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The paper presents different finite element modelling approaches, developed with a commercial software, for the analysis of the 
behaviour of unreinforced and FRP strengthened masonry walls when their are subjected to a predominant shear load. Three mod-

els are analyzed, having different complexity levels. These models are used for the simulation of diagonal compression tests on 
masonry panels. The numerical simulations are compared with experimental results and the reliability of the different finite element 
models is discussed.
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1. Introduction

Large populations of masonry buildings situated in
seismic zones have not been designed and built for seis-

mic loading; therefore the assessment of the vulnerabil-

ity of these structures and their seismic upgrade is a

current problem with important socio-economic impli-

cations. In order to answer this challenge, retrofitting

techniques and assessment methods are continuously

improved.

Nowadays, research focuses on innovative strength-
ening techniques, involving fiber reinforced polymer

(FRP) materials. FRPs are made of strong fibers of

carbon or glass bonded together with a polymeric ma-

trix. These materials offer a high strength and stiffness

in the direction of the fibers and increased strength-

to-weight ratio. A state-of-the-art of the FRP strength-

ening of civil engineering structures is presented in
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[1–3]. The main objective of the reinforcement is to

enhance the earthquake resistance of masonry structural

elements, in order to avoid failure modes that manifest
in brittle and unforeseen manner. The behaviour and

damage pathology of masonry walls submitted to pre-

dominant shear load is classified in this category [4].

Generally, the behaviour of masonry structures or

masonry structural elements is approached considering

the out-of-plane or the in-plane behaviour.

Experimental studies concerning the out-of-plane

flexural strength and deformation capability were con-
ducted by Ehsani et al. on half scale brick walls strength-

ened with FRP composite strips [5]. In a similar study

[6], the influence of several experimental parameters on

the load carrying capacity of carbon-FRP reinforced

panels are investigated: the type, amount, layout of the

reinforcement and the effects of a moderate compressive

axial load.

Concerning the in-plane behaviour, Corradi et al. [7]
pursued a comparative in situ study of the effectiveness

of different strengthening procedures applied to ancient

stone masonries. In the same context, Valluzzi et al. [8]



performed an experimental study in order to investigate

the efficiency of an FRP shear reinforcement technique.

Several reinforcement configurations were evaluated on

small masonry panels submitted to diagonal compres-

sion tests.

On the basis of these studies, it appears that the use of
FRP composites to retrofit unreinforced masonry walls

might be an efficient alternative to enhance the wall�s
global out-of-plane and in-plane behaviour. However,

some problems need further analysis, especially the

choice of an optimized reinforcement in terms of

strength, elastic moduli and layout. Additionally, the

local acting mechanisms of the reinforcement strips or

sheets need to be analyzed.
The finite element modelling is a currently used tool

in the evaluation of the load bearing and deformation

capabilities of masonry structures. Generally, two differ-

ent approaches are adopted to model the behaviour of

masonry elements or structures: micro- and macro-

modelling.

The micro-modelling considers the masonry as a

composite material built of brick units and mortar
joints. Consequently, there is a large number of param-

eters that occur in the construction of a mechanical

model: the properties of bricks and mortar, the geome-

try of the bricks, the joint arrangement, the interface

phenomena, etc. Recent works in this field are princi-

pally devoted to the development of some reliable inter-

face models [9] or incorporating fracture mechanics and

plasticity concepts [10]. Nevertheless, the use of micro-
models for the evaluation of the global behaviour of

an entire masonry building is prohibitive because of

the increased number of elements generated.

The macro-modelling considers the masonry as a

homogeneous continuum, which replaces the brick/mor-

tar assembly. From this point of view, we can mention

the homogenized models that either take into account

the tensile cracking of the masonry [11] or use constitu-
tive equations built on anisotropic elasto-plasticity [12].

However, the prediction of the behaviour of a ma-

sonry structure or a structural element is rather delicate

due to the lack of some reliable experimental data. This

is usually compensated by the calibration of the numer-

ical model, but the calibration diminishes the prediction

capability of the modelling. Besides, the developed mod-

els are rarely implemented in widely distributed com-
mercial softwares.

