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Abstract. This paper aims to develop a practical approach to modeling of fiber reinforced polymers (FRP)
strengthened masonry panels. The main objective is to provide suitable relations for the material
characterization of the masonry constituents so that the finite element applications of elasto-plastic theory
achieves a close fit to the experimental load-displacement diagrams of the walls subjected to in-plane shear
and compression. Two relations proposed for masonry columns confined with FRP are adjusted for the
cohesion and the internal friction angle of both units and mortar. Relating the mechanical parameters to the
uniaxial compression strength and the hydrostatic pressure acting over the wall surface, the effects of major
and intermediate principal stresses o1 and o, on the yielding and the shape of the deviatoric section are then
reflected into the analyses. Performing nonlinear finite element analyses (NLFEA) for the three walls tested
in two different studies, their stress-strain response and failure modes are eventually evaluated through the
comparisons with the experimental behavior.

Keywords: masonry wall; fiber reinforced polymer; cohesion; internal friction; elasto-plastic analysis;
finite element

1. Introduction

From early history to modern times, masonry has been used for such a wide range of
construction starting from ordinary walls to temples, palaces, defensive walls and city gates.
Masonry structures are mostly located in many earthquake-prone regions and countries including
Mediterranean area, India, the Middle East, Southeast Asia and Latin America. Unreinforced
masonry (URM) buildings, which show little ductility, have consistently exhibited poor
performance during past earthquakes and consequently unavoidable earthquake damages on these
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structures led to a significant loss of world historical and cultural heritage. Therefore, the interest
in seismic retrofitting of masonry structures has led to the development of specific engineering
techniques and strategies in the last two decades. As one of the most popular retrofit techniques for
seismic improvement of URM structures, rehabilitation of URM shear walls using FRP
composites enhances their strength, flexibility and ductility under earthquake loading. The scope
of the present study is confined to the finite element analysis (FEA) of URM walls strengthened
with FRP composites by adopting an elasto-plastic approach proposed for the assessment of FRP-
confined masonry columns under uniaxial compression (Koksal et al. 2012).

Several researchers have dealt with the finite element modeling of masonry in the last three
decades. First studies (Hamid and Chukwunenye 1986, Cheema and Klingner 1986, Khalil et al.
1987, Ganesan and Ramamurthy 1992, Ramamurthy 1995, Sayed-Ahmed and Shrive 1996,
Koksal et al. 2004, Koksal et al. 2005) are in the field of masonry prism testing and finite element
modeling under compression in order to explain the stress distributions and the failure modes.
Three-dimensional linear elastic finite element analyses of hollow block and grouted masonry
prisms are initially carried out to predict their load carrying capacities in the absence of a reliable
constitutive model to represent the complex behavior of masonry. Thereafter, Sayed-Ahmed and
Shrive (1996) carried out a nonlinear three-dimensional FEA of 3-course block masonry prisms
adopting Drucker-Prager (DP) yield criterion for prism behavior. The analysis of masonry
structures has been actually based very much on the modeling approaches proposed in concrete
and rock mechanics (Shing et al. 1992). Proceeding in a similar way with that used for the
reinforced concrete (RC) members (Koksal and Karakog 1999, Koksal and Arslan 2004), Koksal
et al. (2004, 2005) employed a general-purpose finite element program LUSAS for modeling the
unreinforced and reinforced masonry prisms and columns activating both the elasto-plastic and
isotropic damage models to reflect the nonlinear behavior of the blocks, grout and mortar joints.
Koksal et al. (2004, 2005) proposed a new model to achieve a close quantitative reproduction of
the experimental results. Therefore, their first objective was to provide analytical relations for the
suitable material parameters closely fit the load-displacement diagrams taking the large scatter in
test results into account. Koksal et al. (2012) extended this approach to elasto-plastic modeling of
FRP-confined masonry columns.

