UNIVERSITY OF LEEDS

This is a repository copy of Numerical modelling of FRP-reinforced masonry walls under
in-plane seismic loading.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/109880/

Version: Accepted Version

Article:

Zhang, S, Yang, D, Sheng, Y et al. (2 more authors) (2017) Numerical modelling of
FRP-reinforced masonry walls under in-plane seismic loading. Construction and Building
Materials, 134. pp. 649-663. ISSN 0950-0618

https://doi.org/10.1016/j.conbuildmat.2016.12.091

© 2016 Elsevier Ltd. Licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

10

11

12

13

14

15

16

17

18

19

20

21

Numerical modelling of FRP-reinforced masonry walls under in-plane

seismic loading
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Abstract: This paper describes the development of Finite Element (FE) models for the study of the
behaviour of unreinforced and Basalt Fibre Reinforced Polymer (BFRP) externally reinforced masonry
walls under the action of in-plane seismic loading. Validated against experimental tests, the FE
models were used to accurately predict the shear strength and reflect damage progression in multi-
leaf masonry walls under in-plane cyclic loading, including the propagation of cracks beneath the
BFRP reinforcement. The models have the potential to be used in practice to predict the behaviour

and shear capacity of unreinforced and FRP-reinforced masonry walls.

Key words: Masonry walls; FRP; FE modelling; Cohesive element; Seismic performance; Shear

capacity

1. Introduction

In the past few decades, the use of fibre reinforced polymers (FRP) to strengthen masonry structures
has become increasingly popular. Experimental studies have shown that FRP strengthening
technology can enhance the shear resistance and seismic capacity of masonry structures [1-4]. Of
the different types of FRP that have been used to strengthen existing structures, basalt fibre

reinforced polymer (BFRP) has proved to be one of the most cost effective [4, 5].
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The mechanical behaviour of masonry is much more complex than that of concrete and steel, largely
because masonry consists of two distinct components, namely the masonry units and the mortar
joints as shown in Fig.1 (a). As a result masonry structures are inhomogeneous containing many
discontinuities. This partly explains why, in experimental studies, the results from the testing of two
identically built masonry walls are not identical [6]. The degree of complexity is heightened further
by the inherent variations in the materials and variations in workmanship. Further difficulties exist
when testing masonry structures in the laboratory such as the accurate detection and monitoring of
cracks and their propagation beneath and around external reinforcement. Computational modelling
technology provides a valid and useful alternative to experimental studies. To date, numerical
models have been developed based on different theories such as the Finite Element Method (FEM)
[7-22] and the Distinct and Discrete Element Methods (DEM) [11, 23-25]. Of these, FEM-based
models and software are the most popular and widely available. FEM modelling strategies can be

broadly classified into three categories [22]: micro-scale, meso-scale and macro-scale modelling.

brick or block mortar mortar joint brick or block

[ ] T ] ]

| | || L ]

mortar joint

(a) (b) (c)
Figure 1.Modelling of masonry: (a) real masonry; (b) meso- scale modelling with interfaces; (c) meso-

scale modelling with springs.

Macro-scale modelling regards all the components of masonry as a single continuum in which solid
elements or shell elements are widely adopted [7-12]. The constitutive material models are initially
simplified to be homogeneous and isotropic and concrete damage plasticity and concrete smeared
cracking are commonly used [10-12]. Some researchers have attempted to adapt the constitutive
material models to represent the orthotropic feature of masonry. In the modelling by Dhanasekar

and Haider [9], the material properties of head (perpend) and bed joints are considered separately.
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Alternatively, with the use of homogenisation technology, a series of material models have been
developed where the behaviour of masonry is expressed by macro or average stresses and strains.
This concept was originally proposed by Lourenco in 2002 and was subsequently validated under
various loading conditions [13-15]. Essentially, because of the reduced computational cost and
material parameters, macro-scale modelling is suitable for large-scale structural analysis. However,
macro modelling does not always simulate some important mechanical behaviour of the interfaces
between the masonry units and the mortar and it fails to capture the cracking pattern in mortar

directly.

Unlike macro-scale modelling, the masonry units, mortar joints and the unit-mortar interfaces are
considered separately in micro-scale modelling. In this case, the masonry units and mortar are
modelled with real thickness and are assigned corresponding material properties, while zero
thickness unit-mortar interfaces are sandwiched between the masonry units and the mortar. With
the assumption that the interface is a mixture of units and mortar, Rekik and Lebon [16] used an
homogenisation approach to obtain the mechanical properties of the unit-mortar interface.
Although this approach seems to be straightforward, the large number of elements used in the
analysis requires the use of extensive computational resources. Also, the material properties of the
unit-mortar interfaces are difficult to measure experimentally which creates difficulties when
validating the complete model. Therefore, with micro-scale models it is often assumed that the
masonry units and/or the mortar joints remain elastic, which tends to mean that the modelling

strategy can only be used for small masonry specimens such as masonry shear triplets [12, 16].

Meso-scale models are routinely termed simplified micro-scale models. Similar to micro-scale
models, they can provide an insight into damage evolution in masonry. However, without the
masonry unit-mortar interface, the distinction between failure occurring at the unit-mortar interface
and within the mortar will be lost. Meso-scale modelling only allows cracks to initiate in the mortar

joints and to propagate along the well-defined pattern of lines. This modelling method is based on
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observations from the experimental testing of masonry [26] and has been proved to be effective for

modelling some large elements of masonry construction [17, 18].