The aim of this paper is to analyse the reliability of a

finite element modelling, developed with a commercial

software in the assessment of the behaviour of unrein-

forced and FRP strengthened masonry walls when they

are subjected to a predominant shear load. We simulate

the behaviour of hollow brick masonry walls reinforced

with glass and carbon fiber overlays using the ANSYS
software. The modelling uses the mechanical parameters

of masonry constituents determined experimentally in
2

compression and shear. A validation is performed in

the case of panels submitted to diagonal compression

test. The main goal is to predict the global behaviour

of the masonry walls and to evaluate the strain and

damage distribution in the unreinforced and FRP

strengthened panels.
In the first part of the paper we shortly present the

experimental results concerning the evaluation of

the mechanical parameters and to the assessment of

the behaviour of the unreinforced and strengthened ma-

sonry panels which is also described. These results are

used for validating the different modelling approaches

presented in this paper. We recall that these results to-

gether with the employed experimental procedures are
presented in more detail in previous works [13,14].

The second part of the paper is devoted to the presen-

tation of the finite element modellings in order to ana-

lyse the behaviour of the unreinforced and the

strengthened masonry panels. The models have different

complexity levels:

• Detailed modelling, which considers the real configu-
ration of the masonry panels (constituted from bricks

and mortar) and the composite reinforcement. This

modelling is applied in both cases (unreinforced and

strengthened panels).

• Simplified modelling, considering the experimentally

measured global mechanical parameters of the

masonry panels.

• Simplified modelling, based on homogenization the-
ory, where bricks and mortar are replaced by an

equivalent continuum.

Finally, the finite element modelling results are com-

pared to the experimental ones, giving place to the dis-

cussion of the reliability of the employed finite element

models.
2. Mechanical properties of the constituents

The goal of the experimental evaluation of the

mechanical parameters of the constituents is to obtain

the values of some useful parameters that can be imple-

mented directly in a finite element model on a commer-

cial software, in order to simulate a specified behaviour:
in our case, the behaviour of masonry panels submitted

to diagonal compression loading. The diagonal com-

pression generates a combined state of shear and com-

pression along the direction of the horizontal and

vertical joints. Thus, for the considered approach, we

are interested in the evaluating of the main mechanical

parameters of the masonry in compression and shear.

Where it is available, the experimental procedures
follow technical recommendations or standards [15,

16].



The mechanical parameters of FRP overlays were

determined in uniaxial traction.

2.1. Masonry

In order to determine the elastic moduli of masonry
constituents, three masonry prisms were realized and

tested on the basis of the RILEM recommendation

[15]. The prisms were constructed using 210 · 100 ·
50 mm hollow bricks and a ready-to-use mortar with a

0–5 mm sand and Portland cement composition. The

water quantity added to the dry mixture was determined

ensuring a good workability of the fresh mortar. The

joint thickness and the brick dimensions are the same
as for the masonry panels employed later for the diago-

nal compression test. Thus the masonry prisms can be

considered as extracted from a real masonry wall.

The vertical and horizontal strains in masonry units

were measured directly by strain gauges, while on the

whole prism they were measured by LVDT extensome-

ters (Fig. 1). The precision of the gauges is 1 lm/m

and of the LVDT extensometers is 1 lm. The load is dis-
placement controlled (0.5 mm/min) and measured by a

500 kN load cell.

Thus, the elastic modulus of bricks (Eb) and of a ma-

sonry prism (Eprism) has been determined directly using

the strain measurement results, while the elastic modu-

lus of the mortar joint (Emort) was calculated using the

former moduli and considering that the total vertical

displacement of the prism is the sum of the displace-
ments of the joints and of the bricks:
Fig. 1. Geometry and instrumentation of compression tests on prisms.

Fig. 2. Experimental setup and in
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Emort ¼
EprismEb

aðEb � EprismÞ þ Eb

; ð1Þ

where a represents the ratio of the heights of the brick

and of the mortar joint.

The shear characteristics of the masonry and the

brick/mortar joint interaction parameters at the inter-

face are determined on a masonry prism (triplet). The

experimental device is conceived in such a manner that

it can simultaneously apply a static horizontal confine-

ment load and a steadily increasing vertical shear load
to the specimen (see Fig. 2). The loading forces are con-

trolled by load cells; the axial load is maintained con-

stant during the tests using a special device. Relative

displacement between two adjacent bricks is measured

by an LVDT device. The precision of the measurement

devices is similar to the one used for the uniaxial com-

pression test. The test results of 18 triplets for confining

stresses varying from 0 to 1.8 MPa allowed us to deter-
mine the parameters of a Mohr–Coulomb constitutive

equation: the shear strength and the residual friction

coefficient. Quantitative results of the above mechanical

parameters are presented in Table 1.

