Proceedings of the World Congress on Engineering and Computer Science 2014 Vol 11
WCECS 2014, 22-24 October, 2014, San Francisco, USA

Computer Analysis of In-plane Behavior
of Masonry Walls Strengthened by FRP Strips

J. Szolomicki

Abstract— The paper concerns the strengthening using FRP
composites of masonry walls loaded in the plane. Strength of
unreinforced masonry walls is based on the strength of mortar
and bricks proportions and layout. When the force reaches a
sufficient value to exceed the in-plane strength of the wall, the
destruction can occur due to shear. This failure is
characterized by different factors: diagonal tension, joint
sliding and flexural cracking. The paper presents an analytical
model and numerical calculations for two different systems of
FRP strips. FRP strips were installed parallel to the bed and
head layer of mortar and along the diagonals of the wall in the
X-shaped form. In the recent years, interest in the renovation
of the construction and strengthening of existing masonry
buildings has led to the development of non-invasive methods
of engineering. As an alternative to the use of traditional
methods advanced FRP composite fiber can be used. FRP
strips offer perfect physical and mechanical properties. The
main characteristics of the composite FRP are little effect on
the overall structure weight, high tensile strength (ultimate and
long-term) in the fiber direction and negligible in the direction
transverse to them. Their function is primarily to take over the
tensile stresses caused by the action of shear and bending.
Achievable advantages of their use are also increasing of the
total stiffness, ductility, flexibility (very high value of limit
strains), high corrosion resistance, easy way of application in
areas with limited access, no need for application of heavy
equipment when working with composite materials, and fast
installation. Furthermore, the use of FRP composites can be
the perfect solution for modernization of structural walls in
seismic areas, and gives effectiveness in repairing damaged
masonry structures during the earthquake.

Index Terms— in-plane behavior,
strengthening, FRP composite

masonry  walls,

I. INTRODUCTION

In the recent years the importance of the repair and
strengthening of masonry structures has greatly increased.
This is due not only to the destruction of masonry structures
as a result of natural disasters, but also because many of the
typical masonry structures have achieved their service life,
and as well it is a result of a many activities in the
revitalization design. Masonry structures can be damaged
due to the low strength of the construction or overloading,
dynamic vibration, settlement and in-plane deformation.
Behavior of masonry walls loaded in their plane depends on
various parameters, such as mechanical and geometrical

Manuscript received February 21, 2014; revised April 01, 2014.

J. Szolomicki is with the Institute of Building Engineering, Wroclaw
University of Technology, Wroclaw, POLAND (e-mail: jerzy.szolomicki@
pwr.edu.pl).

ISBN: 978-988-19253-7-4
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

properties, load schema and boundary conditions. Strength
of unreinforced masonry walls is based on the strength of
mortar and bricks proportions and layout. When the force
reaches a sufficient value to exceed the in-plane strength of
the wall, the destruction can occur due to shear. This type of
failure is characterized by brittle tensile cracking in mortar
and brick, and sudden loss of lateral resistance.

The traditional methods used in the repair of masonry are:
- filling cavities, internal voids and sealing possible cracks

using injection of mortar or fluid resin;

- stitching of large cracks and other weak areas by drilled
holes in the element filled with bars and mortar;

- use of reinforced grouted perforations in order to improve
the consistency and tensile strength of the wall;

- external jacketing using shotcrete or cast-in-situ concrete;

- internal or external post-tensioning with steel ties in order
to tie structural elements together into an integrated three-
dimensional system.

Conventional techniques of strengthening can ensure
adequate increase of strength, stiffness and ductility, but are
often short-lasting and have extensive influence. Moreover,
additional components can be installed to transfer additional
forces or to strengthen existing braces and struts. As an
alternative to these solutions, in the event of a significant
increase in the load of strengthened structures composite
materials may be used [5].

The composite materials are made of polymeric fibers
with high strength and are impregnated with polymeric
resins. FRP composites are characterized by perfect tensile
strength in the fiber direction and the low strength in the
direction transverse to the fibers [12]. Their main function is
to adsorb the tensile stresses arising from shear and bending.
Among the achievable advantages there are also overall
stiffness, strength and ductility.

The fibers most used for composite materials employed in
the applications for the civil engineering structures are:
carbon CFRP and glass GFRP [1]. The most common shape
of the composite materials is the laminate one. The
laminates are constituted by two or more overlapped thin
layers [3], [14]. The fibers provide the strength and the resin
matrix holds them in place and transfers the load evenly
amongst the fibers. The resin also protects the fibers and
bonds them to the surface, transferring the load from the
structure into the fibers.

Methods of strengthening using CFRP and GFRP
composite materials positively affect the bearing capacity
and the response of the structure [7]. FRP composites are
important in the transferring of load, compensating the lack
of tensile strength of masonry structures [4]. However,
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reinforcement cannot prevent masonry from cracking. So
cracks may also form at a reinforced boundary, but cracks
cannot open because the reinforcement closes them.