Meso-scale models can be divided into two groups; those that take into account de-bonding or slip
failures that occur between the masonry units and the mortar joints and those that do not. The
former can be achieved by coupling the coordination of nodes in the units and mortar joints in all
degrees [19], while the latter models normally use contact or some special-purpose elements
(interface elements, springs, etc.) to replace the mortar [17, 18, 20-22]. In the case of interface
elements or contacts, the masonry units are expanded in size by a half mortar joint thickness to
create a new component while the mortar joints are simplified as zero-thickness interface elements
or contacts (Figl(b)). Alternatively, as shown in Fig.1(c), the masonry units are assigned their real
geometry and the distance between them represents the thickness of the mortar joints in real
construction [20]. It is also common to simulate the units using deformable solid elements when
interface elements or contacts are applied, while springs are used in conjunction with rigid elements

for bricks. Hence, it is evident that not all meso-scale models are the same.

ABAQUS finite element software provides several kinds of interface elements including cohesive
elements which are used widely to simulate de-bonding or sliding [27]. Cohesive elements can be
classified as element-based cohesive elements and surface-based cohesive elements, both of which
can reproduce the behaviour of mortar joints. In Ref. [22], element-based cohesive elements are
assigned with a user-defined constitutive model to represent the cyclic behaviour of mortar; the
unreinforced masonry models are validated under monotonic and cyclic loadings. The model in Ref.
[21] is set up with surface-based cohesive elements, but is only validated under monotonic loading.
Similar to a contact model, the material properties of surface-based cohesive elements are specified
as interaction features and the status of closure or opening between elements is checked at the
beginning of each step in the applied load. As a result, models using surface-based cohesive

elements tend to have a high risk of convergence problems and require larger computational
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resources, especially under cyclic load simulations. For these reasons, the element-based cohesive
element is used for the modelling of masonry subjected to both monotonic and cyclic loading

described in this paper.

Although 2-D models are widely adopted for single leaf masonry wall construction [11, 16, 28, 29],
3-D models using non-linear analysis are preferred for masonry with more complex arrangements of
masonry units. Until relatively recently, a great deal of research effort has been devoted to the study
of single-leaf masonry, whereas numerical studies of the behaviour of multi-leaf walls and other
more complex forms of construction is less common. More complex forms of masonry are usually
analysed using either FEM or a 3-D FE kinematic limit analysis. The model proposed by Burnett et al
[17] is applied to masonry walls using contact in LS-DYNA. In Ref. [20] using non-linear spring
elements to represent mortar joints, meso-scale models of masonry walls are used in ABAQUS. In
the model developed by Macorini and Izzuddin [30], novel 2-D interface elements and 3-D solid
elements are used to account for different masonry unit arrangements. These models, validated
under monotonic loading, permit the study of masonry walls with complex geometry and unit
bonding patterns. However, due to the high computational demand and a lack of a suitable
representative constitutive material model for unloading and reloading, few models of this type

have been validated under cyclic load conditions.

In this paper, a meso-scale masonry model is developed in ABAQUS with element-based cohesive
element to simulate both unreinforced and FRP-strengthened masonry walls subjected to
monotonic and cyclic loading. In Section 2, the unreinforced and FRP-reinforced numerical models
with cohesive elements are described and the material constitutive model for cohesive elements is
explained. The laboratory testing of full-scale unreinforced walls and walls with externally bonded
BFRP reinforcement under cyclic loading is described in Section 3. Section 4 describes convergence
studies, the model validation and then the monotonic and cyclic load simulations. The results from

the computational model are discussed and compared with the experimental results and the
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guidance provided in the Chinese and European codes for masonry [39, 46]. The principal

conclusions from the research are presented in Section 5.

2. Description of the finite element model

2.1 Finite element model for unreinforced masonry

In the unreinforced masonry model, the bricks and mortar are simulated by two elements: solid
elements for groups or “blocks” of masonry units and element-based cohesive elements with zero
thickness for the mortar, as shown in Fig.1 (b). The element-based cohesive elements are, hereafter,
referred to for convenience as cohesive elements. ABAQUS provides three methods to create
cohesive elements. Of these, the authors selected the share node method as it is relatively simple to
implement. It should be noted that this method requires the use of cohesive elements with the
same mesh density as their surrounding elements. The process to build a multi-leaf masonry model

is listed as follows:

(1) Create a part of the structure to be modelled with the same geometry as its prototype, in this

case an area of multi-leaf masonry construction.

(2) Mesh the part referred to above and transfer it to be an orphan part taking care to ensure that
the layout of the mortar joints should be representative of the full structure as the subsequently

created cohesive elements are based on the initial mesh.

(3) Insert the cohesive elements into the region of mortar joints. Take a multi-leaf masonry block
where each masonry unit is meshed, for example the blocks shown in Figure 2(a) which are 4 bricks
long x 2 bricks wide x 1 brick high. The brick bonding pattern shown is typical of that used in China
for multi-leaf brick masonry walls. Each brick is 250mm x 125mm x 63mm in size laid in 10mm thick
mortar joints. The thickness of the cohesive elements, exaggerated in Fig.2 for clarity, is zero. The

points of intersection of the cohesive elements along different directions were treated as voids
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(triangular and rectangular voids in Fig.2 (c) and triangular and quadrangular prisms in Fig.2 (b)), to
permit co-ordination of the deformation between the cohesive elements and the adjacent solid
elements. As the thickness of the cohesive elements is zero, the voids are infinitely small and would,
therefore, not have a significant effect on the stiffness of the cohesive elements. It is recommended
that the cohesive elements in the xoz plane and the xoy plane be generated in sequence. The others
can then be created in the yoz plane, as shown in Fig.2 (b). Alternatively, a subroutine compiled in
Matlab can be adopted to generate cohesive elements in all directions at once, as described in Ref.

[31].

(a) (b)

head (perpend) joint (yoz plane)
head (perpend) joint (xoy plane)
bed joint (xoz plane)

unit (250 mm X125 mm X 63 mm)

void

AMW““
L]

(c) (d)
Figure 2. Meso-scale modelling of multi-leaf masonry: (a) multi-leaf masonry sample; (b) mortar
joints; (c) side elevation of multi-leaf masonry sample; (d) legend. Note the FE mesh is depicted by

dashed lines.