2.2. FRP reinforcement

Three types of FRP composites are employed: a uni-
directional glass fiber (noted RFV), a unidirectional car-

bon fiber (noted RFC) and a bidirectional glass fiber

(noted RFW). The mechanical properties of the com-

posites has been determined in tension on coupons.

The composite coupons are manufactured in the same

conditions as they are overlayed on the walls: embed-

ding the composite fibers in the epoxy resin. All the rein-

forcements reveal a linear elastic behaviour, but the
strumentation of shear tests.

Table 1

Mechanical properties of masonry and constituents

Bricks Mortar Masonry

Elastic modulus (MPa) 12,800 4000 9400

Shear strength (MPa) – 1.63 –

Residual friction angle – 43� –



Table 2

Mechanical properties of the composite reinforcements

Ref. Weighing

(g/m2)

No. of

coupons

Mean

thickness

(mm)

Elastic modulus (MPa) Mean

strength

(MPa)

Ultimate

strain

(%)
Exx Eyy

RFV 400 5 2.2 23,000 2500 460 2

RFC 180 5 1.9 80,000 3000 720 0.9

RFW 175 5 2.1 10,000 10,000 100 1
mechanical properties are completely different from one

composite to another (see Table 2). The composites

RFV and RFC can be considered as high strength and

high modulus, while RFW can be considered as having

low mechanical properties. Besides, the RFV composite

ultimate strain is two times higher than the ultimate

strain of the other composites: this property is very use-

ful for seismic design.
3. Experimental study

3.1. Masonry panels description

The masonry panels employed for the diagonal com-

pression tests were built according to the RILEM rec-
ommendations [16]. The size of a masonry panel is

established in function of the unit size, so that the panels

have a representative number of joints and units. Thus,

a series of five masonry panels, having nominal dimen-

sions of 870 · 840 · 100 mm, were built (Fig. 3). They

were made of hollow bricks and have a 10 mm thick

mortar joint. Two of them have been kept without rein-

forcement, the three other panels have been strength-
ened with the three types of FRP composites. In order

to apply the compression loading, the corners of the

panels are embedded in two stiff loading shoes filled with
Fig. 3. Geometrical configuration and boundary conditions for

masonry panels tested in diagonal compression.
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concrete. The length of the embedding is approximately

equal to the 1/6th of the wall length.

In order to study the effectiveness of the different

FRP composites, two configurations of the retrofit sys-

tem were investigated. For the masonry panels rein-

forced with RFV and RFC unidirectional composites,

four strips were bonded orthogonally to the loaded diag-

onal. The dimensions of the strips were 400 · 150 mm.
The vertical spacing between strips is approximately

100 mm. For the third bidirectional composite (RFW),

the entire surface of the panel was reinforced: the orien-

tations of the composite fibers follow the compressed

and stretched diagonals. The panels� reinforcement

scheme is presented on Fig. 4. For the identification of

the masonry panels, we use the same denominations as

for the composites.
We remark that the choice of the reinforcement con-

figuration is guided by the following reasons:

• Composites work efficiently only when loaded in trac-

tion; this justifies the orthogonal disposing to the

compressed diagonal, the direction of the principal

tensile stresses.

• The principally loaded zone is localized along the
compressed diagonal, where cracks are susceptible

to occur during the diagonal compression test, as

confirmed later by the finite element modelling.

• The choice to keep zones unstrengthened along the

compressed diagonal is guided by saving reasons.

3.2. Experimental set-up

The diagonal compression load is applied on the cor-

ners of the walls via a hydraulic actuator. The experi-

mental setup for the diagonal compression is presented

in Fig. 5. The load is gradually applied by a 500 kN

hydraulic jack and controlled by a load cell. The dis-

placements of compressed and stretched diagonals of

masonry panels are measured by LVDT transducers.
The experimental results are used to validate the differ-

ent modelling approaches presented in the following sec-

tions, by comparing the force–strain curves of the

compressed diagonals and the damage distribution in

the walls. We summarize below the experimental results,

which are presented and analyzed with more details in a

previous work [17].



Fig. 4. Configuration of strengthening for masonry panels.

