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Three-leaf brick masonry wall is a typical technique in historical buildings.Sensitivity of three-leaf brick masonry
wall to core mechanical characteristics and interface between layers is studied by reference to an experimental
campaign.Experimental activities were performed on three-leaf masonry panel under compressive loads and is
used to identify mechanical characteristic of three-leaf masonry wall and calibrate a 2D plain strain model (with-
out and with interfaces between layers) for cross section of panel.A parametric analysis on inner core and inter-
face between layers mechanical characteristic sensitivity is proposed.Numerical modeling results are presented
and discussed in comparison with experimental data.

© 2020

1. Introduction

Multiple layers often constitute most historical masonry buildings,
realized by brick or stone block. A widespread multi-layer typology is
the three-leaf brick masonry wall, which presents two external brick
leaves and one inner core consisting of incoherent materials, with large
presence of voids.

The behavior of multi-layer masonry structure is very difficult to in-
vestigate and its interpretation remains a challenge. A reason is in the
non-linear and no tension masonry behavior which tends to brittle fail-
ure mechanisms, furthermore the multiple leaf walls presents a more
complex mechanical behavior, with combined collapse mechanisms.

The literature is somehow missing and confined to laboratory ex-
perimental campaign of small dimensional panel [1-4]. Strengthened
three-leaf stone masonry walls were analyzed by Silva et al. [5], Val-
luzzi et al. [6] and Vintzileou [7]. Numerical models were proposed
by Milani [8,9] Aldreghetti et al. [10], Casolo & Milani. [11] and
Silva et al. [12]. Contact surfaces in masonry modeling is also pro-
posed in literature by adopting interfaces mortar joints and internal
block [13]. Binda et al. [14] developed a theoretical model to pre-
dict the failure load on three-leaf masonry with the presence of stiff
transversal elements to better distribute the vertical loads along
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leaves. Ramalho et al. [15] performed numerical analysis assuming a
purely frictional Coulomb’s law at the interface between the leaves to
demonstrate that the interfacial cohesion between leaves could not be
neglected. In a previous work, Pina-Henriques et al. [16] proposed a
multi-surface interface model and set contact relationships between the
inner core and the external leaves to describe the internal load distribu-
tion in a multi-leaf masonry.

In this paper, the experimental results are given for three-leaf ma-
sonry walls, realized at Laboratory of strength of materials IUAV (Lab-
SCo), under compression load. The attention is focused on structural
identification of multi-leaf masonry walls with a two-fold aim: calibrate
numerical model and verify the reliability of related numerical simula-
tions.

The proposed model is a first step modeling, referred to the cross
section of masonry walls. Hence, a continuous 2D plane strain model
is adopted by modeling the interface problem between the layers, i.e.
contact relationships between the inner core and the external leaves
and sensitivity to inner core mechanical characteristics. An interface
model has been developed to reproduce the internal load distribution in
a multi-leaf masonry under compression and results are evaluated with
reference to experimental data obtained by tests carried out at LabSCo.

Hence the following sensitivity analyses are proposed:

e Sensitivity to core stiffness with reference to tested masonry panel;
e Sensitivity to interface model between external layers and core taking
as reference the tested masonry panel;
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The aim is to develop a suitable approach to predict the performance
of historical masonry walls by FEM simulation.

The paper is structured as follows. In Section 2 mechanical charac-
teristic of materials and geometric description of masonry specimen are
reported until to building phase of masonry realization. The test set up
is exposed and experimental results are shown in terms of force versus
displacement graphs. Section 3 is devoted to formulate FE model. A 2
D plain strain model is adopted for the panel cross section which rep-
resents the behavior of the three leaf masonry as a whole. To simulate
three leaf masonry behavior, two model are proposed:

i. in the former, inner core and external layers are modeled as non-lin-
ear smeared cracked material with different stiffness to represent the
random composition of inner core with reference to structure of ex-
ternal layers;

ii. in the latter, an interface model is implemented to allow local de-
tachment between layers.