This paper presents a finite element modeling approach,
developed with LUSAS code, for the behavior analysis of
the unreinforced and FRP strengthened brick walls
subjected to in-plane shear loading [6]. The main aims of
the presented analysis are: to compare numerically behavior
up to the ultimate conditions of walls strengthened by
different types of fibres (CFRP and GFRP ones [8, 13, 15])
and placing the reinforcement in different positions, and to
formulate analytical models able to predict the ultimate
strength in agreement with the observed failure
mechanisms. The application of FRP strips modifies the
static behavior of walls because the fibres can bear the
stresses occurring at the tensed edges.

Il. MODEL orF FRP AND MASONRY

Design of FRP strips reinforcement should ensure that the
system is always in tension. Compression of FRP composite
may cause debonding due to local instability. FRP
composites are generally used in masonry walls in different
geometrical arrangements. In presented numerical analysis
two different pattern of wall strengthening were used:

- wall strengthened with cross pattern Carbon and Glass
FRP strips;
- wall strengthened with grid pattern Carbon and Glass FRP
strips.

In recent decades, many authors have proposed different
strategies for determining the numerical modeling of the
structural response of masonry structures [10]. For example
taken into account the heterogeneity of the wall consisting
of blocks connected by a head and bed mortar. There can be
indicated the three concepts of numerical modeling of the
wall. The first one is called the micro-modeling or two-
material model, the second simplify micro-modeling, and
the third is referred to as macro-modeling or equivalent
material model, Fig. 1. This last approach, also known as
homogenization, requires the adoption of a unified
representative replacement cell, which is a simplification of
the real system components forming the wall. Its parameters
must correspond to the most of the actual parameters of the
material, which is the basis of the effectiveness of the
application of the FEM. In computer analysis of the walls
was used the homogenized anisotropic numerical model
proposed by Lopez [9]. This model is based on assumptions
about the compatibility of deformation and equilibrium
model of representative homogenized masonry cell, Fig. 2.

Proceedings of the World Congress on Engineering and Computer Science 2014 Vol 11
WCECS 2014, 22-24 October, 2014, San Francisco, USA

b"dlﬂ\ ! I I migro-modelimg
[ |

macro-modeling

composile

Fig. 1. Micro and macro-model of masonry structures.

The in-plane resistance in load-bearing unreinforced
masonry walls is provided by the shear bond strength of the
mortar and the friction shear due to the horizontal load. The
shear strength of a bearing wall, in the case of a sliding
failure mode, can be determined as:

T=Tp+ BFs (1)
where:

1 - shear stress at the shear bond failure, To- shear bond
strength at zero normal stress due to adhesive strength of a
mortar, g - coefficient of friction between brick and mortar,
&r,,- normal stress.

FRP composites can provide viable solutions for
strengthening of walls subjected to stresses caused by wind
or earthquake loads.
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Fig. 2. Base cell of representative homogenized masonry.

I1l. MODEL orF FINITE ELEMENT METHOD

In the presented paper the studied models were analyzed
using FE analysis using the LUSAS code, ver. 14.7.
Masonry wall was modeled by means of the solid elements
HX 16 and HX 20, Fig. 3. As the constitutive model for
masonry material a homogenized model was applied as
proposed by Lopez et al [9].

In this analysis a perfect bond between materials was
assumed. The high strength of the epoxy resin used to attach
FRP strips to masonry walls supported the perfect bond
assumption. In the finite element models, nodes of the FRP
layered solid elements were connected to those of adjacent
masonry solid elements in order to satisfy the perfect bond
assumption.
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Fig. 3. Examples of applied solid elements [11].

IV. NUMERICAL ANALYSIS OF MASONRY WALLS
STRENGTHENED WITH FRP STRIPS

Carbon fiber reinforced polymers (CFRP) and glass fiber
reinforced polymers (GFRP) were considered for
investigating the behavior of FRP strips bonded on masonry
walls.
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Fig. 4. Geometry, loading and boundary conditions of analyzed masonry
wall.

The walls with dimensions (2.40 m x 1.2 m x 0.25 m) and
with loading conditions shown in Fig. 4 were the subject of
the analysis. Numerical analysis was completed taking into
account literature data [2] which indicated the location and
the layout of the strengthening strips as in
Fig. 5.

In order to compare the validity of the proposed computer
modeling technology and behavior of not strengthened and
strengthened walls up to the ultimate state the following
cases were investigated:

- wall without strengthening;
- wall strengthened with cross pattern by using CFRP

(epoxy TB650+HS Carbon UD) (Tab. 1);

- wall strengthened with cross pattern by using GFRP

(epoxy TB650+E-Glass) (Tab. 1);

- wall strengthened with grid pattern by using CFRP (epoxy

TB650+HS Carbon UD) (Tab. 1);

- wall strengthened with grid pattern by using GFRP (epoxy

TB650+ E-Glass) (Tab. 1).