Fig. 5. Experimental setup for diagonal compression test on masonry

walls. Fig. 6. Failure pattern of the masonry panel in diagonal compression.
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Fig. 7. Force–strain diagram of the compressed diagonal, experimen-

tal and numerical results.
3.3. Experimental results

The unreinforced panels present a brittle failure along

the compressed diagonal, with crackings that appear

suddenly in the mortar joints and in the bricks, produc-

ing the instantaneous failure of the walls (Fig. 6).

The global behaviour, described by the applied load

vs. strain along the compressed diagonal curve, is quasi
elastic with a very weak yield plateau (Fig. 7). The differ-

ence between the measured ultimate loads (curves NR1

and NR2) is relatively important (17%): this may be ex-

plained by the internal structure of the walls. Indeed, the

failure strength is conditioned by the shear strength in-

duced by the interaction of the mortar notches with

the internal wallettes at the brick/joint interface. The

random distribution and the size of the mortar notches
in the hollows affect the shear strength, as it was ob-

served on the triplet specimens during the material char-

acterization. These tests showed dispersions of the same

order.

For the strengthened masonry panels subjected to the

diagonal compression, let us consider the force vs. strain

curves of the tested masonry walls (Fig. 8). NR1, NR2

denote the two unreinforced masonry walls while
5

RFV, RFC, and RFW denote the three reinforced walls.

The elastic phases of the curves of the reinforced panels

are characterized by the same slope as those obtained in
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strengthened panels: experimental results.
the case of the unreinforced ones, regardless to the type

of the composite. On the other hand, the load corre-

sponding to the elastic limit and the ultimate load of

the reinforced panels are much higher than the one of

the unreinforced panels. The gain in strength is quite

remarkable: 42% for the RFV reinforcement and over

65% for the RFW. Thus, a first consequence of the rein-
forcement is the growth of the strength of the wall while

its initial in-plane stiffness is kept unmodified.

Moreover, we remark an important deformation

capability of the reinforced walls, emphasized by the

presence of a relevant post-elastic plateau. The deforma-

tions corresponding to the maximum loads of the rein-

forced walls are three times higher than those of the

unreinforced walls. Therefore, the seismic behaviour is
enhanced. We notice also that the deformation capabil-

ity of the masonry wall strengthened with the RFW

composite is the best, even if the mechanical properties

of the composite are the weakest. The results are sum-

marized in Table 3.

The failure modes observed for the three walls are as

follows:
Table 3

Experimental results

Reinforcement

type

Failure

load (kN)

Failure mode Ultimate

strain (lm/m)

NR1 – 215.3 Diagonal

splitting

470

NR2 – 251.8 Diagonal

splitting

700

RFV 1D glass fiber 332.0 Splitting 1500

RFC 1D carbon fiber 361.0 Crushing 1500

RFW 2D glass fiber 384.0 Crushing 1800
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• The panel reinforced with the RFV composite failed

suddenly due to a cracking along the compressed

diagonal at the ends of the composite strips.

• The two other walls, strengthened with RFC and

RFW strips, failed locally at the compressed corners,

in the loading shoes. In this latter case, the tests were
stopped when some debris detached from the loading

shoes.

Thus, we can conclude that the use of the composite

reinforcement is quite effective under the following

conditions:

• Composites having relatively weak mechanical prop-
erties but with a good deformation capability must be

employed, otherwise they are not used at their full

capacity.

• The geometrical arrangement of the joint/brick

assemblage requires the use of bidirectional compos-

ites and the application of composite sheets onto the

entire loaded zone, otherwise a brittle failure still

occurs.
4. Finite element modelling of the behaviour of

unreinforced masonry panels

The main goal is to evaluate the strain and damage
distribution in the unreinforced and strengthened panels

when their are submitted to a predominant shear load,

taking into account the non-linear behaviour of the ma-

sonry. In fact, the non-linear shear behaviour of the ma-

sonry panels is mainly governed by the phenomena that

occur at the brick/mortar interface (the interaction of

mortar cores with the internal walettes of the bricks).

However, the introduction in the model of elasto-plastic
interface elements increases its complexity [9]: the con-

struction of the model and computing time become

lengthy. These considerations led us to the development

of less complex models, using a commercial finite ele-

ment software (ANSYS). The presentation of these

models is the subject of the following paragraphs.

4.1. Detailed modelling of the unreinforced masonry

This approach considers the detailed structure of the

masonry: it is built as a regular inclusion of bricks into a

matrix of mortar. The mortar is considered as a net

which perfectly bonds to bricks. The geometrical config-

uration and the boundary conditions are identical to the

real ones (Fig. 9).