Section 4 carries on sensitivity analyses to several parameters of
models (i) and (ii). Hence, calibration of models and comparison of mod-
els are proposed with reference to experimental results.

2. Masonry specimens

Masonry multi-leaf specimens were built with the following dimen-
sions 142 x 144x38 cm®, made of 22 brick layers, bed and head joint
mortar 10 cm thick (see Fig. 1). Masonry panel specimens are manufac-
tured with standard clay bricks for external layers (Danesi DM 116). The
same mortar characteristics have been used for layers, joints and infills
and they have been chosen in order to simulate a historical one with
very low shear strength (Tassullo 14,303 CP/5).

The infill was realized with brick potsherds and mortar Tassullo CP/
5 for 2/3 of the whole volume, while only bricks potsherds have been
used to simulate the case of damaged infill conditions, in the last third,
centrally placed with vertical reference.

Preliminary laboratory tests were performed on masonry con-
stituents (bricks and mortar), in order to determine the mechanical
properties to be adopted in FE models.

The mortar mechanical characteristics were determined by testing
prisms (16 x 4 x 4 cm?) after almost thirty days of air curing in accor-
dance to the UNI EN 1015-11 standards [17]. Mean values were eval-
uated for flexural and compressive strength as 0.33 MPa and 1.16 MPa
respectively. Mortar elastic modulus was evaluated as 800 Mpa, the se-
cant value of the stress-strain curves obtained from compression tests at
60% of the peak stress.

Brick samples were tested in compression in accordance with UNI
EN 772-1 [18]. Specimens allowed to determine a mean elastic mod-
ulus value equal to 4100 MPa. The shear strength was deter-
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mined on nine specimens, without pre-compression, prepared in accor-
dance to EN 1052e3 [19], with a mean value equal to 0.187 MPa.
Mechanical characteristics of brick and mortar are reported in Table

In Fig. 1a and b, a geometric description is given for panels. In Fig.
1c, a detailed image is reported for construction phase. Simple compres-
sion tests were performed. To ensure the infill integrity, two masonry
layers were built respectively at the bottom and at the top sites of each
wall, with cement mortar horizontal layers reinforced by a steel textile
net.

In addition, to favor a uniform load distribution under compression
tests, panels have been refinished by cement mortar at bottom and top
sites.

Three specimens (D1, D2 and D3 in the following) were simply com-
pressed by a universal testing machine with a load capacity of 6000
kN, in displacement controlled conditions at a rate of 0.3 mm/min. The
testing set-up included: six digital transducers, placed on both sides and
connected to an electronic acquisition device; four vertical transducers
with base length I, = 30 cm and two horizontal ones with base length
I, = 42 cm. Fig. 2 reports the experimental load-displacement curves.

Fig. 3a shows testing set up and Fig. 3b, c and d the brittle failure
mode with expected crack pattern along compression direction [20,21].
Crack pattern shown in Fig. 3c evidences load transfer on the top and
bottom of specimen, characterized by a boundary effect that causes ex-
ternal layer detachment.

3. FE model

The masonry three-leaf panel is modeled by a continuous FE model.
In this step, the section of panel is modeled in 2D plane strain condi-
tions. We assume that a cross section (two external layers with regular
texture and an internal incoherent core) is representative of the behav-
ior of panel as a whole and the multi-purpose Diana code is used.

The two masonry external layers are built by brick arranged in a reg-
ular manner with mortar joint interposed.

The previous compression tests provided the evaluation of elastic
modulus value of masonry specimens. Although, an estimation of each
masonry layer (external leafs and inner core) is needed to perform the
following FE simulations. A continuum equivalent orthotropic model for
external masonry layers is then obtained, in linear field, through a ho-
mogenization procedure [22,23].