2.2 FRP-reinforced finite element model
The FRP-reinforced masonry model is based on the unreinforced masonry model described in
section 2.1. Considering the thickness of FRP is typically around 0.15-0.3 mm, FRP strips are

simulated by shell elements. Assuming that there is full bond (or adhesion) between the surface of
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the masonry and the FRP, the FRP strips in the model are considered to be tied directly to the

masonry.

2.3 Constitutive models

2.3.1 Constitutive behaviour of mortar joints

Cohesive elements in ABAQUS were developed originally with the aim of modelling adhesives,
bonded interfaces, gaskets and rock fracture [32]. Constitutive material models described in
ABAQUS are based on a continuum description for adhesives, a traction-separation description for
the bonded interfaces, or a uniaxial stress state which is appropriate for modelling gaskets or
laterally unconstrained adhesive patches. For different modelling purposes, cohesive elements are
assigned with corresponding material constitutive laws. For instance, when the cohesive element
represents an adhesive material with a finite thickness, the use of continuum macroscopic
properties (such as the modulus of elasticity) is recommended. To reproduce tensile/shear fracture
in mortar joints, the behaviour of the zero-thickness cohesive elements is expressed by the
relationship of traction versus separation. The traction-separation law is commonly used to simulate
sliding or delamination at the interface and can reflect the damage progression of the cohesive

element under cyclic loading.

The nominal traction stress vector (t) consists of three components: the normal stress vector (t,)
and shear stress vector along s- and t- directions (tg; and t;), representing normal traction and two
shear tractions, respectively. Normal traction is assessed with different rules for tension and
compression vectors. With the assumption that the cohesive element is free from damage under
pure compression, the compressive traction is assumed to remain elastic throughout the numerical
analysis, while the tensile traction, the same as other two shear tractions, is initially defined with
linear elastic behaviour, followed by damage evolution behaviour after damage initiation. For
clarification purposes it is useful to think of the zero-thickness cohesive element as being composed

of two faces, namely the top face and the bottom face. The relative motion of those faces represents
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the opening or closing of the cohesive element along the thickness direction, expressed by the
spatial displacement of cohesive element (J,, 65 and &;). The effective displacement §,,, can be

defined by [32]:

S = J (6,02 + 8%+ 6,2 (2-1)
where ( ) is the Macaulay bracket, which is defined as below:

—X, x<0
=17 3o (2:2)

It is also necessary to specify the constitutive thickness. It is not appropriate to define an actual
thickness of the cohesive element as the constitutive thickness as the use of an infinitesimally small
value causes the stiffness per unit length to be infinity. In this paper, the constitutive thickness is set

as 1.0 in order to keep the nominal strains equal to the corresponding separations.

The traction-separation law involves three criteria in ABAQUS: linear elastic behaviour, a damage
initiation criterion and a damage evolution law. Prior to damage initiation, the traction-separation
model assumes initially linear elastic behaviour, expressed by equation (2-3) [32]. As coupled
behaviour is not considered in this paper, the off-diagonal terms in the elasticity matrix, t, are set to

zZero.

tn Knn  Kns  Kne] (6n
t=1ts; = |Kns Kss Kst|{Es¢=Ke (2-3)
Lt Knt K¢ Keed\&t

The stiffness, K, can be regard as a penalty parameter. Basically, this penalty stiffness should be large
enough to avoid penetrations of the adjacent surrounding elements under compression. However, a
very large stiffness may result in the ill-conditioning of the elements. It is recommended that the
penalty stiffness be calibrated by comparing experiments with simulations [31, 33] or it should be
estimated using empirical formulae [34]. The influence of the penalty stiffness on the simulation

results is discussed in Section 4.1.
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Once the stress and/or strains of a material point satisfy the specified damage initiation criteria,
degradation is triggered and the subsequent behaviour of the material will be determined by the
damage evolution law. The quadratic nominal stress criterion in ABAQUS is adopted as the damage
initiation criteria in this paper, while the evolution law is expressed by fracture energy with linear
softening. The scalar damage variable, D, is introduced to represent damage progression. D evolves
from 0 at damage initiation and monotonically increases up to Dy, (<1), where the elements are
considered to be fully damaged. Thus, with proper damage initiation criteria, cohesive elements can
be used to reproduce crack initiation and progression in the mortar joints in a masonry assemblage.
Even after D reaches Dy, ., it is important to retain the cohesive elements in the model otherwise
ABAQUS will delete the fully damaged elements by default and they will no longer be available to

resist any subsequent penetration of the surrounding elements.

2.3.2 Constitutive behaviour of units and FRP

The concrete damage plasticity (CDP) model is selected to simulate the non-linear behaviour of the
masonry blocks. This approach can be used to effectively model two typical failure mechanisms,
namely tensile fracture and compressive crushing, and also to capture the degradation of the
material in cyclic load simulations. The compressive and tensile stress-strain relationships are
formulated by equations (2-4) and (2-5). These formulations were originally used for masonry and, in
the model described in this paper, are applied for the blocks [21] which are composed of masonry
units and mortar joints (as explained in Section 1). The compression constitutive model is deduced
from the compression testing of a large number of masonry assemblages [35], while the tensile
stress-strain relationship is modified from the design code for concrete and has been verified to be

suitable for masonry [36].

o h £
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! fom (Etm) /Stm =1
£ (2-5)
o /Stm g/gtm >1

lﬂ ) 2% /e = 1)+ /em
Where f,,, and f,,, represent the compressive and tensile strength of masonry respectively, &, and
&mare the corresponding strains. The compressive factor, h, is set as 1.633 by default. Damage
parameters (d;, d.) are calculated from eq. (2-6) which is based on the Energy Equivalence Principle
[37]. This equation assumes that the residual elastic energy caused by stress in the damaged

material can be evaluated using the same relationship used for the undamaged material.

d=1-0/Eye (2-6)

where Ej is the initial stiffness.