Researchers related to FE modeling of masonry walls subjected to compression and shear have
initially taken similar steps in the modeling process for masonry prisms and columns under
concentric loading. Masonry walls were assumed as isotropic and elastic ignoring the influence of
mortar joints acting as planes of weakness. The fact that a complete constitutive model should
reflect the inelastic material properties of the units and mortar, and a failure criterion describing
the conditions for failure under combined compression-tension necessitated more detailed
analytical studies (Dhanasekar 1984) and experimental investigations (Ganz and Thurlimann
1983). Meanwhile, Lourenco (1996) has been recognized for his important contribution to the
FEA of masonry walls classifying the modeling strategies as detailed micro, simplified micro and
macro-modeling. A micro model should include several material parameters such as elasticity
modulus, Poisson’s ratio, cohesion, internal friction angle, compressive and tensile strength for the
representation of units and mortar. Moreover, the composite unit/mortar interface model
recommended by Lourenco (1996) requires additional material parameters for the description of
the interface behavior, e.g., tensile strength, cohesion, internal friction angle, compressive strength,
tensile fracture energy, shear fracture energy and dilatancy angle. However, the great number of
the influencing factors, such as difficulties in determining the mechanical properties of the
construction materials due to the unknown construction period, the variety of construction
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techniques, joint width and arrangement of bed and head joints, make the simulation of masonry
wall behavior extremely difficult (Tzamtzis and Asteris 2003). All these uncertainties lead to a
situation where the experimental results are more precise than their theoretical counterparts in the
masonry design. Lourenco (1996) clearly stated that suitable relations for this large number of
material parameters necessary to characterize his model were not proposed to recommend in his
own theoretical study. In the same study, Lourenco (1996) acknowledged that the close prediction
for the experimental load-displacement diagram could be possible in the application of the
theoretical model if the shear properties were reduced 30 %, the compressive strength 20 % and
the compressive fracture energy was multiplied by three. Furthermore, Milani et al. (2010)
introduced additional material parameters into the FE analysis of the FRP-confined masonry
indicating that the delamination is the most critical parameter to account for the determination of
the ultimate displacement. From the engineering point of view, there is considerable limitation in
the applicability of these sophisticated models (Chaimoon and Attard 2007, Giambanco et al.
2001, Lourenco and Rots 1997, Formica et al. 2002, Milani 2010, Grande et al. 2008) to FE
analysis of masonry walls unless rational relations for the material parameters necessary to explain
the models are provided.

This paper deals with the implementation of the plasticity theory to FRP-strengthened masonry
walls under vertical and lateral loads by considering the constitutive behavior of masonry units,
mortar and FRP composite material separately. Koksal et al. (2012) considered FRP-confined
masonry columns as pressure-dependent material structures based on DP criterion. A DP type
yield criterion is also employed relating the cohesion and the internal friction angle of both the
masonry unit and mortar to their uniaxial compressive strength by extending the previous
approach to the FRP-strengthened masonry walls. For this purpose, an extensive parametric study
is performed in order to explain the mechanical properties of masonry units and mortar with only
one single parameter, i.e., their uniaxial compressive strength (Jafarov 2012). Three masonry walls
from two different studies (Stratford et al. 2004 and Capozucca 2011) which are unreinfroced,
single-sided strengthened with glass-fiber reinforced polymer (GFRP) and strengthened by carbon
fiber reinforced polymers (CFRP) strips on one side respectively. These three walls are
successively modeled using FEA method with the proposed approach in LUSAS software.

2. Material modeling

In order to reach a comprehensive understanding of masonry behavior, a number of
experimental and analytical studies have been conducted on the behavior of masonry shear walls
as the main structural component of masonry structures (Krstevska et al. 2007, Mele et al. 2003,
Chaimoon and Attard 2007, Formica et al. 2002, Berto et al. 2002, Tasnimi and Farzin 2006,
Mohebkhah et al. 2008, Popehn et al. 2008). Proposed theoretical models for implementation to
FE analysis of masonry generally require a large number of material parameters that are difficult to
measure easily and reliably. For this reason, several attempts have been made to express the stress-
strain relationships of the masonry and its constituents using different modeling techniques such as
micro-modeling, homogenization approach and macro-modeling. The common approach in these
studies is to treat masonry as a continuous medium or an equivalent continuous medium with the
exception of detailed micro-modeling. Detailed micro-modeling should describe the masonry,
mortar and the interaction behavior between them (Buhan and Felice 1997, Milani et al. 2006,
Milani 2010, Brasile et al. 2010). Koksal et al. (2004, 2005, 2012) have performed FE analysis of
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masonry prisms and columns strengthened with FRP describing the constitutive behavior of the
unit, mortar and FRP separately. The similar approach has been adopted for the FE modeling of
masonry shear walls while making the assumption that the material description of the mortar
includes the effect of the unit-mortar interface behavior. Since the most common test performed on
concrete-like brittle materials is for the measurement of its uniaxial compressive strength, it seems
reasonable that the mechanical properties of masonry constituents can be assumed to be related to
their compressive strengths. The authors have been adopted this strategy in the elasto-plastic
analyses of RC elements, masonry prisms and columns successively (Kdksal et al. 2009, Doran et
al. 2009, Koksal et al. 2012).