Numerically examined walls were strengthened before
failure mode was reached.
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Fig. 5. Different types of application of FRP strips for wall strenghtening:
a) wall strengthened with cross pattern, b) wall strengthened with grid
pattern.

TABLE I
BASIC CHARACTERISTICS OF CFRP AND GFRP sTRIPS [11]
Strips  Widt  Thicknes Modulu  Modulu  Modulu
h S S S S
(cm)  (mm) Ex E, Gy
(N/md  (N/m%)  (N/m?
CFRP 20 2 130.0E9 9.0E9 4.4E9
GFRP 20 2 43.0E9  8.0E9 4.0E9

Each model was studied considering typical horizontal
uniformly distributed load cases (Fig. 4).

Selected results of stress distribution calculations were
presented in the figures below:
stress S1 in not strengthened masonry wall for horizontal
uniformly distributed load 200 kN/m? (Fig. 6);
stress S1 in wall strengthened with cross pattern by using
CFRP strips for horizontal uniformly distributed load 200
kN/m? (Fig. 7);
stress S1 in wall strengthened with grid pattern by using
CFRP strips for horizontal uniformly distributed load 200
kN/m? (Fig. 8);
stress S1 in cross pattern of CFRP strips for horizontal
uniformly distributed load 200 kN/m? 500 kN/m?
(Fig. 9, 10);
stress S1 in grid pattern of CFRP strips for horizontal
uniformly distributed load 200 kN/m? 500 kN/m?
(Fig. 11, 12).
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0.0 0.0
256,095E3 209,211E3
512,18E3 418,421E3
768,285E3 627,632E3
1,02438E6 836,842E3
1,28048E6 1,04605E6
1,53657E6 1,25526E6
1,79267E6 1,46447E6

= 2,04876E6 1,67368E6

Fig. 6. Stress S1 in not strengthened masonry wall
uniformly distributed load 200 kN/m?.

Fig. 8. Stress S1 in masonry wall strengthened with grid pattern by using
CFRP strips for horizontal uniformly distributed load 200 kN/m?,

0,0 0,0

211,992E3 90,2077E3
423,985E3 180,415E3
635,977E3 270,623E3
847 97E3 360,831E3
1,05996E6 451,039€E3
1,27195E86 541,246E3
1,483095E6 631,454E3
1,69504E6 . 721,662E3

Fig. 7. Stress S1 in masonry wall strengthened with cross pattern by using ~ Fig. 9. Stress S1 in cross pattern of CFRP strips for horizontal uniformly
CFRP strips for horizontal uniformly distributed load 200 kN/m?. distributed load 200 kN/m?,

From Figs 6 to 12 it is possible to see that CFRP and
GFRP strips transferred exceeded tensile stresses and
significantly reduced it in the wall.
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1,78606E6

Fig. 10. Stress S1 in cross pattern of CFRP strips for horizontal uniformly
distributed load 500 kN/m?.

0,0
145,587E3
291,175E3
436,762E3
582,349E3
727,937E3
873,524E3
1,01911E6
1,1647E6

Fig. 11. Stress S1 in grid pattern of CFRP strips for horizontal uniformly
distributed load 200 kN/m2.
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301,39E3
602,78E3
904,17E3
1,20556E6
1,50695E6
1,80834E6

2,10973E6
. 2,41112E6

Fig. 12. Stress S1 in grid pattern of CFRP strips for horizontal uniformly
distributed load 500 kN/m?,

V. CONCLUSIONS

The objective of the presented study was to determine the
behavior of unreinforced and FRP strengthened masonry
walls under in-plane loading. For this purpose, the
numerical approach was carried out.

In-plane load of the examined wall was assumed in order
to observe the behavior of the wall from the initial state (not
damaged one) to the state of its destruction. For such model
stress  distribution analyses in the wall without
reinforcement and in the walls strengthened with CFRP and
GFRP strips (grid and cross pattern) were conducted. For
the walls strengthened with CFRP and GFRP strips it can be
clearly seen that the tensile stresses are transferred to these
stripes that leads to a significant reduction of theses stress in
the masonry wall. As the load increases, the zone of
maximum tensile stress occurs in the lower corner of the
wall and moves up. Tensile stress in the wall without
reinforcement causes appearance of cracks and with their
further increase cause destruction. In the case of walls
strengthened with CFRP and GFRP fibres stress S1
distribution is similar. When the load increases installed
FRP strips transfer greater tensile stresses. However, it
should be noted, that more efficient for the transfer of
unfavorable tensile stress in the case of cross pattern are the
CFRP strips then GRFP ones.

The presented analysis shows that both CFRP and GFRP
composites offer great advantages in strengthening of
masonry walls giving important increase in their shear
strength. Future research will involve the verification of the
numerical model of strengthening the damaged masonry
walls. It is also planned to carry out laboratory tests on
models and conduct studies on existing buildings.
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