In the property modulus of ABAQUS, the viscosity parameter is set as 0.001, and the other plasticity
factor is set by default. The FRP is assumed to be orthotropic and is characterised by the behaviour
of lamina which are assumed to remain elastic. Fracture and delamination failure of the FRP are not

considered in this paper.

3. Description of cyclic tests of masonry walls

Cyclic load-testing of full-scale brick masonry wall panels reinforced with surface-mounted BFRP
strips was carried out in the laboratory at Wuhan University to study the seismic responses of BFRP-
reinforced masonry. With identical geometry and materials, the referred specimens are divided into
two groups: Group-A with W1 and BW1-1, and Group-B with W2 and BW2-1. The details and
configuration of specimens are illustrated in Table 1 and Fig.3. As shown in Fig.3, each specimen
consists of three parts: multi-leaf masonry wall, cap beam and base beam. The brick arrangement of
the multi-leaf masonry wall is commonly used in China. All the multi-leaf masonry walls were
constructed by brick (also called as ‘fired common brick’” in China) with typical size of 240 mmXx115

mmXx53 mm (LXBXH) and 10mm thickness cement mortar. Both cap beam and base beam are made
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242  of concrete and installed together with multi-leaf masonry part by using epoxy mortar. The epoxy
243 mortar used has extremely high bond strength so that the horizontal loadings applied on beams
244  would be transferred to masonry parts effectively. Material properties of masonry unit and mortar

245 are measured from the material property tests, as listed in Table 1.

246 The unidirectional basalt fibres were adopted for reinforcement, and the reinforcement schemes are
247 shown in Fig.3. The BFRP with the width of 300 mm for BW1-1 and 200 mm for BW2-1 was installed
248  on both side of the wall with cross layout. The horizontally and vertically BFRP strips are attached for
249 BW1-1 and BW2-1, respectively. The material properties of BFRP were measured according to the
250 GB/T3354-1999 [38]: density=330 g/m? tensile strength=1350 MPa; elastic modulus=96 GPa;

251 ultimate tensile strain=2.6 %.

252 Table 1 Details of the test specimens
Specimen Dimension (mm) E,, (MPa) fem (MPa) fb,c (MPa) fm,c (MPa)
Wi 1500x1000x240 1807 2.46 11.53 5.38
Group-A
BWI1-1 1500x1000x240 1807 2.46 11.53 5.38
w2 1100x1000x240 2400 2.56 11.53 6.23
Group-B
BW2-1 1100x1000x240 2400 2.56 11.53 6.23

253 Note E,, is the modulus of elasticity of masonfy,,, f, . andf;, . are the average compressive strength of masonry, brick

254 and mortar, respectively.
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Figure 4. Test procedure: (a) test setup; (b) loading scheme
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The test setup is shown in Fig.4 (a). The base beam was constrained by four screws in vertical
direction and two jacks in lateral direction. In order to keep compressive loadings uniform and
vertical, steel rollers were placed between cap beam and transfer beam with equal distances. In
addition, rollers were cleaned and polished to eliminate the influence of friction. All specimens were
then subjected to a combination of compressive and cyclic lateral loading up to failure. Before the
application of the lateral loadings, compressive loadings (namely pre-compression) were firstly
applied with value of 0.72 MPa for Group A (W1 and BW1-1) and 1.20 MPa for Group B (W2 and
BW2-1), and maintained constantly towards the end of the test. During the test, the cyclic lateral
loadings were controlled by force initially and by displacement after cracking occurred. The
displacement at cracking initiation is set as A, and the identical lateral loading scheme for the in-
plane cyclic tests is depicted in Fig.4 (b). The test was stopped when the lateral bearing capacity of
the specimen declined to 15% of its peak strength, or the specimen was severely damaged and not

capable of standing any further load.

4. Validation of the FEM model

In this section, the developed numerical models are validated by the aforementioned masonry
specimens. Firstly, the influences of numerical parameters, including mesh density and penalty
stiffness of cohesive elements, are investigated in Section 4.1, where cyclic and monotonic loading
cases are discussed. The unreinforced models (M1 and M2) are constructed with the same geometry,
brick arrangement and material properties as the specimens W1 and W2, respectively. Those two
models are subjected to monotonic and cyclic loadings in Section 4.2 to assess the shear capacity
and aseismic performance of the unreinforced/reinforced masonry walls. Furthermore, according to
the BFRP-reinforced specimens (BW1-1 and BW2-1), the BFRP-reinforced models (BM1-1 and BM2-
1) are assembled and implemented under monotonic and cyclic loadings in Section 4.2. Similar to

Group-A and Group-B, M1 and BM1-1 are grouped as Group-MA, while M2 and BM2-1 are classified
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as Group-MB. According to the studies in Section 4.1, for Group-MA and Group-MB, each unit are

meshed by 4x2x2 (LxBxH); the value of penalty stiffness is set as 5x10° N/mm3.

