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Abstract

This paper presents a three-demensional micro-model for an unreinforced masonry (URM) column and masonry columns reinforced
by FRP wrapping (RM). The column with dimensions of 0.3 x 0.3 x 1 m was constituted by twelve rows of solid burnt bricks bonded by
mortar joints. The RM column was wrapped in four external FRP sheets. A heterogeneous model, in which masonry units, mortar joints
and reinforcement are materially and geometrically accurately described, was chosen. Both bricks and mortar are modelled with
independent behavior in compression and tension. The FRP reinforcement is assumed to behave linear-elastically. The reinforcement
was modelled under the assumption of perfect adhesion between the elastic FRP strips and the damageable masonry support.
Numerical results are compared with experimental ones in order to confirm conclusions about the behavior of URM and RM columns
under concentric compressive load determined based on the experimental part of the research program. The comparison between
experimental and numerical findings shows good agreement and the adopted numerical model is suitable to predict the ultimate load

and allows a better understanding of the behavior of brick masonry columns under concentric compression before and after reaching

the ultimate load. For all simulations, the commercial software package ABAQUS was used.
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1 Introduction

Masonry structures have been used since ancient times
and the protection of this architectural heritage should be
considered as essential. The status of historical buildings
and their treatment testify to the development of society.
Non-invasive interventions are often desirable for maintain-
ing the original building's nature. In the last two decades,
high-strength fabrics have played a significant role in the
stabilization and strengthening of masonry structures.
Wrapping the load-bearing elements (in this case columns)
in FRP sheets increases their load-bearing capacity and
stability and reduces lateral strain of the structure. Fabrics'
low weight does not impose extra load on the structure,
concurrently, this method of strengthening is considered as
highly effective and potentially reversible.

Several types of approaches based on micro- or mac-
ro-modelling can be applied to numerical analysis of
masonry structures. Generally, the analysis of large-scale
structures cannot be conducted through micro-modelling,
i.e. each masonry unit, mortar joints and FRP sheets are
modelled separately with distinct material parameters.
This approach requires high computational costs even for

elements with small dimensions. Considering these limita-
tions homogeneous models are often carried out. The use of
homogenized material properties can be debatable in terms
of the relevancy of obtained results. Many recent authors
deal with homogenization methods, and new approaches to
obtaining homogenized properties, even non-linear, have
been designed in the last couple years [1-3]. The first dis-
advantage is the limitation of their utilization only for the
specific setup that they have been designed for. A low pre-
dictive value of local problems for irregular non-periodic
masonry can be regarded as another disadvantage.

The bond between the masonry support and the FRP
reinforcement has a significant influence on the effective-
ness of strengthening by FRP wrapping. This issue has
become experimentally [4-10] and theoretically [9-18]
one of global research interests in the last few years. In
general, several approaches to the simulation of debonding
phenomena are available in the literature. Many authors
have executed a numerical analysis of RM under the
assumption of perfect adhesion [11-14, 16]. The advantage
of this approach is that material characteristics of masonry
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units, mortar and reinforcement are required, not interface
parameters. It can be expected that material characteristics
for the constituents are known with good accuracy (labo-
ratory testing, etc.). Another approach includes modelling
of bond behavior using zero-thickness interface elements
between FRP and masonry support [9, 10, 15, 18]. Within
this approach, the non-linearities are concentrated at the
FRP — masonry support interface, while FRP and the sub-
strate can behave linear-elastically or a nonlinear material
model can be adopted for masonry units. The most com-
plex approach is modelling every single part of the struc-
ture (including glue) separately. The disadvantage of the
last approach is the necessity of knowing a lot of material
parameters that are usually difficult to obtain.

It is necessary to understand the behavior of a structure
before and after applying the reinforcement for a suitable
design of its remediation. Modern methods of structural
analysis which include numerical modelling contribute to
better understanding of structure's behavior and help pre-
vent inappropriate interferences in historical structures.

The aim of this study is the confirmation of experimen-
tal conclusions and the investigation of the behavior of
compressed masonry columns in detail, therefore, a het-
erogeneous micro-model that interprets accurately the real
geometry and material properties, is considered as a suit-
able approach. The comparison of numerical and experi-
mental results enables the verification of the reliability of
adopted numerical models.