2.1 Elasticity modulus of masonry constituents

The elasticity modulus of masonry is the most important mechanical parameter in FE analysis.
The modulus of elasticity of masonry (E;,) can be determined by uniaxial compression tests. The
failure mechanism and load-displacement behavior of masonry are strongly affected by the
difference of elasticity modulus between unit and mortar (Mohamad et al. 2005, Jafarov 2012).
The units have an imperious effect on the elasticity modulus of the masonry if the mortar is
weaker than the units which is the most common case in the experiments. When it is not possible
to test the masonry, approximate relations can be used for the determination of the modulus of
elasticity. In detailed micro-modeling, elastic moduli of units and mortar are required for NLFEA
of the masonry walls. If the masonry units are bricks, the following relation can be used for E,:

Eur = (300~700) fur 1)

where Ey,and f,, are the elasticity modulus and compressive strength of bricks respectively. And if
the concrete blocks or stone are used, the equation will be in the following form:

Eb| =1000 fb| (2)

where Ey and fy, are the elasticity modulus and compressive strength of the blocks respectively.
Since mortar is a softer and more ductile material, its elasticity modulus can be obtained from:

Epr = 200 foy ©)

where E,and f.,, are the elasticity modulus and compressive strength of the mortar respectively
(Kaushnik et al. 2007, Jafarov 2012).

2.2 Elastoplastic modeling of masonry

Multi-axial stress states generally defines the behavior of the structures such as masonry walls,
RC panels, confined columns or elements loaded over a specified limited area. The basic plastic
models, i.e., Mohr-Coulomb (MC) and DP are widely adopted in constitutive modeling of
frictional materials, like concretes, soils and rocks when describing the material behavior beyond
the elastic range. Since material parameters of MC criterion are easily obtained from standard tests
and are logical from the physical point of view, MC criterion is the most common used criterion in
geotechnical and structural engineering. MC criterion in three-dimensional stress space can be
expressed as:

/s s
f(& p,0) =V2&sin® +/3p sin (9 + §) + p cos (9 + §) sin® —V6ccos® = 0
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foro<6 <z ()

where & = I, /v/3 and p = v/2J,. |, and J; are the first and second invariant of the stress and the
deviatoric tensor respectively (Chen and Han 1988).

The invariants & and |, indicate the hydrostatic component of the current stress state. Because
of the incompressibility of plastic deformations only p can contribute to the yielding for isotropic
materials. In other words, p is the part of the stress that tends to change shape. Moreover, frictional
materials typically show dependence on the invariant 8 (Yu et al. 2010), which expresses itself as
a dependence on the magnitude of the intermediate principal stress o, with respect to the maximum
and minimum principal stress values (o,> 0,> 03) and affects the shape of the deviatoric section.
For the deviatoric shape of the loading surface approaching a circular form as shown in Fig. 1, an
increase in the ultimate load of a structural member is observed (Pivonka and William 2003). The
behavior of civil engineering materials such as concrete, mortar, masonry units, rocks and soils
exhibit a strong dependence on these three stress invariants. However, because of the smooth
surface approximation to the six faceted MC vyield function, DP criterion is conversely easy to
implement and allows a fast computation of plastic behavior, even it is a drawback from the
physical point of view (Mamlino and Luong 2009, Kdksal et al. 2012)

f&p)=v6as+p—+2k=0 (5)

where « and k are material constants.

As illustrated in Fig. 1, the actual deviatoric surface of pressure-dependent materials changes
from the irregular hexagon to the circle under increasing hydrostatic pressures corresponding to a
triaxial compressive stress state. One of the aims is to express the material parameters of DP
criterion in terms of the cohesion and the internal friction angle in this study. Therefore, the
surfaces of both DP and MC yield criteria are made to coincide along the compression meridian as
shown in Fig. 2, and then the constants « and k are related to the constants ¢ and ¢ by Chen and
Han (1987):