Young’s modulus values obtained by experimental tests (reported
in Table 1) are E, = 4100 MPa and E; = 800 MPa, respectively for
brick and mortar, while the same Poisson’s ratio is assumed v = 0.15.
In Fig. 4, standard homogenization boundary conditions are reported
as applied to representative elementary volume (REV). The reference
system X;, Xp, X3 is assumed, where x; is the in-layer-
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Fig. 1. Three-leaf masonry panels: front and left view (a), section (b) and under construction (c).



C.B. de Carvalho Bello et al. / Construction and Building Materials xxx (xxxx) 118356 3

Table 1
Masonry constituents mechanical properties.

Mechanical parameters Brick Mortar

Compressive [MPa] - 1.16
strength

Flexural - 0.33
strength

Elastic 4100 800
modulus

shear 0.187 -
strength

2000

1800 I

1600 +

1400

Load [KN]

1200+

15 2 2,5 3 3,5 4 4,5
Displacement [mm]

Fig. 2. Compression tests results: load-displacement graph.

plane horizontal axis, x, is the in-layer-plane vertical axis and x3 is the
axis along the layer thickness.

The following Table 2 shows homogenized elastic moduli for the ex-
ternal layer.

As masonry is considered as a composite homogeneous orthotropic
material, the elastic homogenized modulus used in numerical simulation
is in plane layer vertical Young’s modulus Egy = Ecy¢ = 3063 MPa and
in plane layer vertical Poisson’s ratio vi; = 0.248; the incoherent ma-
terial of the inner core is simulated as a low stiffness elastic material
with Young’s modulus E . equal to 90% of the is in plane layer vertical
Young’s modulus of external masonry and Poisson’s ratio v = 0.248.

(b)

Fig. 3. Compression tests on three-leaf panels: crack patterns.

The fracture energy value (Gc) is evaluated in accordance with the
Model Code 90 [24]. The code suggests for a masonry with com-
pressive strength (f,) lower than 12 MPa, the formulation G, = df,
(where d = 1.6 mm). The tensile strength (f;) and relative fracture en-
ergy (G,) for masonry structures, in accordance with the experimental
work performed by Van der Pluijim [25] within the following ranges:
ft = (0.1-0.2) [MPa] and G; = (5-20) [N/m]. All mechanical properties
of external layers and inner core are reported in Table 3; Fig. 5 reports
constitutive relationships assumed in tension and compression.

Elastic brittle softening is assumed in tension and elastic softening
parabolic behavior in compression, where h is the mesh element length
[26].

All layers are modeled by 8-noded quadrilateral isoparametric ele-
ments according to Fig. 6.

Two different models are adopted: in the former, the three layers
have only different mechanical characteristics from external layers and
inner core; in the latter, 6-noded interface line elements are introduced
between the inner core and the external leaves, with inelastic properties.

In this second model, vertical interfaces between external layers and
inner core and horizontal interfaces at the top and bottom of the core
are introduced in the formulation (see Fig. 7b). Mechanical characteris-
tic of interfaces is showed in Fig. 7a. In a local reference system, stiff-
ness orthogonal to interface is named k, and stiffness parallel to inter-
face k,. It must be noted that different values are assumed for stiffness to
simulate different contact condition between layers, being K,,K; = 1072
for nearly complete layers detachment and Kn,Ks = 102 for perfect con-
tinuity between layers. For interfaces, f; is tension resistance and G is
fracture energy in tension.

Hence the constitutive function of interface links stress to the Au
jump of displacement field, which is assumed as strain measure, be-
tween stiffness k,, orthogonal and k; parallel to interface in a local refer-
ence system for interface. As shown in Fig. 8, tensile strength is used to
simulate non-linear brittle behavior.

4. Sensitivity analyses

To calibrate numerical models, two sensitivity parametric analyses
has been carried on:

e Sensitivity to stiffness of internal core.
e Sensitivity to stiffness of interfaces between layers.