2 Behavior of brick masonry columns under
compressive loads
Masonry can be considered as heterogeneous, anisotro-
pic and quasi brittle material. Its heterogeneity is mainly
caused by the assembly of two different materials - masonry
units and mortar. The composition of masonry units and
mortar itself results in a further contribution to the hetero-
geneous nature of masonry, as well as manufacturing, dam-
age, cracking, degradation etc. All these influences cause an
enormous scatter of mechanical characteristics of masonry.
A typical collapse mechanism of unreinforced com-
pressed masonry structures is accompanied by a progres-
sive growth of vertical cracks due to transversal tensile
stresses caused by the contraction and mutual interaction
between masonry units and mortar joints. The interaction
between two materials in a real structure is ensured by
the debonding resistance of masonry units and mortar.
As a result of this mutual interaction, mortar, which has
a lower Young’s modulus (usually in historical buildings)
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and tends to develop greater lateral strains, is transversely
compressed, while masonry units, on the contrary, are
transversely in tension (Fig. 1(a)). The formation of verti-
cal tensile cracks in masonry units (bricks) due to the ten-
sile stresses caused by the lateral strain of more mechan-
ically compliant mortar in bed joints (ratio of Young's
modulus Em < Eu) precedes the appearance of continuous
vertical cracks and the failure of the structure. In the case
that bricks have a lower Young's modulus (Fig. 1(b)), and,
consequently, tend to develop greater lateral strains, the
mortar is subjected to transverse tension and bricks are
transversely compressed [19].

3 Numerical analysis

3.1 Brief description of experimental program

The experimental program is part of the research projects
DF12P010V V037 and DG16P02M055, which are being
carried out at the Faculty of Civil Engineering, CTU in
Prague. The experimental part deals with an URM col-
umn and a RM column under concentric compressive load.
The test specimens (Fig. 2) were made up of 12 rows of
solid burnt bricks with dimensions of 290 x 140 x 65 mm.
Lime-cement mortar was used as a binder, mortar joints
had a thickness equal to 20 mm. A total height of the
masonry column was 1000 mm. The columns were rein-
forced by wrapping in one layer of carbon fabric sheets
Tyfo SCH-41. The material properties of FRP used for
reinforcement can be found in [20, 21]. Four FRP sheets
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Fig. 1 Deformation (10x scaled in the horizontal direction) and
horizontal stress trajectories. (a) Eu > Em; (b) Eu < Em
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were glued on the masonry support by means of two-com-
ponent tixotrophic epoxy resin — in thirds of the column's
height and at the column's head and toe with a width of
150 mm and 75 mm, respectively.

The load was applied in the form of an increasing verti-
cal force up to the masonry column’s failure. The load was
added in steps of 60 kN, which was 10 % of the expected
ultimate load of URM column. The strain distribution was
obtained from strain gauges attached to the masonry sur-
face, and vertical and horizontal deformations were mea-
sured by a linear variable differential transformer (LVDT).

3.2 Summary of experimental results
The loss of load-bearing capacity of the compressed URM
column occurs in two phases with a different failure mech-
anism in each phase. Phase I is characterized by the for-
mation and development of cracks that correspond to the
direction of compressive stresses A gradual formation and
development of tensile and shear vertical cracks result in
the redistribution of loads and a non-uniform distribu-
tion of normal stresses. By the interconnection of ver-
tical cracks accompanied by the division of the column
into individual parts phase II occurs. The collapse of the
URM column is usually caused by the loss of stability of
partial "columns" [22, 23]. The failure mechanism of the
brick masonry column takes place predominantly in phase
I and is strongly influenced by the tensile strength of the
masonry units. This implies that with the same compres-
sive strength of the masonry units used for the bricklaying
of two pillars, a higher ultimate load is achieved for a pillar
composed of masonry units with greater tensile strength.
The force-deformation curves displayed in Fig. 3 are the
average values from the measurement by LVDT placed on
sides 2 and 4. The experimentally obtained F-d curves for
the URM and RM column show differences in the slope
of the curve and in the ultimate load values. This confirms
the complex character of masonry structures, which is
moreover influenced by manufacturing and quality of used
bricks and mortar.