2sin¢g _ 6ccosg

O = RBasing) ' 7 BE-sng) (6)

pressure dependent matenial
at high pressures R

____Drucker-Prager

T Mohr-Coulomb

pressure dependent material
at low pressures

Fig. 1 Yield surfaces for pressure dependent materials in the deviatoric plane
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In the previous works (Koksal et al. 2009) for NLFEA of RC columns confined with FRP, the
ultimate strength values of the column predicted from a reliable criterion for concrete (Koksal
2006), have been used to determine the failure point in Haigh—Westergaard stress space. Making
coincidence between that point within a specific range of hydrostatic pressure and the compressive
meridian of DP criterion as illustrated in Fig. 3, the cohesion values can be determined while the
internal friction angle is kept constant at 33° (Koksal et al. 2009, Doran et al. 2009). This
procedure provides a better choice to improve the analytical results decreasing the overestimation
possibility of DP criterion for NLFEA of frictional materials. As can be seen in Fig. 4, the lower
limit for this approach is given as the stress levels of &/f,,,<-0.58.

A slightly different procedure is also adopted for the NLFEA of masonry columns strengthened
with FRP (Koéksal et al. 2012). Since the existence of major and intermediate principal stresses o,
and o, will affect the yielding and the shape of the deviatoric section, the effect of FRP
confinement should be include in the derivation of the material parameters. Due to the complexity
of establishing a general failure surface in the principal stress space because of the lack of
necessary experimental data, the mean stress o, =1,/3 at the failure point is defined as a constant
value which is corresponding to (fn, + 2f; )/3 at all stress levels where f,,, and f, are the uniaxial
compressive strength of the unit and the confining pressure exerted by FRP. In that study, new

P P

246 ¢ cos é ‘T

_ Peo=—g = pco=\3k
N3¢ tan—i.M N3a /

p S - 17
é{ /
{ compresson - ension compression
tension

Pe="3 fsin ¢ Pro=N2k

(@) MC criteria (b) DP criteria
Fig. 2 Representation of compressive (6=n/3) and tensile (6=0°) meridians
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Fig. 3 Determination of the compressive meridian of DP criterion using the predicted failure point
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Fig. 4 Different hydrostatic pressure levels indicating possible failure points of masonry
walls, RC columns and masonry columns
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Fig. 5 Plotting of Eq. (8) for the internal friction angle of clay brick

relations have been proposed for the cohesion and the internal friction angle of the units to include
the confinement stresses:

Cmu _ tan dmu ||oml < Cmu ©)
fmu 3 frmu T fmulloml_g
fmu
loml
¢mu = ¢i —0.75 Ft = ¢f = ¢mu|ﬂ=1 (8)

fmu

where ¢ and ¢ are initial and final angle of internal friction in radians respectively. & can be
nearly equal to 773 for brick and /4 for concrete. Applying the boundary condition in Eq. (8), ¢ is
approximately 774 for brick and between 7/5 and 7/6 for concrete. For high hydrostatic pressures
(0>0n,/fm>-1) , internal friction angle can be taken as a constant value, i.e., 30°-35° for concrete
and nearly 45° for clay brick as illustrated in Fig. 5.

Since much lower pressures exist on masonry walls and their constituents, material parameters
have been calibrated to best reconcile the experimental data of several walls. In the wall tests, as
the axial load level is less than the ultimate uniaxial strength, the mean stress can be taken as a
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Fig. 6 Modified form of the compressive and tensile meridians of MC criterion using Egs. (7) and (8)
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Fig. 7 Predictions for some failure points on the compression meridians of DP criterion

constant value corresponding to (p+2f, )/3 at all stress levels. In here, p and f, are the vertical pre-
compression of the wall and the confining pressure of FRP material. The validity of Egs. (7)-(8) is
finally verified by numerical simulations of the walls subjected to the pressures in the range of
&< -0.58 throughout this study and plots of compresive and tensile meridians are given in Fig.
6. While plotting the meridians, values of cohesion and internal friction angles obtained from Eqgs.
(7)-(8) are replaced into Eq. (4). Expressing the cohesion and internal friction angles by changing
hydrostatic pressure modifies the straight line form of MC criterion into a curved one. Failure and
yield surfaces of DP criterion are then defined by the compressive meridians of MC criterion. For
omlfnu=>—1 (&< -0.58), predictions for some failure points on the compression meridians of DP
criterion are plotted in Fig. 7.