The bricks are fully elastic and the mortar joint is
characterized by an appropriate elasto-plastic model.

Thus, the non-linearity of the brick/mortar interface is

transposed onto the behaviour of the mortar joint, sup-

posing that this artifice has no effect on the global



Fig. 9. Geometrical configuration of a masonry panel.

Fig. 11. Plastic shear strain distribution in the masonry (modelling

result).
behaviour, given the low volume of mortar compared to

the volume of bricks. The comparison of numerical and

experimental results shows that this choice is valid. The

chosen constitutive law for the modelling of the mortar

joint is elastic-perfectly plastic in a Drucker–Prager for-
mulation. This implementation lays on the Mohr–Cou-

lomb mechanical parameters which have been

experimentally determined and summarized in Table 1:

the shear strength (cohesion), the residual friction coef-

ficient and the dilatancy angle (is considered equal to

zero).

A plane stress modelling is pursued using four node

standard elements having two degrees of freedom per
nodes, four Gauss integration points and lagrangian

polynomials as shape functions. Mesh size is imposed

by the relative dimensions of units and mortar: the size

of the elements modelling the mortar is uniform and

equal to the thickness of the joint, whereas the brick

mesh size becomes coarse in their interior (Fig. 10).

This model gives a relatively good picture of the

behaviour of the unreinforced masonry panel. The
experimental and numerical force–strain diagrams of

the compressed diagonal agree in terms of global stiff-

ness and ultimate force (Fig. 7). The differences between

experimental and numerical results are in the range of
Fig. 10. Meshing detail of the masonry panel.

7

spreadings of experimental values obtained for the

implemented mechanical parameters. When the yield is

reached, we observe a sudden change of the global stiff-

ness which predicts the degradation of the mechanical

properties and the failure. The analysis of the strain dis-

tribution map reveals that the plastic strain appears and

grows in the center of the panel (Fig. 11). We can con-
sider that the failure occurs in this zone by the excess

of the strain capability of the mortar joint, which agrees

with the experimentally observed failure mode (Fig. 6).

4.2. Simplified modelling

The detailed modelling of the geometrical structure of

the masonry requires important computational re-
sources and renders the modelling quite laborious. Thus,

if the goal of the modelling is to obtain an approxima-

tion of the average behaviour of the masonry in terms

of loads and strains, it is conceivable to build an equiv-

alent material model without considering the internal

geometry of the masonry. In addition, we can consider

that the influences of the different implemented parame-

ters are independent: the elastic modulus does not act on
the global resistance as well as the shear strength does

not modify the global stiffness of the masonry.

In these conditions, we can propose a simplified

model considering an equivalent material having the

global elastic properties of the masonry panel (measured

on the small masonry prisms) and the plastic parameters

of the joint/brick interface (shear strength and friction

coefficient). The experimental values of these parameters
are summarized in Table 1.

Therefore, we considered two cases:

• Elastic-perfectly plastic isotropic wall: the considered

parameters are Eprism, the shear strength (smax =

1.63 MPa), and the friction angle (/ = 43�).



• Elastic-perfectly plastic orthotropic wall: The ortho-

tropy of the masonry is determined by the different

brick/mortar volume ratios in the directions of the

bed and head joints. In a first approximation, as

the mortar and brick moduli are known, this ortho-

tropy can be expressed considering different height
ratios a in the two orthogonal directions. Therefore,

two elastic moduli can be calculated using the rela-

tion (1):

(a) Ex
prism is used with a = 21, so Ex

prism ¼ 11; 600 MPa;

(b) Ey
prism is used with a = 5, so Ey

prism ¼ 9400 MPa.
Fig. 13. Plastic shear strain distribution for the simplified isotropic

model.

Fig. 14. Plastic shear strain distribution for the simplified orthotropic

model.
For the shear modulus Gxy
prism we consider 0.3Ey

prism.

The results of the simplified modellings are compared
with those of the detailed geometrical modelling on the

Fig. 12. We remark that the simplified isotropic and

orthotropic models (referred as ‘‘isotropic’’ and resp.

‘‘orthotropic’’ on Fig. 12) give the same global stiffness,

but the afferent values are lower then the value obtained

by the detailed modelling (referred as ‘‘detailed’’ on the

same figure). The difference is relatively important,

about 25%. Concerning the failure loads, the values of
the different elastic-perfectly plastic modellings are close,

which confirms again the role of the shear strength smax

in the assessment of the ultimate load.