All the numerical models are simplified into two parts: masonry wall and concrete cap beam. The
bottom faces of masonry walls are fixed, while vertical and horizontal loads are applied on concrete
cap beam. The compressive pressures of 0.72 MPa and 1.2 MPa, used in cyclic tests, are applied to
Group-MA and Group-MB respectively. By referring to the loading process used in the cyclic tests,
the compression is firstly loaded which keeps constant in the subsequent simulation, and then the
horizontal displacements are introduced on one side of the cap beam. In every numerical model, the
horizontal loading mode is the only numerical parameter modified in the monotonic and cyclic
simulation. For the monotonic validation, the maximum displacements recorded in tests are loaded
for the corresponding numerical models. The tests in Section 3 are mainly focused on the cyclic
behaviour of FRP-reinforced and unreinforced masonry walls, the monotonic behaviour of masonry
models was verified against existing research achievements as discussed later in Section 4.2.1, e.g.
the crack patterns agreed well with those reported in [3] and the shear strength of masonry
wall agreed with the calculated value using the Chinese Code [39], which has been verified
practically to calculate masonry shear strength in [47]. To verify the numerical models under
cyclic loadings, the cyclic loading protocols recorded during tests are applied in the corresponding
numerical models. In order to save computational resources, the displacement-time loops are only
loaded once, rather than twice in tests. This is based on the assumption that the cyclic degradation
at the same lateral displacement is minimum, which is validated by the comparison of hysteresis
loops from experimental tests and ABAQUS modelling. The cyclic loading protocols for the

unreinforced models M1 and M2 are depicted in Fig.5.
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Figure 5. Cyclic displacement applied on the numerical models.

The numerical models under cyclic loadings are validated with the cyclic experimental results, while
the modelling results for monotonic loading cases are verified by the related cases in codes
(GB50003-2001 [39] and GB50608-2010[40]). It is important to mention that testing procedure plays
an significant role on the behaviour of masonry structures [41]. For example, the shear resistance of
masonry walls under cyclic loadings is about 10% lower than the one under monotonic loadings [42].
Therefore, in terms of monotonic validation, the calculations based on codes are more applicable

than the skeleton curves obtained in cyclic tests.

Under the assumption that the cap beam does not undergo any damage, it is assigned with an elastic
behaviour. The material parameters for masonry units and mortar joints are listed in Table 1 and
Table 2. Note that it is hard to obtain the fracture energies of mortar joints in traditional property
tests, and different values of fracture energies are used in references (for example, ref. [1], ref. [16]
and ref. [19]). Therefore, with reference to those reported values the fracture energies in Table 2
were determined by comparing the results of failure strength between standard compressive/shear
test specimens and the corresponding numerical models. Mortar joints herein are assumed to be

isotropic in the first and second shear directions. Basalt Fibre was measured as 0.1 mm thickness,
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and after grouted with resin it was combined to become FRP with 0.2 mm thickness. The FRP

material parameters are listed in Table 3.

Table 2 Material parameters for mortar joints

Material parameter Group-MA Group-MB
normal stiffness E,, .,/(N/mm?) 5x10° 5%103
shear stiffness Eg cop/(N/mm®) 5x10° 5x10°
normal strength f; .,n/MPa 0.13 0.15

shear strength f; .,,/MPa 0.75 0.55
Model [ fracture energy Gf?wh/(mJ/mmz) 0.09 0.065
Model Il fracture energy Gfl‘ lw ,/(mJ/mm?) 1.126 0.91

Table 3 Mechanical properties of FRP

Property Value Notes

Longitudinal modulug; (GPa) 96 obtained from property test

Transverse modulus, (MPa) 8270 obtained from43]
shear modulu§,, (MPa) 5419 obtained from44]
Major Poisson's ratio; , 0.22  obtained from45]
Thickness in averaggmm) 0.2 obtained from property test

Considering that the penalty stiffness and fracture energies of mortar joints are hard to measure
directly, those parameters (in Tablel) are determined by comparing the results of
compressive/shear masonry strength between standard compression/shear tests and the
corresponding ABAQUS models (as shown in Fig.6 and Fig.7, respectively). According to the Chinese
Code, those masonry compress/shear standard test specimens were built to detect the

compression/shear strength of masonry. As shown in Table 4 and Table 5, those sample ABAQUS
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models can well

reflect the compression and shear strength of the masonry standard

compression/shear test specimens.

(1) compression test specimen (2) numerical model (right: only mortar layers displayed)

Figure 6. Standard compression test of masonry specimens

v 7

(1) shear test specimen (2) numerical model (right: only mortar layers displayed)

Figure 7. Standard shear test of masonry specimens

Table 4. Comparison of masonry compressive strength

Masonry specimen Test results Numerical results Difference
Group-A 2.46 MPa 2.55 MPa 3.77%
Group-B 2.56 MPa 2.69 MPa 5.24%

Table 5. Comparison of masonry shear strength

Masonry specimen Test results Test results Difference
Group-A 0.29 MPs 0.27 MPa 6.23%
Group-B 0.31 MPa 0.34 MPa 8.97%
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4.1 Convergence study

4.1.1 Influence of mesh density

The unreinforced model M2 is used as a benchmark for mesh sensitivity study. The units are meshed
as 4x1x1, 4x2x1, 4x2x2, 8x2x2 and 8x4x2 (LxBxH), respectively. Those models were tested under
cyclic and monotonic loadings, and a comparison of simulation results are depicted in Fig.8. Except
for the case of 4x1x1 (the coarsest mesh size), the difference between cases is not significant and
mainly occurred at the last loading cycle. It is illustrated that the numerical model in this paper is less
sensitive when the mesh density along the width is larger than two. In order to save computer

resource while still maintain the accuracy of the model, the mesh size (4x2x2) is adopted.

100 150
— - =4x1x1
----- 4x0x]
4x2x2
50 8x2%2
ZlOO 8x4x2 el " gl =
5 g a
= 0 - /
£ g 4
& L 3
]
o & 50
-50
-100 0
-0 -4 -2 0 2 4 6 0 1 2 3 4 5

lateral displacement/mm lateral displacement/mm

(a) (b)

Figure 8. Influence of mesh density in the unreinforced numerical model: (a) cyclic; (b) monotonic.