While simulating the behavior of masonry walls under shear-compression fracture, as can be
seen in Fig. 8(a) if shear loading is omitted, the stress state will be the uniaxial compression.
Therefore, the elasto-plastic behavior of the units and the mortar can be described by a DP
criterion represented by the compressive meridian of MC criterion reducing the differences
between the finite element application of two criteria for the range of &/f,,,< -0.58. However, for
increasing shear loading in Fig. 8(b), the stress state of the units and the mortar at failure will
approach to the tensile meridian of MC criterion. The use of the compressive meridian obviously
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causes some overestimation for the failure load for this case. In order to lessen this
overestimation, an ending point definition for the termination of NLFEA is developed in this study
(Jafarov 2012). The ending point for the analysis can be determined defining the discontinuity
surface between two units along the thickness of the mortar as illustrated in Fig. 9. The maximum
tensile strain can then be determined from the case of that a complete opening will occur along the
mortar thickness between two units as:

Emax = hmr/(Zhbr + hmr) (9)

where hy, is the mortar thickness and hy, is the height of the unit.

Mortar generally governs the nonlinear behavior of masonry and has an influence in the axial
strain of masonry prism and also on the shear response of the masonry walls (Haach et al. 2010,
Jafarov 2012). Therefore, any theoretical model should account for the nonlinear response of both
the mortar and the unit-mortar interface to predict the inelastic behavior of masonry (Mohamad et
al. 2005, Marcari et al. 2007). In this study, the mechanical parameters of mortar, e.g., cohesion
Cmr and internal friction angle ¢.,, are adjusted to reflect the unit-mortar interface response as
preferred in the modeling of masonry prisms and columns previously (Kdksal et al. 2004, Kdksal
et al. 2012):

Cmr = 1.553 finr (10)
Gmr = 1.519 frn, (MPa) (11)

precompression load (p) precompression load (p)

LITTTIIT ]

shear load
- ., V) -
L 1 .
--
(@) (b)

Fig. 8 Masonry walls under (a) uniaxial compression (b) shear compression

s

7
74

L ]Zmr

]
7L

Fig. 9 Assumption for the discontinuity surface between two units along the thickness of the
mortar resulting failure of the wall
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Fig. 11 (a) Eight-noded hexahedral element for units and mortar (b) four-noded thick shell element for
FRP jacket

In a previous study (Koksal et al. 2004), a linear relation was proposed between the cohesion
and the uniaxial compression strength of mortar f.,,. While developing a relation for the mortar
cohesion, taking the effect of the unit-mortar interface behavior into account, probably makes the
cohesion more sensitive to the changes in its strength for the walls under shear-compression (Fig.
10). A perfect bond is accordingly assumed between masonry unit and mortar and a reliable and
robust analysis can be achieved on the computational complexity of solution algorithms.

3. Finite element modeling and model verification

Three dimensional (3D) finite element models are used for masonry walls strengthened with
FRP composites in LUSAS (Lusas 2011). Masonry constituents, i.e., brick and mortar, are
assumed to be isotropic elasto-plastic obeying DP criterion. They are modeled separately with
eight-noded hexahedral element (HX8M) which is a solid element with an incompatible strain
field as illustrated in Fig. 11(a). FRP composites are modeled by four-noded thick shell element
(QTS4) which has a thick and thin curved shell geometry including multiple branched junctions as
in Fig. 11(b). Both the element formulations take account of membrane, shear and flexural
deformations and capable of modeling inelastic phenomenon.
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Table 1 Mechanical properties adopted for FE analyses

Reference Experiment Brick Mortar
Eny (MPa) Cnu(MPa) ¢ mu (%) En (MPa) Cor (MPa) ¢ mr (%)
Stratford Clayl URM 18600 3.04 59.68 3250 3.45 16.71
Stratford Clay 2 GFRP 18600 3.04 59.68 3250 3.45 16.71
Capozucca HRM-C2 7000 2.33 59.37 150 2.21 441

Table 2 General characteristics of masonry walls and FRP confinement

Reference  Experiment Precompression _ Wall _ Br_ick FRP
Load (MPa)  Dimension (mm) Dimension (mm) Egzpe(MPa) t(mm)
Stratford  Clay 1 URM 1.38 1200x1200%60 228%65x%60 - -
Stratford  Clay 2 GFRP 1.38 1200x1200%60 228%65x%60 73300 0.15
Capozucca HRM-C2 15 840%633x50 100x17x50 240000 0.177

N/ (1200x60 mm)

R RN

[ JH,e Reaction Beam
Cap Beam |
1 . Il . I ; | :
P I — — Clay Bricks
| Il Il |
Il | Il |
il | | Il |
§ T Il T | T | 1 1 >Mmar Joints
g g I . | . I L I L
8
g I I L -
| Il Il |
Il | Il |
| I Il |
Il | Il |
| 1 I 1
Cap Beam |
700 000000
1200 mm

Fig. 12 Experimental setup of shear wall clay 2

Table 1 shows the material and geometrical properties for masonry walls with its FRP
confinement evaluated in this study. All mechanical properties of the masonry constituents utilized
in the analyses are also given in Table 2.