This second analysis takes into account the model of interface at both
lateral and top and bottom sites.
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Fig. 4. Representative Element of Volume — REV (a) and periodic boundary conditions (b).

Table 2
Young modulus homogenized values for the external layer.

External masonry walls

Young’s modulus [MPa] Shear modulus [MPa] Poisson’s Coefficients [MPa]

Ejp = 3450 Gip = 765 viz = 0.220

Egp = 3063 Gog = 782 vy = 0.248

Es3 = 3560 Gz = 933 v12 = 0.210
Table 3

Masonry mechanical properties.

Mechanical properties External layer Inner core
Young’s modulus E [MPa] 3063 2756
Poisson's Coefficient v - 0.248 0.248
Tensile strength Fe [MPa] 0.33 0.23
Fracture energy in tension G [N/mm] 0.02 0.02
Compressive strength F. [MPa] 3.40 3.06
Fracture energy in compression G [N/mm] 5.45 4.90
a
a
f E
’ G,
1
< 3 f c
h
1 3
Gl/h fe
£ —=

(a) (b)

Fig. 5. Material constitutive law: a) Tension behavior; b) Compression behavior [26].

4.1. Sensitivity to inner core stiffness

In this section a parametric analysis of inner core stiffness has been
performed. As reported in Table 4, the external layer mechanical char-
acteristics are assumed constant, with varying mechanical
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(b)
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Fig. 6. Finite element adopted (a) [26] and panel 2D discretization.
characteristics of inner core. Three cases are proposed:

e full core with E.y. = Eey, where a homogeneous distribution is as-
sumed for material characteristics;

e inner core with Ecgre = 90% Ecoye;

® Jow core with E¢ore = 50% Eeyt.

A pushover analysis has been performed to verify sensitivity to inter-
nal core stiffness.

All models - inner, full and low core- are compared with the results
of compressive tests (see Fig. 9). With reference to the experimental
scale of panel, pushover results suggest that the overall mechanical re-
sponse is not deeply affected by core material properties. In all FE mod-
els, the peak panels resistance is very close with experimental values
(Table 5).

In comparison with full core (FC) model, the relative difference be-
tween corresponding peak load of inner core (IC) model is 3.9%, while
for low core (LC), the same decrement is evaluated.

Moreover, at the imposed displacement of 1 mm, for IC model the
percentage decrement in tangential stiffness (with reference to
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Interfaces mechanical properties

K,=107 - 10° N/mm
k=107-10° N/mm?
f=0.33 MPa
G,=0.02 N/mim
(a) (b}
Fig. 7. Mechanical properties of interfaces (a) and FEM discretization (b).
it 2500
5 6 It MODE1 1
2000 -
Gy

Aun
(a) (b)
Fig. 8. Geometric description of interface element (a) and constitutive function of inter-

face (b) [26].

Table 4
FE models mechanical properties.

External Inner Full Low
Mechanical parameters layer core core core
Young’s modulus E [MPa] 3063 2756 3063 1532
Poisson's coefficient v v 0.248 0.248 0.248 0.248
Tensile strength Fe [MPa] 0.33 0.23 0.33 0.17
Fracture energy in Gt [N/mm] 0.02 0.02 0.02 0.02
tension
Compressive strength F. [MPa] 3.40 3.06 3.40 1.70
Fracture energy in Ge [N/mm] 5.45 4.90 5.45 2.72
compression

full core result) is 4.1%, while it is 14.1% for low core (LC) model.
Hence, the response of the model with this specimen dimension can be
considered poorly sensible to the stiffness of internal core in the range
of values considered (Table 6).

Fig. 10 shows the sensitivity of external layer with different inner
core stiffness: the ratio between vertical stress value in external layer
and inner core is correspondent to the elastic modulus inner core ratio:
90% in IC and 50% in LC model.

4.2. Sensitivity to interface characteristics between layers

At this stage, continuity assumption is discussed and further para-
metric analyses are presented to investigate model sensitivity to inter-
face between inner core and external leafs.