4.1.2 Influence of penalty stiffness

As referred in Section 2.3.1, the influence of penalty stiffness on cohesive elements was assessed.
Take the unreinforced model M2 and the BFRP-unreinforced model MB2-1 as example and set the
meshed size as 4x2x2 for each unit. The interface stiffness was factored by 0.1, 0.05 and 10 (i.e.
5%x10% N/mm?3, 2.5x10* N/mm? and 5x10° N/mm?3), with the reference value of 5x10°> N/mm? (factor

is 1.0). The simulation results are compared in Fig.9 and Fig.10.
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Except for the case of the smallest penalty stiffness (2.5x10* N/mm?3) under cyclic loadings, the
unreinforced model is almost insensitive to penalty stiffness under cyclic and monotonic loadings, as
shown in Fig.9. In Fig.10, for the BFRP-reinforced model, the influence of penalty stiffness is
negligible in cyclic case and is small in the monotonic case. Overall, penalty stiffness does not play a
significant role on both unreinforced and FRP-reinforced numerical models when models are under
cyclic and monotonic loadings. Only the smallest penalty stiffness causes the deterioration of

cohesive elements and a sudden loss of strength, so the value of penalty stiffness is recommended

to be larger than 2.5x10* N/mm?3. Accordingly, 5x10° N/mm?3 is used for penalty stiffness.
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Figure 9. Influence of penalty stiffness for the unreinforced numerical model: (a) cyclic; (b)
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(a) (b)
Figure 10. Influence of penalty stiffness in the BFRP-reinforced numerical model: (a) cyclic; (b)

monotonic.

4.2 Unreinforced FEM model

4.2.1 Monotonic loading

According to GB50003-2001[39], the shear strength of unreinforced masonry Vj is calculated by:

Vo = (fy, + auoy)A (4-1)

where the design value of shear strength for masonry (f,,), the modified coefficient (a) and the
influence coefficient under shear-compression load (u) are determined by GB50003-2001[39]; gy is
the compressive loading, which equal to 0.72 MPa for GroupA and1.2 MPa for Group-BA is the

cross sectional area of a masonry wall.

Table 6 Calculated results for monotonic loading

Specimen | £, (MPa) [ au | aopty | 1 | Vo(KN) [ Vi (KN) | Vo (KN) | V5, (KN)
W1 0.29 0.13 | -- 138.0 -- -- --
BWI1-1 0.29 0.13 ] 0.195 | 1.36 | 138.0 155.75 43.93 199.68
w2 0.312 0.11 | -- 117.2 -- -- --
BW2-1 0.312 0.11 | 0.187 | 1.38 | 117.2 143.93 8.56 152.49

The calculated and numerical results are shown in Table 6 and Fig.11, respectively. A good
agreement between the calculated and simulation results can be observed, in terms of the shear
strength. The shear strength of M1 is only 0.57% larger than that of W1; the error between M2 and
W2 is 8.87%. in Fig.11, The colour of mortar layers are ranged from white to black, to represent
damage evolution from intact to overall damaged degrees. It is found the crack patterns in
numerical models are mainly caused by shear failure, similar to cracks observed in monotonic tests

[3, 26]. Therefore, the unreinforced FEM models can accurately assess the peak strength of the
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unreinforced masonry walls, and cracking patterns are successfully captured to reflect the

monotonic behaviour of the unreinforced masonry walls.

160 140
peak load=138.8KN
140 120
- peak load=106.8KN
Z 120 unreinforced z -k~
100 -7 A
% model M1 % L S ~- __ unreinforced
g 100 g L, model M2
= = 80 / :
— —_— ’
g 80 g ’
L /
5 £ 60 ’
~ 60 - /)
40 !
40 4
’
[
20 20 |
'
]
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
lateral displacement/mm lateral displacement/mm

(a) (b)

Figure 11. Numerical results of unreinforced masonry walls under monotonic loading:

(a) M1; (b) M2; (insert) cracking patterns.

4.2.2 Cyclic loading

In this section, the numerical results from the unreinforced model under cyclic loadings are verified
by the experimental results, in terms of hysteresis loop, degradation of stiffness and cracking
pattern. For the specimen W2, the experimental results, marked as ABC curve in Fig.12(b), are
regarded as invalid. Because at that time, the specimen was severely damaged with large
deformation, causing the reading of several LVDTs deviated to the extent that they are deemed as
unreliable. Comparisons of the hysteresis loop between the experimental and numerical results are
illustrated in Fig.12. A good agreement among hysteresis loop between the results of experiments
and simulation can be observed. And the trend of stiffness degradation is similar between
experimental and simulation results. For specimens W1 and W2, the loss of strength was relatively

more significant than that of the numerical models (M1 and M2) after the peak strength is reached.
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For the specimen W2, the positive peak strength and its corresponding displacement are
distinctively different from the negative ones, as shown in Fig.12 (b). It indicates that even for one
single wall, the mechanical properties of its two sides are not the same. The deviation is primarily
caused by the heterogeneity of masonry materials and possibly workmanship as well. That is one of
the reasons that the positive peak strength of the specimen W2 occurred much later than that of the
model M2, but the negative peak strength of W2 and M2 were achieved at the same displacement.
Another reason is the internal damage caused by hoisting and instalment of specimens during the

preparation stage.

150 100
---Wl1

100 50

50

-50
-50

Lateral load/KN
Lateral load/KN

100 -100

-150 -150
-6 -3 0 3 6 -6 -4 -2 0 2 4 6

lateral displacement/mm lateral displacement/mm

(a) (b)
Figure 12.Comparison of hysteresis loop: (a) W1 and M1; (b) W2 and M2; (insert) definition of

loading direction, “+” is the positive loading direction and “—“ is the negative loading direction.