Stratford et al. (2004) tested six 1200%1200 mm masonry panels under a combination of
vertical preloading, and in-plane horizontal shear loading. Both clay and concrete brick specimens
were tested while one specimen of each material was left unreinforced and the other two panels
were single-sided strengthened using GFRP. GFRP had equal amounts of fibers in the horizontal
and vertical directions (parallel to the mortar joints) and fibers were oriented at 45° to the joints.
As can be seen in Fig. 12, two connected hydraulic jacks (N) were placed on the wall while the
shear load was applied to the wall by a horizontal hydraulic jack (P).

For the case of URM wall, the end point for the FEA is determined defining a discontinuity
surface between two clay units along the thickness of the mortar. The maximum tensile strain
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Fig. 14 Lateral load—displacement responses for clay 1

pointing out that a complete opening will occur along the mortar thickness between two units, can
be found by dividing the mortar joint thickness 10 mm by two block heights plus the mortar
thickness as 10/(2x65+10)=0.071. This strain value can be called critical tensile strain. As the
lateral load is increased, the effect of tensile deformations grows up along the toe of the wall and it
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Fig. 16 Lateral load—displacement responses for strengthened clay 2

is easy to observe the critical tensile strain is observed at the toe of the wall from Fig. 13. If FEA
ends when the ultimate tensile strain at the wall reaches the critical value, both simulation model
and laboratory test results agreed very well as shown in Fig. 14.

As can be seen in Fig. 14, horizontal displacement at the failure is experimentally determined
approximately as 14 mm. NLFEA gives a value of 13.81 mm from the use of the maximum tensile
strain criterion for the wall. As can be seen in Figs. 13 and 15, the region of concentrated
maximum tensile strain matches the location of experimental crack pattern on the wall.

Fig. 16 shows the stress-strain plots for strengthened wall clay 2. The load-displacement plot
obtained from NLFEA is well agreed with the experimental data. As shown in Fig. 17, the analysis
is terminated upon reaching the maximum tensile strain corresponding to the tensile strength of
GFRP at a horizontal drift of 10.16 mm. This value is experimentally determined approximately as
12 mm.

In all experiments, except for the unreinforced clay specimen (clay 1), the strengthened
masonry walls (clay 2) failed by rapid propagation of diagonal crack which followed the mortar
joints as in Fig. 18(a). Crushing failure, which occurred when the compressive strength of the
mortar was reached, cannot be occurred for these walls because of the mortar strength higher than
11 MPa. Shear failure, involving sliding along a slip plane either within the mortar or at the brick—
mortar interface; is the main failure mode. The fracture pattern is well predicted through the
concentration of the maximum tensile strains diagonally shown in Fig. 18(b).
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Fig. 18 (a) Schematic crack patterns in strengthened wall (clay 2), and (b) maximum tensile strains
over unreinforced face in 3D FE model

Capozucca (2011) investigated the behavior of Historical Reinforced Masonry (HRM) walls
strengthened by CFRP strips, experimentally. CFRP strips bonded to only one face of the specimen
in horizontally and vertically. Strips of FRP, containing unidirectional fibers, can be bonded to the
surface of the wall and arranged to provide an external truss action (Stratford et al. 2004). The
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Fig. 19 Geometrical details of HRM C2 wall (Capozucca 2011)
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Fig. 20 Comparison of load—displacement responses for pre-damaged HRM C2 wall employing
the ultimate tensile strain criterion of GFRP

strengthened wall was subjected to cyclic loading until failure. Specimens were built with clay
bricks and mortar with thickness 4 mm. Flexural tensile strength of mortar was 0.80 MPa. A
single- story HRM C2 wall was built using historic full clay bricks in scale one-third and tested in
a special frame (Fig. 19). Besides, mechanical and geometrical properties of brick, mortar and
CFRP strips are given here in Tables 1-2.

