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Abstract: A numerical model for masonry columns reinforced by FRP wrapping is presented in this
paper. Both, the bricks and the mortar are modeled as 3D continuum and to the interface between
these two materials a non-linear contact law is assigned. The accurate 3D modeling of masonry units
and mortar joints within the numerical model leads to high computational cost, but on the other hand,
an appropriate analysis tool delivering detailed information about the behavior of masonry columns is
obtained. External wrapping by carbon composite based strips and contact between strips and masonry
is defined in the next step. The response and failure mechanism of masonry columns reinforced by
CFRP wrapping can be investigated. For all simulations the commercial software package ABAQUS
was used. By comparison with results from experiments [1], the performance of the numerical model
is evaluated and the obtained numerical results are discussed.
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1 Introduction

Masonry can be considered as heterogeneous, anisotropic and quasi brittle material. Its heterogeneity is
mainly caused by the assembly of two different materials – masonry units and mortar. The composition of ma-
sonry units and mortar themselves results to further contribution to the heterogeneous nature of masonry, as
well as manufacturing, damage, crack, degradation etc. All these influences cause an enormous scatter of me-
chanical characteristics of masonry. The presence of joints, which are usually the weakest parts of masonry,
is responsible for the distinct directional properties (anisotropy). Failure of quasi brittle materials is character-
ized by microcracks formation, which precedes the appearance of continuous (dominant) crack, indicating the
structural failure mechanism. Typical collapse mechanism of non-reinforced compressed masonry structures is
accompanied by progressive growth of vertical macrocracks due to transversal tensile stresses [2].

2 Reinforcement by FRP Wrapping

This study deals with masonry columns with plan dimensions of 0.3 mm × 0.3 mm and a height of 1 mm
(according to the real column tested in laboratory). The column was constructed using P20 solid burnt bricks
with dimensions of 0.29 × 0.14 × 0.065 mm. Mortar joints with a thickness of 0.02 mm were made with M2
mortar (the declared strength of mortar is 2 MPa). The experimental program is part of a research project [1],
which is being carried out at the Faculty of Civil Engineering, CTU in Prague.

The column was reinforced by wrapping with high-strength carbon fibers placed at 4 levels – at the column’s
toe and the column’s head and in thirds of the column’s height (Fig. 1). The ratio of Young’s modulus of carbon
fibers and Young’s modulus of masonry is approximately 70:1. The test specimen was exposed to an increasing
load up to their failure. Experimental research manifested a significant effect of masonry reinforcement by
carbon fabrics on the ultimate bearing capacity and rigidity of compressed masonry column. FRP wrapping
represents an efficient mean of stabilization of masonry column [3]. The carbon fabric prevents lateral masonry
strain and assumes a significant part of transversal tensile stresses [4, 5].
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Tab. 1: Linear – elastic mechanical properties of materials.

Model
parameter/Material

Brick Mortar Steel FRP

E [MPa] 2500 500 210000 140000

ν [-] 0.20 0.15 0.30 0.30

2.1 Numerical Analysis

Fig. 2 shows the chart of numerical model used for finite element analysis. Linear-elastic mechanical
properties of materials are shown in Tab. 1. For brick-mortar interface, “hard” contact was assumed in normal
direction and frictional behavior (with a friction coefficient of 0.6) in tangential direction. The assumption
of perfect adhesion was considered for masonry-FRP strips connection in numerical analysis [6–8]. It was
assumed that used epoxy glue is so rigid that failure occurs in the masonry. Option Tie Constraint was used
for connection between masonry and composite in ABAQUS program [6]. The second order continuum (solid)
elements (C3D20) with dimension equal to 0.02 mm were used for discretization of bricks and mortar. Linear
membrane elements (M3D4) with dimension of 0.02 mm simulated the reinforcement. Vertical load in a form
of pressure and the boundary conditions are not directly applied to masonry column, but there are steel plates
at the top edge and the bottom edge of masonry column. The total number of finite element was 140256 and
computational time was around 1.74 hour. For comparison, the computational time of unreinforced column
was 0.92 hour.

Fig. 1: Reinforcement of masonry column
by CFRP wrapping. Fig. 2: Chart of numerical model.

Typical horizontal stress pattern of unreinforced masonry column is shown in Fig. 3a). Mortar that has a
lower Young’s modulus and has tendency to greater lateral strain, is transversely “pressed” and masonry units,
on the contrary are transversely “stretched” (Fig. 3a, d) [2]. Reinforcement by FRP wrapping takes over part
of horizontal tensile stresses and results in larger compressed part of masonry column than by unreinforced
masonry column (Fig. 3b, e). Finite element analysis shows a redistribution not only in horizontal stresses, but
also in vertical stresses although in the smaller scale. The vertical stresses are concentrated in FRP strips and
in the unreinforced parts of masonry column (between FRP strips).
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Fig. 3: Analysis of masonry column: a) Horizontal stress pattern of unreinforced column, b) Horizontal stress
pattern of reinforced column, c) Horizontal stress pattern of FRP strips, d) Tension and compression areas
of unreinforced column, e) Tension and compression areas of reinforced column, f) Characteristic failure of
reinforced column, g) Vertical stress pattern of unreinforced column, h) Vertical stress pattern of reinforced
column, i) Vertical stress pattern of FRP strips.
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3 Conclusion

Simultaneous running of experimental research and numerical analysis allows comparison of experimental
(physical) and mathematical (theoretical) results. Experiment works as a tool for verification of numerical
model and numerical analysis on the other side helps with the understanding of failure mechanism of masonry.

The behavior of reinforced and unreinforced masonry column was investigated in this paper. The het-
erogeneous three-dimensional numerical model based on quadratic finite elements was developed under the
assumption of perfect adhesion between masonry and FRP external sheets. The behavior of mortar, brick and
reinforcement was assumed isotropic and linear elastic. Development of advanced non-linear numerical model
can be outlined as a future goal. A plasticity-based model for mortar and brick requires further experimental
testing. The material properties obtained by general experimental tests (for example three point bending) are
not directly applicable to plasticity-based material model of mortar and brick requiring specific experimental
tests (pure tension etc.) and their evaluation.
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