To investigate the cracking progression, the cracking patterns of W2 and M2 at the key loading
stages are listed in Table 7. The left column (Table7 (1a)—(4a)) depicts the cracks on the specimen
W2, while the right column (Table7 (1b)-(4b)) presents the simulation results of M2. For the
specimen W2, the initial cracks were detected at the corners of the masonry wall when the lateral
loading of 55KN was loaded (as shown in Table 7 (2a)). Afterwards, cracks progressed from the
corners towards the centre, forming a diagonal cracking pattern. The specimen failed with

brittleness after reaching the peak strength at 3.04mm displacement. At ultimate displacement of
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3.71 mm, W2 fractured into four pieces and the maximum crack was up to 1-2 cm in width, as shown

418

in Table 7 (4a). In the case of the numerical model M2, cracks initiate from corners and continued to

419

develop to a diagonal pattern. Similar to experimental records, the diagonal cracks in numerical

420

4b). Therefore, the

(

model extend in width during the cyclic loading, as shown in Table 7(4a)-

421

unreinforced models proposed in this paper can accurately reflect the cyclic responses of the

422

unreinforced masonry walls.

423

Table 7 Cracking pattern of unreinforced masonry
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(3a)+A=3.04mm (+P—83.05KN) (3b)+A—=1.84 mm (+P—86.87KN)
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Note:A.,, Ar anda,, are the displacement at cracking initiation, peak state and ultimatestatétP.., P andp, are their

corresponding strength.

4.3 BFRP-reinforced FEM model

4.3.1 Monotonic loading

According to the Eurocode for masonry [46] and the Chinese code (GB50608-2010) [40], the shear
capacity of the FRP-reinforced masonry is the sum of two parts, i.e., the shear capacity of the

unreinforced masonry wall (V;,,,) plus the additional capacity provided directly by the FRP

reinforcement (V,, ¢):

V= Vu,m + Vu,f (4-2)

As a result of the interaction between the FRP strips and the masonry, 1, , is larger than the peak
strength of the corresponding unreinforced masonry wall (V,). According to the Chinese code
[40], V;, ;m herein is calculated by equation (4-3). The increase caused by the FRP-masonry interaction
is basically expressed by the value of the modified coefficient and the influence coefficient under
shear-compression load for the reinforced masonry walls (a, and u,) and the influence coefficient of

reinforcement 7.

Vu,m = (fy + nazuz09)A (4-3)
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To date a number of codes define the formulae to obtain the contribution of FRP reinforcement. Eq.
(4-4) from the Chinese standard [40] is adopted to assess V,, . Although studies [47] show that that
the Chinese standard has a relatively higher deviation, it is a developed code that takes the

reinforcement scheme into consideration.

n
Vu_f = ZEfod Z Afl COoSs 91' (4_4)

=1

where Cis the efficient coefficient of FRP reinforcement, set as 1.0 for the single cross layout [40]. Ef
and &¢4 represents the elastic modulus and effective strain of FRP strips (equals to efe/ye). Efe is the
effective strain of FRP strips. Due to that the kind of FRP material do not have significant influence
on the improvement of peak strength [47], &7, can be a fixed value, with 0.001 for unanchored FRP
strips and 0.0015 for anchored FRP strips [40]. ¥, accounts for the environmental influence; for the
BFRP reinforcement indoor, y,=1. A¢; account for the cross section area of masonry and FRP strips.
The angle between the FRP reinforcement and courses, 8, is 35° for BW1-1 and 42° for BW2-1. This
confirms what has been reported in previous studies that different configurations of FRP
reinforcement lead to different increase rates of masonry shear strength [3, 48]. Apart from the
shear capacity obtained from cross reinforcement, the horizontal FRP strips can obviously enhance
the shear capacity of masonry walls under monotonic loading, while far less contribution to the
shear capacity is assumed for the vertical FRP strips without anchors [3]. Therefore, in this case, V, ¢

is the sum of the cross and horizontal reinforcement, as listed in Table 6.

The numerical results,V., are 227.87KN for BM2-1 and 134.12KN for BM2-2. The corresponding ratio
of calculated and numerical results is 1.14 and 0.88, respectively. It indicates that the FRP-reinforced
models are almost in accordance with the Chinese code within an acceptable deviation. Considering

that many factors influence the accuracy of code calculation [47], the FRP-reinforced models in this
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paper can effectively assess the peak strength of the FRP reinforced masonry walls under monotonic

loadings.

4.3.2 Cyclic loading

The load-displacement envelope curves obtained by experiment and simulation are presented in
Fig.13. It can be observed that the simulation and experimental results have a good agreement with
each other. Fig.14 illustrates a similarity in cracking patterns between the BFRP-reinforced specimen
BW2-1 and numerical model BM2-1. Meanwhile, similar shear cracks are observed for the specimen
BW2-1 and the model BM2-1 within the unreinforced areas (Table 8 (4a) and (4b)), indicating that
the developed numerical models for BFRP-reinforced masonry can effectively reproduce the damage

progression in the FRP-reinforced masonry walls.

For the experiment studies on the FRP-reinforced masonry, the cracks under FRP strips are very
difficult to detect and monitor precisely. This drawback can be overcome by the FRP-reinforced
numerical model. The cracks underneath FRP in BM2-2 are presented from Table 8 (2b) to Table 8
(4b), where the damage progression under BFRP reinforcements is clearly captured. As shown in
Table 8 (2a)-(2b), the initial cracks in BW2-1 are accurately reproduced in BM2-1, but more cracks
emerge at the upper reinforced parts which are the undetected area in experiments. Furthermore,
by removing the FRP strips in the display of the modelling results, the cracking pattern under FRP
reinforcement can be revealed. Overall, the FRP-reinforced models can successfully reflect the

seismic behaviour and the cracking progression of the FRP-reinforced masonry walls.
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Figure 13. Hysteresis loop of BFRP-reinforced masonry: (a) W1 and M1; (b) W2 and M2; (insert)

definition of loading direction, “+” is the positive loading direction and “—“ is the negative loading

direction.