The isotropic elasto-plastic model is not able to local-

ize correctly the zones with the largest strain (Fig. 13).

Only the ‘‘orthotropic’’ elasto-plastic model gives a real-

istic distribution of strains along the compressed diago-

nal (Fig. 14). This model can be a solution for a quick
detection of the zones to strengthen.

In order to improve the effectiveness of the simplified

modelling in the evaluation of the global stiffness of the

masonry it is necessary to perform a homogenization

based on the related theory.
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4.3. Finite element modelling using homogenized medium

The goal of the homogenization is to obtain the

mechanical parameters of an equivalent material, based

on the establishment of average stresses and strains [18]

on a representative volume element (RVE): this is the

pattern which is repeated periodically inside the struc-

ture (Fig. 15). The average stress r0
ij and the average

strain e0
ij are defined as:
Fig. 15. Representative volume element for the masonry.



r0
ij ¼

1

Y

Z
Y

rij dY ¼ hrijiY

e0
ij ¼

1

Y

Z
Y

eij dY ¼ heijiY ;
ð2Þ

where Y stands for the RVE. Considering the constitu-

tive law at the RVE level

rij ¼ aijkhekh;

the average stress can be expressed as:

r0
ij ¼ haijkhekhiY . ð3Þ

On the hypothesis of the existence of a rigorous rela-

tion between the strain at the RVE level and the average

strain,

eij ¼ cijkhe
0
kh; ð4Þ

it is possible to obtain an averaged constitutive law:

r0
ij ¼ a0

ijkhe
0
kh; ð5Þ

with

a0
ijkh ¼ haijpqcpqkhiY . ð6Þ

The goal is to evaluate cijkl.

In fact, the problem is to find a stress field r and a

displacement field u for a given macroscopic strain field

e0, knowing that r and u must verify some periodicity

conditions [18]:

• for the stresses:

rij 2 SP ðY Þ;
where

SP ðY Þ ¼frijj the vectors rijnj are opposite on the

opposite edges of Y g

• for the displacements

ui 2 DP ðY Þ;
where

DPðY Þ ¼ fuijeijðuiÞ periodicg
¼ fuijui ¼ e0

ijyj þ vi; vi periodicg.
Thus, the displacement field ui and the stress field r
must be the solution of the following problem:

rij ¼ aijmnemn on Y
orij

oyj
¼ 0 on Y

r 2 SP ðY Þ; ui 2 DPðY Þ
heijðuiÞi ¼ e0

ij.

8>>>>><
>>>>>:

ð7Þ

This is a linear problem and therefore the displacement

field may be written:

u ¼ v̂ðkhÞe0ðkhÞ; k; h ¼ ð1; 1Þ or ð1; 2Þ or ð2; 2Þ; ð8Þ
9

where v̂ðkhÞ is a solution of the problem (7) for the ele-

mentary strain field e0(kh):

e0ð11Þ ¼
1 0

0 0

� �
; e0ð12Þ ¼

0 1=2

1=2 0

� �
; e0ð22Þ ¼

0 0

0 1

� �
:

ð9Þ
Eq. (9) leads to the tensor c. Indeed

eðuÞ ¼ eðv̂ðkhÞÞe0 ð10Þ

and by identification with Eq. (4)

cijkh ¼ eijðv̂ðkhÞÞ. ð11Þ

Therefore, a possible way to resolve this problem is to

load the RVE with an elementary and unity average

strain field e0(kh) and to search the displacement field

v̂ðkhÞ that satisfies the periodicity conditions. The dis-
placement field can be written as:

v̂ðkhÞ
i ¼ e0ðkhÞ

ij y
.̂

j þ vðkhÞ
i ; ð12Þ

where v(kh) is periodic. Consequently, the knowledge of

the displacements v(kh) allows the evaluation of the

v̂ðkhÞ, necessary for the computing of the averaged elastic

constants a0
ijkl. The v(kh) displacement field can be ob-

tained using the following variational approach:

vðkhÞ periodicR
Y dy aijmnemnðvðkhÞÞeijð/Þ ¼

R
Y dy aijkh;i/j

8/ periodic on Y :