ForceA[kN] URM column Force EkN] RM column
y

1200}

i —_ P2
1000 | aee P29 |-

i —= P57
800 | —- P69
6002 - R e ; :.' |
400 e -
200} 200 /,/ 4

Deformation [mm] 7

b Deforma&on [mm]
-0.5-1.0 -1.,5 -2.0 -2.5 -3.0

0551015 20 2% -310-35 40

Fig. 3 Experimental Force-deformation diagram of URM and RM

columns

However, experimental research demonstrates a signifi-
cant effect of masonry reinforcement by FRP sheets on the
ultimate load bearing capacity and rigidity of a compressed
masonry column. The beneficial effect of the passive wrap-
ping occurs with the formation of cracks at higher loads,
which is followed by a progressive increase of the hori-
zontal deformation and failure of the masonry column.
FRP sheets take over part of tensile stresses and prevent
further development of horizontal deformations, thereby
allowing the masonry elements to reach values close to
their ultimate compressive strength. The failure occurs in
phase II, when the compressive strength of masonry ele-
ments is used. Reaching the ultimate load is accompanied
by the crushing of masonry units and filling of bed joints
and by a subsequent masonry final failure (Fig. 4). Based
on the experimental research, the strengthening of a brick
masonry column with individual FRP sheets placed in
thirds of the column's height can be considered as optimum
reinforcement. For more information see [20, 21, 24].

3.3 FE model

A detailed three-dimensional nonlinear finite element (FE)
model of a brickwork column was made in the ABAQUS
software with the aim of investigating the behavior of com-
pressed URM and RM columns under concentric compres-
sive loads and comparing numerically obtained results with
experimental findings. With this aim the numerical model
was created to correspond as closely as possible to the lab-
oratory tested specimens. The column's plan dimensions
were 0.3 x 0.3 m and column's height was 1 m in all numer-
ical simulations. Two steel plates were placed at the top
edge and the bottom edge of the masonry column through
which the boundary conditions were applied. The load was
applied in the form of vertical deformation acting on the
steel plate at the top edge of the masonry column (Fig. 5).
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Fig. 4 URM and RM column's failure
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Fig. 5 Chart of a numerical model of URM and RM column

Fig. 6 Adopted FE mesh for bricks, mortar joints and FRP

reinforcement

The adopted finite element mesh (Fig. 6) includes
8-node first order continuum (solid) elements (C3DS)
to model bricks and mortar. The solid elements in
ABAQUS can be used for linear analysis and for complex
nonlinear analysis involving contact, plasticity, and large
deformations. The general membrane elements (M3D4)
used for the reinforcement discretization is a three-dimen-
sional, 4-node membrane element. Membrane elements
are used to represent thin surfaces in space that offer
strength in the plane of the element but have no bending
stiffness; for example, a thin rubber sheet that forms a bal-
loon or thin stiffening components. General membrane
elements should be used in three-dimensional models in
which the deformation of the structure can evolve in three
dimensions [27].

The maximal edge's size of the finite element is one third
of the brick's height. The finite element net was refined at
mortar joints (two finite elements per bed joint's thickness)
for observing also the mortar joints stress character. The
total number of finite elements for the URM column, or
the RM column respectively, was 58 672, or 67 772, resp.
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For the brick — mortar interface, a "hard" contact was
assumed in the normal direction and frictional behavior
(with a friction coefficient of 0.6) in the tangential direc-
tion. A perfect bond was assumed between the FRP strips
and the masonry support without any adhesive layer. With
this assumption, the thickness of the adhesive layer, which
is difficult to define, is no longer needed. Concurrently, it
is expected that the used epoxy glue is so rigid that fail-
ure must occur in the masonry and the additional (elastic)
adhesive layer has a negligible influence on the RM col-
umn's response in compression.

3.4 Constitutive model of masonry units and mortar
The non-linear behavior of masonry units and mortar
joints is modelled through the Concrete Damage Plasticity
(CDP) model in this study. The CDP model has been suc-
cessfully used in several cases for modeling masonry in
the last few years [12, 25, 26]. All authors agreed that the
CDP model has achieved a good agreement with exper-
iments. The CDP model is directly available within the
ABAQUS software and is used for modelling concrete and
other quasi-brittle materials such as masonry. The CDP
model assumes that the two main failure mechanisms are
tensile cracking and compressive crushing. The model is
based on the assumption of isotropic damage with differ-
ent damage parameters in compression and tension. More
information is available in the ABAQUS User's Guide [27].

Different elastic-plastic stress-strain relationships were
taken into account, as illustrated in Fig. 7. The linear
response of a material under uniaxial compression is fol-
lowed by hardening after reaching the value of the initial
yield stress o, . After the ultimate stress o is reached, a
softening part appears — the stress slowly descends while
the strain rapidly grows.