Initially, pre-compression load (1.50 MPa) was applied to the flanges and web by three jacks,
kept constant, then horizontal force was applied measuring horizontal force until failure
(Capozucca 2011). Wall C2 damaged by cyclic shear tests and then was strengthened by 50 mm
wide carbon strips bonded to one side, parallel and normal to mortar joints. Mechanical parameters
of CFRP strips are summarized in Table 2. Walls C1 and C2 were initially subjected, respectively,
to five cyclic stages of horizontal force and seven cyclic stages before to bring the walls to failure
by an ultimate stage with unidirectional horizontal force (Capozucca 2011). These are the possible
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Fig. 21 Comparison of load—displacement responses for pre-damaged HRM C2 wall adopting
the maximum tensile strain criterion of masonry

reasons for the stiffer behavior observed in Figs. 20-21. The critical tensile strain assumption for
masonry is adopted for the stress-strain plots (Fig. 21), while the analysis is terminated by
reaching the tensile strength of GFRP as in Fig. 20. Therefore, the material parameters for the
masonry constituents of the pre-damaged walls should be somewhat lower than the recommended
ones in Egs. (7)-(10). The cohesion and internal friction angle values of the clay brick lowered by
35% and 15% respectively. Since the mortar has already defined by a very weak material, any
reduction on its mechanical properties will not be reasonable. Another reason for the stiffer
predictions can be the present approach does not consider the debonding phenomenon between the
wall and FRP layer which affects the maximum lateral displacement of the wall particularly while
reaching the ultimate load capacity (La Mendola ef al. 2009).

Actually, presence of discontinuity surfaces with some specific values of separation affects the
failure mechanisms and the level of FRP confinement in cracked and damaged walls. Therefore,
the use of the critical tensile strain criterion instead of the ultimate tensile strength of FRP can be
more reasonable for the analysis of pre-damaged walls.

4. Conclusions

This paper is primarily concerned with 3D elastic-plastic analysis under compression and shear,
employing the DP yield criterion for URM and strengthened walls. The material parameters for
brick and mortar are expressed in terms of the compressive strength of masonry throughout the
analysis. In order to evaluate the accuracy of the proposed approach, the analytical results are
compared with the experimental results of both unreinforced and strengthened masonry walls
tested in two different experimental studies. Following conclusions are drawn:

» The analytical approach previously developed for the elasto-plastic analysis of masonry
columns are extended to the masonry walls under shear-compression in this paper. Masonry units
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and mortar are considered separately as isotropic and homogeneous materials. Since much lower
pressures exist on masonry walls and their constituents, material parameters have been re-
calibrated to best reconcile the test data of several walls in the literature.

* Cohesion and internal friction values of the masonry units are expressed in terms of
hydrostatic pressure at the failure and their uniaxial compressive strength. The relations of
masonry constituents are recommend are valid for &fmu<0.58. The dependency of the material
parameters of the frictional materials on the hydrostatic pressure is then reflected into the analysis
directly.

* The material parameters of DP criterion are expressed in terms of the cohesion and the
internal friction angle of MC criterion in this study. Therefore, the surfaces of both DP and MC
yield criteria are made to coincide along the compression meridian.

» The use of the compressive meridian obviously causes some overestimation for the failure
load for increasing shear loading. In order to reduce possible overestimation, a critical tensile
strain is defined for the termination of NLFEA is developed in this study. It is possible to calculate
the critical tensile strain by dividing the mortar thickness by two block heights plus the mortar
thickness assuming that a complete opening will occur along the mortar thickness between two
units.

* The lateral load-displacement plots obtained for NLFEA of URM wall tested by Stratford are
in good agreement with the test results. The failure load and displacement are well predicted by the
use of the critical tensile strain criterion.

* For strengthened wall clay 2, the load-displacement plot obtained from NLFEA is again well
agreed with the experimental data. For this case, the analysis is terminated upon reaching the
maximum tensile strength of GFRP.

* For the pre-damaged walls, the proposed approach can still be used as shown in the NLFEA
of Capozucca’s walls. However, the material properties of the unit and mortar should be lowered.
Degree of the reduction on the mechanical properties clearly depends on the damage level of the
wall. A future work has been planned for the mechanical representation of the repaired masonry
walls with FRP jackets which were previously damaged under varied levels of load.
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