8><
>: ð13Þ

The right-hand side can be identified as the loading of

the RVE Y. Given the fact that the elasticity coefficients

aijkl are constant for each material constituting the RVE,

this loading becomes a surface loading at the brick-mor-

tar interface. Indeed, the derivation of the elastic con-

stants is equivalent to a derivation in the sense of

distributions: the borders of material discontinuities

must be loaded with the corresponding ‘‘jumps’’ of the
mechanical characteristics. The strain field emn(v(kh)) ob-

tained in this manner can be introduced in the relations

(13) and (6) that leads, after some calculations, to the

following result:

a0
ijkh ¼ haijkhiY þ haijmnemnðvðkhÞÞiY . ð14Þ

Thus, the homogenized elastic constants are calcu-

lated as the sum of two entities: the average on the
RVE of the elastic constants of the constituents and

the average of the same elastic constants weighted by

the strain field arising from the loading of the brick/mor-

tar interface. Accordingly, this is an improvement to the

simplified model described in the previous section.

For the calculation of the homogenized elastic con-

stants, we used the finite element software ANSYS with

which we evaluated the strain field in the RVE arising
from the elementary loads (Fig. 16). A two dimensional



Fig. 16. Finite element modelling of the RVE, loaded with the elastic constant ‘‘jumps’’.
modelling is performed, using four nodes, two degrees of
freedom per node and linear interpolation elements.

First, an RVE (Fig. 15) is chosen, then the interfaces

are loaded with the corresponding elastic constant

jumps. Some symmetry conditions are imposed on the

border of the RVE for the displacements.

Thus, an elastic orthotropic material is obtained hav-

ing the elastic moduli: Exx = 12,714 MPa, in the hori-

zontal direction, and resp. Eyy = 11,543 MPa in the
vertical direction. These values correspond to the geo-

metrical configuration of the RVE, since the ratio of

brick/mortar is greater in the horizontal direction than

that in the vertical one. The values of the elastic moduli

for the different models are summarized in Table 4.

Using these values and attributing the Drucker–Pra-

ger plasticity parameters of the mortar to the equivalent

material we simulated with ANSYS the behaviour of the
unreinforced masonry panel for the diagonal compres-

sion test.

The force–strain curve for the compressed diagonal

(labeled as ‘‘homogenized’’) is presented in the Fig. 12.

This curve, compared to the ‘‘isotropic’’ and ‘‘orthotro-

pic’’ curves, is rather close to that of the detailed model

(labeled ‘‘detailed’’) where the bricks and the mortar

joint are involved. The detailed model, as presented
above, shows good correlation with the experimental

curve. This finite element simulation confirms the neces-

sity of a homogenization theory and the accuracy of the

applied homogenization method. Moreover, the com-

puting time is largely reduced since the mesh size in
Table 4

Values of the elastic moduli employed in the finite element modelling

Model Elastic modulus (MPa)

Brick Mortar Masonry

Detailed 12,800 4000 –

Isotropic – – 9400

Orthotropic – – Exx = 11,600

Eyy = 9400

Homogenized – – Exx = 12,714

Eyy = 11,543
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the case of the homogenized material has at least the size
of the RVE.
5. Finite element modelling of the reinforced masonry

For the simulation of the behaviour of the reinforced

masonry panels we use only the detailed modelling, con-

sidering separately the bricks, the mortar and the com-
posite reinforcement. Even if the homogenized model

for the unreinforced masonry gives a quite accurate re-

sponse of the structure, it needs some improvements

for taking into account the composite reinforcement. In-

deed, for a finite element model of the homogenized

medium, the size of the mesh is equal to the size of the

RVE. In this condition, the ‘‘bonding’’ of the composite

layers on the homogenized medium can�t be carried out:
as described below, the bonding is realized by coupling

the nodes of the composite layer to the nodes of the ma-

sonry (or the homogenized medium). Therefore, given

the large size of the mesh and the characteristics of the

composite layer, an accurate coupling of the nodes is

not possible.
5.1. Modelling of the global behaviour

In order to simulate the behaviour of the composite

strengthened walls, we considered the detailed modelling

of the masonry and a model with elements admitting

membrane stiffness and tension-only option for the

modelling of the composite layers. This latter is a stan-

dard tri-dimensional element having three degrees of

freedom at each node. The behaviour law of the com-
posite sheets is considered as elastic: the elastic moduli

are determined experimentally (Table 2). The real thick-

nesses of the composite reinforcements were considered

(approximately 2 mm). The model of the reinforced ma-

sonry panel is obtained by coupling the nodes of the ele-

ments of the masonry with those of composite strips.