In uniaxial tension, the stress-strain response follows
a linear-elastic relationship until the maximal stress o, is
reached. After that, micro-cracks start to form, and a soft-
ening part occurs accompanied by stress drops with a con-
currently increasing strain.

a) o b) oy
5 I
Gl
3 E,
E, o
A(1-d,)E, A
»—1(1 'dt),Eo
, ; ! -
o O c

t

Fig. 7 Material response to uniaxial loading in tension (a) and
compression (b)
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The degradation of material's elastic stiffness is char-
acterized by two damage variables d and d, which are
related to equivalent plastic strain. If damage variables are
equal to zero, the material is undamaged. The stress under
uniaxial compression and tension loading for a damaged
material is:

o, =(1-d,) Ey (s, -&""). 0
o, =(1-d,) Ey(2,—&!"), ®)

where E is the initial elastic modulus (undamaged mate-
rial), o,/ o, is the un-axial compressive / tensile stress, ¢_/
¢, is the total strain in compression / tension and ch” / 5,1’1 is
the equivalent plastic strain in compression / tension.

The CDP model is based on the assumption of a non-as-
sociated potential plastic flow: to describe the behavior of a
material in the inelastic range the model uses the Drucker-
Prager hyperbolic function, thus, it is ensured the flow
potential is continuous and smooth. The ABAQUS soft-
ware enables ruling the smoothing by introducing a param-
eter, the so-called flow potential eccentricity, which corre-
sponds to the length between the points of intersections of
the line and the hyperbola with the p axis in the p-q space
(Fig. 8). The default value is 0.1, smaller values may lead
to convergence problems, if a material is subjected to a low
confining pressure because of a very tight curvature [27].

The parameter K allows the distortion of the Drucker-
Prager circle in the principal stress space, and the value
equal to 0.667, which is a default value from the ABAQUS
software, makes Drucker-Prager more similar to the Mohr-
Coulomb criterion (Fig. 9). The dilatancy angle for both
masonry units (brick) and mortar is assumed equal to
10°, in agreement with scientific literature [28]. The CDP
model takes into account the ratio between biaxial and uni-
axial compressive yield stresses. The default value was
originally meant for concrete, however bricks and mor-
tar exhibit a similar behavior in compression as concrete,
so the ratio value is assumed to be default, equal to 1.16.
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Fig. 9 Yield surface in the deviatoric plane

Material models exhibiting softening behavior and stiff-
ness degradation can lead to convergence difficulties. The
CDP model in ABABQUS allows introducing the viscos-
ity parameter, which enables the use of a visco-plastic reg-
ularization and allows overcoming the convergence prob-
lems by using small increments. The default value is zero;
a small value helps improve the rate of convergence in the
softening branch, and, on the contrary a bigger value could
compromise the obtained result. Viscosity parameter in
this case is assumed equal to 0.002 [28]. All parameters
adopted in the numerical model are summarized in Table 1.

It can be generally considered that the level of applied
load in the numerical analysis is too low to damage FRP
composites. Accordingly, in the analysis described here, the
composites are treated as a linear elastic material. The linear-
elastic material parameters of all materials are in Table 2.

The brick and mortar are characterized by a large vari-
ance of mechanical properties and a general value of
Young's modulus cannot be considered, Young's modulus
of bricks and mortar were determined based on experi-
mental testing. The average response of bricks and mortar
in compression and tension that was used in the numerical
simulation is displayed in Fig. 10. The linear-elastic char-
acteristics of steel and FRP are more consistent, therefore,
the value of Young's modulus of steel and FRP was found
in literature [13].

Table 1 CDP parameters adopted in the numerical simulation

Biaxial / . .
DP o .. Viscosity
. Dilation .. uniaxial
correction o Eccentricity . parameter
angle v [°] compressive
parameter . n
stress ratio
0.667 10 0.1 1.16 0.002

Table 2 Linear-elastic characteristics of materials

Model parameter/Material ~ Brick  Mortar Steel FRP
hesT p” E [MPa] 3200 400 210000 230000
vI[] 0.20 0.15 0.30 0.30

Fig. 8 Eccentricity parameter displayed in the p-q plane
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Fig. 10 Compressive and tensile behavior of bricks and mortar

4 Discussion of obtained results

Firstly, the cracking pattern of the laboratory tested URM
and RM column was compared with the cracking predic-
tion based on numerical analysis. The laboratory-tested
columns were disassembled after reaching the ultimate
load. For both solved types — URM and RM columns,
the results from experimental testing clearly show crack-
ing in the direction of middle principal stresses, normal
to the direction of maximal principal stresses, respectively
(Fig. 11-13). Numerical analysis enabled to describe a stress
state preceding the failure of URM and RM columns.