Starting from previous experimentation and with reference to full
core (FC) condition (see section 4.1), since internal core stiffness seems
not to significantly affect the results, the specific interface

1500 -

Load [KN]

1000 -

500

1015 2 25 3 35 4 45
Displacement [mm)]
Fig. 9. FE models and compression tests results: load-displacement curves.

Table 5
FE models: internal core sensitivity analyses.

Peak Displacement Tangential
load at Peak load Stiffness
[kN] [mm] [kN/mm]
FC 1905 2.83 1166
IC 1832 2.63 1118
3.9% 7.0% 4.1%
LC 1832 4.08 1001
3.9% 44.3% 14.1%

contribution is evaluated. The analysis is performed in more steps, with
the aim to separately evaluate the effect of lateral interfaces between
layers only and also with top and bottom interface elements included.

In the case with only interfaces between leafs, Fig. 11a shows
vertical load versus displacement curves for different lateral interface
stiffness values; deformed mesh configurations are given for
k, = k¢ = 1072N/mm? in Fig. 11b, named full core lateral interface case
(FCLI,) and k, = ky = 102N/mm?, named full core lateral interface case
b (FCLIy) in Fig. 11c.
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Table 6
FE models: interfaces sensitivity analyses.

Peak Displacement Tangential
load at Peak load Stiffness
[kN] [mm] [kN/mm]
FC 1905 2.83 1166
FCLIL, 1912 2.87 1150
0.4% 1.6% 1.3%
FCLI, 1912 2.86 1152
0.4% 1.3% 1.2%
FCHI, 1499 1.94 994
21.3% 31.5% 14.8%
FCHI, 1912 2.86 1152
0.4% 1.3% 1.2%
FCFlL, 1247 11.10 718
34.5% 292.6% 38.5%
FCFI, 1912 2.86 1152
0.4% 1.3% 1.2%

In details, for both cases FCLI, the relative percentage increment be-
tween corresponding peak load in the previous full core case FC and
FCLI result is 0.4%. Moreover, the percentage stiffness reduction (evalu-
ated for 1 mm displacement) is 1.3% for FCLI,, and 1.2% for FCLIy.

It can be pointed out that the vertical displacement percentage incre-
ment is 1.6% for FCLI, and 1.3% for FCLI,,.

Then, only horizontal interfaces at top and bottom core limits are
introduced. Fig. 12a shows vertical load versus displacement curves
for different interface stiffness values; deformed mesh configurations are
given for k, = k; = 10~2N/mm? named full core horizontal interface case
a (FCHI,) (Fig. 12b) and k, = kg = 102N/mm? named full core horizon-
tal interface case b (FCHI},) respectively (Fig. 12c).

In details, the relative percentage decrement between corresponding
peak load in the previous full core case FC and FCHI, is 21.3%, while
for FCHI}, a relative percentage increment of 0.4% is obtained, the same
achieved with lateral interfaces.

Moreover, the percentage stiffness reduction (evaluated at 1 mm dis-
placement) is 14.8% for FCHI,, and 1.2% for FCHI}, equal to vertical
interfaces cases FCLIy,

It can be pointed out that the vertical displacement percentage incre-
ment is 31.5% for FCHI, and 1.3% for FCHI,,.

4,0

35

"

30

2.5

Stress [M/mm? ]
5

Furthermore, the sensitivity to both vertical and horizontal interfaces
are proposed.

Fig. 13a shows load versus displacement curves for different inter-
face stiffness values. It can be noted a significant difference in terms of
displacements with the different interface stiffness; deformed mesh con-
figurations are given for case named full core full interface a (FCFI,) with
k, = kg = 1072N/mm? (Fig. 13b) and for case named full core full inter-
face b (FCFI,) with k, = kg = 102N/mm?3 (Fig. 13c).