This corresponds to a perfect bonding between the ma-

sonry constituents and the composite strips.
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This model allows to describe correctly the overall

behaviour of the reinforced panels, for the three studied

walls (Figs. 17–19). The evaluation of the elastic domain

is not easy for the RFV and RFC reinforced walls be-

cause the curves obtained from the simulations are

rather parabolic; the experimental ones are rather linear.
However, the slope of the curves is in good correlation.

For the RFW reinforced wall the two curves coincide.

In these circumstances, it is an interesting issue to

study the impact of the geometrical configuration of

the composite overlays on the global behaviour of the

walls: the goal is to find a configuration which gives

an increased deformation capacity. Therefore, we simu-

lated the influence of the geometrical parameters of the
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Fig. 17. Numerical and experimental force–strain diagrams for the

RFV reinforced wall.
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Fig. 18. Numerical and experimental force–strain diagrams for the

RFC reinforced wall.
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Fig. 19. Numerical and experimental force–strain diagrams for the

RFW reinforced wall.
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composite overlays on the global behaviour of the ma-

sonry panels. We present below the results for the

RFV type composite obtained for different thicknesses
and strip widths.

5.2. Influence of the composite strips configuration

on the global behaviour of masonry panels

We considered three different thicknesses: 1 mm,

2 mm, and respectively 5 mm. We recall that the real

thickness of the composite reinforcements is approxi-
mately 2 mm, as measured at the time of the tensile tests

on coupons. The other dimensions (400 · 150 mm) and

the number of strips were kept unchanged. The force–

strain diagrams given by the model show that thicker
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Fig. 20. Numerical force–strain diagrams of the strengthened panels

for different thicknesses of the RFV composite.



the composite strip is more the strength of the wall be-

comes important: the wall which is strengthened with

the strips having 5 mm thickness presents a failure load

increased with 25% (Fig. 20). On the other hand, the

deformation capability is not enhanced by a thicker

reinforcement. Besides, we notice also that the reinforce-
ment has no effect on the initial global stiffness of the

masonry wall: the slopes of the force–strain curve are

identical in spite of composite strips stiffness multiplied

by 2 or 5. Therefore, it is not an economical solution

to use composites constituted from multiple layers. In-

deed, a five times increase of the quantity of the compos-

ite produces only a 25% gain on the ultimate force.

Moreover, the gain in deformation capability is insignif-
icant: this latter property is essential for seismic design.

These facts emphasize again the utility of the rein-

forcement applied on the entire surface employing bi-

directional composites having low strength and high

deformation capabilities (e.g. the RFW type composite).

In spite of their mechanical weakness they provide the

same strength and a better deformation capability than

the other high-strength unidirectional composites.
6. Conclusions

The object of this paper was the finite element mod-

elling of the behaviour of unreinforced and composite

material strengthened masonry panels under predomi-

nant shear loading. For this purpose we used a commer-
cial software (ANSYS). The accomplishment of the

modelling in the prevision of the behaviour of unrein-

forced walls depends on the appropriate choice of the

implemented mechanical parameters. The principal

parameters of the chosen formulation have been the

elasto-plastic properties of the mortar joint: cohesion

and residual friction. The obtained numerical results

have been validated experimentally in the case of diago-
nal compression test of masonry panels. Comparing

these results, we remark that finite element modelling

gives a realistic image of the behaviour of masonry pan-

els: the ultimate loads, the plastic strain evolution and

the failure modes are reproduced with a good approxi-

mation. Therefore, the finite element modelling can be

a useful tool in the choice of a judicious reinforcement

configuration, when technical recommendations are
non-existent or in development.

The parametrical study based on the finite element

modelling underlined again the effectiveness of bi-direc-

tional composites applied on the entire surface, since the

increase of the thickness of composite strips that are ap-

plied in strips does not induce a proportional increase of

the strength or of the deformation capability.

In order to overcome the disadvantages of a detailed
modelling in the case of the unreinforced masonry panel,

we performed a homogenization of the brick/mortar
12
assemblage. The good correlation between experimental

and numerical curves encourages us to use this homog-

enization method in further works for the study of com-

posite material reinforced masonry structures. In order

to improve the finite element modelling, a homogeniza-

tion of the brick/mortar/composite assemblage is neces-
sary especially when the ‘‘bonding’’ of the composite on

the homogenized brick/mortar medium can�t be realized

with a sufficient accuracy. This problem is the subject of

further research works.
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