In the case of the URM column, bricks are subjected
to tensile stresses due to the contraction and mutual inter-
action between bricks and mortar. The maximal principal
stress trajectories of URM run longitudinally with masonry
units and cause their transversal cracking (Fig. 11), whilst
the RM column's maximal principal stress trajectories
radically change their direction as a result of FRP wrap-
ping resulting in preventing to development of lateral
strains (Fig. 12). The cracking is concentrated close to the
masonry surface (reinforcement) and is converging at the
corners of column. Reinforcement by FRP wrapping sig-
nificantly changes the stress distribution compared to the
URM column and transforms the failure mechanism of the
compressed masonry column.

In the case of the RM column, a good agreement with
experiments was also found at places without external FRP
sheets. The maximal principal (cracking) stress causes split-
ting of the external parts of the RM column and thus the
integral inner area for stress transfer is decreased (Fig. 13).
The experimental crack pattern is consistent with the cracks'
prediction based on the numerical simulation and corres-
ponds to the character of middle principal stress trajectories.

Further, the numerical and experimental results were
mutually compared in terms of the applied stress — strain
curve (Figs. 14-15). In the case of the URM column, a good
agreement was found with experiments in the values of the
ultimate load and deformation properties. The numerical
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Fig. 11 Principal stress trajectories and experimentally observed
cracking of the URM column
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Fig. 12 Principal stress trajectories and experimentally observed
cracking of the RM column
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Fig. 13 Principal stress trajectories and experimentally observed cracking
of the RM column at a horizontal cut without an external sheet

stress-strain curve shows the column's post peak behavior.
The stress starts decreasing while the strain rapidly grows
after reaching the ultimate load. The slope of the softening
branch is not distinctly steep and the column keeps a sig-
nificant part of its stiffness and load transfer ability.
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The behavior of the compressed URM column is
strongly influenced by the mechanical properties of indi-
vidual masonry components and other effects mentioned
above. For this reason, the experimental envelope has a
larger range. The masonry columns were laboratory-tested
over several months and the quality of the masonry units
and mortar was lightly variable.

The results from the numerical model of the RM column
are in good agreement with experimental results in terms
of the values of the ultimate load and the stress-strain dia-
gram. The RM column in comparison with the URM col-
umn does not manifest a significant softening after reach-
ing the ultimate load. The stress slightly decreases while
the strain rapidly grows. The FRP sheets that are modeled
under the assumption of linear-elastic behavior cause the
preservation of the integrity of column and allow the col-
umn to continue to transfer a substantial part of the load
even with progressively increasing strains.

The numerical model has proved the effect of FRP rein-
forcement on increasing the load-bearing capacity of the
RM column. The maximal reached load value for the URM
column was 720 kN, and for the RM column 1048 kN in
the numerical simulation of URM and RM columns. The
ultimate load of the RM column corresponds to almost
150 % of the ultimate load of the URM column (with the
same input data). This is in agreement with experimen-
tal findings. The maximal value of the ultimate load of
the URM column was 700 kN in the experimental part.
The columns reinforced by optimized wrapping (in thirds
of the column's height and at its top and bottom edge)
achieved the ultimate load by 1.3—1.6 times higher than the
URM column [20, 21]. Good agreement between numeri-
cal and experimental result was also found in values of ver-
tical strain. In numerical simulation of the URM column,
vertical strain reached the value of 0.0061when the ulti-
mate load was reached. Maximal measured vertical strain
of the URM columns was 0.0065 in experimental part that
corresponds to 107 % of the numerical value of vertical
strain. The RM column reached the ultimate load with ver-
tical strain of 0.0071 in numerical simulation and maximal
measured value was 0.0072 in experimental part that cor-
responds to 101 % of numerical value of vertical strain.

5 Conclusions
The adopted non-linear heterogeneous models of URM
and RM columns show a good agreement with experimen-
tal findings in terms of the applied stress — strain curve, the
cracking pattern, and the ultimate load value. The adopted
numerical model is able to predict the ultimate load and the
cracking pattern with good accuracy. The numerical sim-
ulations of URM and RM columns demonstrate a positive
effect of FRP wrapping on the load-bearing capacity and
deformation properties of compressed brick masonry col-
umns. The results from the numerical simulation of RM
column manifest an increase in ductility under concentric
compressive loads in comparison with the URM column.
It is expected to use the adopted model that has been
verified based on experiments to compare the response of
URM columns, for example, in terms of changes in mortar
joints' width or mechanical properties of masonry compo-
nents. The modification and optimization of column's rein-
forcement through experiments is usually time consum-
ing and expensive. The adopted numerical model can be
used for the investigation of the behavior of a column that
is reinforced by external sheets with other dimensions, in
different positions or with a different number of sheets.
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