failure modes of the stone
material.

Some weakness of the investigated material is di-
splayed by the numerical results such as the prema-
ture damage in the tangential plane of the material
that is a remarkable unfavorable issue for building
material in a seismic event, by implying seismic vul-
nerability.
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CONCLUSIONS

This work deals with a FEM mechanical characteri-
zation of sandstone as building material in masonry
constructions. The behavior of the stone material un-
der compression can be recognized like quasi-brittle
material. To represent the damage effects a diversi-
fication, in the yield functions, between each tensor
components is usefully introduced in the numerical
model. The advised numerical constitutive model is
implemented within a general-purpose Finite Element
Method framework, coded in a specific software in
another work (De Luca, 2022). This model is applied
to numerically reproduce the stone stress-strain path
until failure, under uniaxial compression loading.
Uniaxial compression tests, by means of a servo-con-
trolled press machine, and their related configuration
and loading conditions, here illustrated, are employed
to validate the numerical predictions, carried out for
the same mesh model of specimen.

On the basis of the experimental data, stress-strain
diagrams are plotted whose analysis has delivered the
deformation behavior and the strength characteristics
of the sandstone material. In the experimental tests a
typical failure of localization deformation is observed
in the material.

The obtained numerical results have shown, by com-
parison, to be quite concord with the experimental
ones. Also, the same model is capable to give indicative
signal of the failure mechanisms involved in the stone
material when the compression strength is completely
mobilized under loading.

The proposed model, through its fully anisotropic
constitutive representation of plastic and damage cou-
pling, can effectively represent a complex behavior,
which occurs in the post-elastic region of a generic
stone material.
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Figure 21. The stress-strain diagram, of the tensor component D3, for
longitudinal direction of loading, obtained from experimental data and
numerical model results.
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The present work can support numerical design sof-
tware code in terms of reliability and completeness of
representation of a more realistic behavior of a basic
material in masonry of heritage buildings.

However, the present work, being based on a generic
approach that is rather unrelated to the kind of loa-
ding and stone, can be employed in a future research
to analyze other loading conditions and different stone
materials in masonry structures.
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