In details, the relative percentage decrement between corresponding
peak load in the previous full core case FC and FCFI, is 34.5%; while
for FCFIy, relative percentage increment of 0.4% is obtained, the same
achieved with other cases with higher stiffness values.

Moreover, the percentage stiffness reduction (evaluated at 1 mm dis-
placement) is 38.5% for FCFI,, and 1.2% for FCFI, equal to other cases
with higher stiffness values,

In addition, it can be noted that the vertical displacement percentage
increment is 292.6% for FCFI, and 1.3% for FCFI}, the same value ob-
tained in previous cases with higher stiffness interface values.

Table 3 reports all numerical simulations results about interface sen-
sitivity.

Once sensitivity analysis was made, the FCFI model has been cali-
brated with experimental results (D2 and D3). For lateral interfaces, the
stiffness considered are k,, ky; = 10?N/mm?3. The horizontal interfaces
stiffness assumes different values, depending on the considered sam-
ple. For the sample D3, the stiffness values are k, = 10"2N/mm? and
k, = 10°N/mm3: FCFI; model. Considering D2 curve, FCFI, model as-
sumes k, = kg = 102N/mm?. In Fig. 13, pushover plots in comparison
of experimental results are reported (Fig. 14).

Fig. 15 shows the dependence of vertical stress in external layer
considering different contact conditions (interfaces) between layers. The
same stiffness ratio is kept between external layers and inner core. In a
model calibration based on interfaces characteristics, different nonlinear
responses of three-leaf panels can be obtained in terms of stiffness, peak
load, and post-damage softening.

5. Conclusions

The present analyses are relative to a sensitivity investigation of in-
ner core mechanical characteristics, and interface formulations between
layers. The FE model has been calibrated by reference to experimental
testing at LabSCo on three-leaf masonry panel subjected to compressive
load.

e LE CORE

—— LCEXTERNAL LAYER

I CORE

wemn oo BC EXTERMAL LAYER

FCEXERNAL LAYER
AND CORE

Steps [n]

Fig. 10. FE models without interfaces: stress-step load increment curves.
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Fig. 11. FEM with lateral interfaces between layers: load-displacement graph (a) and deformed mesh of lower (a) and upper (b) bound interface stiffness.
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The panel cross section is modeled by a 2D plain strain continuous
model, firstly with continuity assumption and then with interface ele-
ments between inner core and bricks: fitting of experimental results have
been obtained after mechanical properties identification.

This parametric analysis shows:

in a reasonable range of values, inner core mechanical characteristic
does not influence mechanical behavior of this three leaf structure;
interface between layers influences mechanical characteristics. In de-
tail, lateral interfaces between leafs show a negligible influence on
peak load, tangential Stiffness and vertical displacements;

horizontal interfaces at the top and bottom of inner core show a con-
siderable influence on peak load and vertical displacements of ma-
sonry panels;

4.5

(b) ()

Fig. 12. FEM with horizontal interfaces between layers: load-displacement graph (a) and deformed mesh of lower (a) and upper (b) bound interface stiffness.

full interfaces (all around the inner core) show that the orthogonal
stiffness of horizontal interfaces are the most important parameter to
set for the calibration of compression tests;

with reference to experimental tests of three-leaf panels, interfaces are
used in the FE model to simulate the detachment observed between
different layers. They can be calibrated to simulate this behavior and
related failure modes.

Hence for the specimen dimension that are limited with reference
to effective structures, interfaces between layers seems to represent a
proper method to individuate panel lower and upper stiffness limits and
to calibrate numerical models in accordance with experimental results.
The present results constitute the first step of a work in progress. Fur-
ther experimental tests will be performed considering different masonry
sizes to evaluate size effect sensibility.
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Fig. 13. FEM with vertical and horizontal interfaces between layers: load-displacement graph (a) and deformed mesh of lower (a) and upper (b) bound interface stiffness.
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Fig. 14. FE models pushover results: calibration of FCFI model with experimental results.
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