(a) (b)

Figure 14. Cracking pattern of the BFRP-reinforced masonry (BW1-1 and BM1-1): (a) displayed with

horizontal reinforcement; (b) displayed without horizontal reinforcement; (insert) zoomed-in images from

experiments at corresponding positions for comparisons.

Table 8 Cracking pattern of the BFRP-reinforced masonry walls (BW2-1 and BM2-1)
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strength and ultimate states (shown in Figure 15). According to Figure 15, when the reinforced
masonry wall reaches its peak strength state and ultimate state, the maximum stresses of the
diagonal FRP strips are approximately equal to 344 MPa and 378 MPa, respectively, which are both
far less than the typical tensile failure strength of BFRP. The finite element simulations also show that
the maximum stress of FRP strips increase progressively during the last few circles and the FRP strips

still work without failure.

fidard 5.13-1 - Mon Sep 29 07:52

0D
Scale Factor: +1,000e+00

(1) Peak strength state (2) Ultimate state

or: +1.000e+00

Figure 15. Maximum principal stresses in FRP

4.4 Assessment of FRP reinforcement

Since the late 1990s, a large number of experimental studies have been carried out to assess the
effectiveness of reinforcement [1-3]. With the help of numerical analysis, the reinforcing
effectiveness can be assessed or predicted in a general and economic way. In this section, the effects

of FRP reinforcement on masonry are analysed.

Table 9 illustrates a comparison between the ductility factors obtained from experiments and
simulations. The ductility factors are calculated according to Ref. [41]. Compared with the
unreinforced specimen W2 and numerical model M2, the ductility and resistance to cyclic load are
greatly improved for the BFRP-reinforced specimens BW2-1 and numerical models BM2-1 with
similar amplitude. It indicates that the FRP reinforcement with cross layout and vertical anchors can

effectively enhance the ductility of masonry walls and the numerical model can capture the
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development of ductility accurately. As shown in Table 9, the horizontal anchors have minimal
influence on the ductility capacity, although the FRP reinforcement with cross layout is adopted for
masonry walls. It is worth noting that the horizontal FRP anchored at the base of the masonry wall
causes high compressive stresses at the base corner. This indicates that the horizontal strips are hard
to slow down the shear-sliding effectively, which shows good agreement with the conclusions in Ref.
[49]. For the specimen BW1-1, the high compressive stresses causes the brittle fracture at ultimate,
including brick crushing at the corners and the de-bonding between BFRP and masonry. However,
the de-bonding behaviour is assumed to be neglected during simulations. That may be the reason

why, the development of ductility for the specimen BW1-1 is less than the numerical model BM1-1.

Table 9 ductility factors for the experiment specimens and numerical models

Specimen Pr (KN) H, (KN) d, (mm) d,, (mm) Uy A (%)
Experiment
W1 130.34 117.31 0.28 3.5 12.68
Group-A
BW1-1 168.14 151.33 0.49 6.7 13.75 8.42
W2 83.05 74.75 0.52 3.71 7.12
Group-B
BW2-1 117.63 105.87 0.71 8.53 11.99 68.32
Simulation
M1 111.55 100.39 1.06 3.5 3.32
Group-MA 191.48 172332  1.656 6.7 4.045 2195
BMI1-1
M2 86.87 78.19 1.05 3.71 3.54
Group-MB
BM2-1 114.54 103.09 1.31 7.43 5.66 59.96

Note: d, is the displacement at the idealised elastic limit; d,, is the maximum displacement for the idealised force-
displacement relationship for masonry; p,, is the ductility factor; Ais the improvement between unreinforced and

reinforced masonry walls.

For the unreinforced specimen W2, the cracking pattern was typically diagonal, while the shear

cracks in the BFRP-reinforced specimen BW2-1 were found in every unreinforced part. Besides, the
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lower part of BW2-1 was seriously damaged, but almost no crack was recorded at that part of W2.
The experimental observation illustrates that the FRP reinforcement develops the attribution of
cracks much more evenly, indicating that the BFRP reinforcement brings changes in the cracking
pattern. Similar changes in cracking pattern are also observed in the numerical results of the
unreinforced and FRP-reinforced models, M2 and BM2-1, (Table 7 and Table 8). In addition, in Table
8(4b), the BM2-1 has a wider diagonal cracking pattern than M2 and additional shear cracks are
observed in the unreinforced zones. Therefore, the developed models can reflect and assess the
effectiveness of FRP reinforcement on the masonry walls before and after reinforcement in terms of

cracking pattern.

5. Conclusions

This paper describes a new development in modelling the behaviour of the unreinforced and FRP-
reinforced masonry walls under monotonic and cyclic loading conditions. In the developed meso-
scale models, the element-based cohesive element is adopted to simulate mortar joints. Simulations
were conducted to evaluate the accuracy and effectiveness of the developed models under both
monotonic and cyclic loadings. The numerical results are analysed and compared with code and

experimental results. The conclusions are summarised as following:

(1) The unreinforced masonry specimens are effectively simulated by the developed models.
The cracking initiation takes place at the same time and positions; the similar diagonal
cracking pattern is also observed. Compared with experimental observations, the cracks in
simulation results are relatively wider and evenly distributed.

(2) The FRP-reinforced masonry models also produced similar cracking patterns observed in the
FRP-reinforced masonry experiments. Besides, the cracks under reinforcement can be clearly
displayed by removing the reinforcement in the display of the simulation results, but cannot

be observed directly in the lab tests. The developed models can provide more insights of the
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(4)

(6)

behaviour of FRP-reinforced masonry walls than experimental studies.

Under cyclic loadings, the seismic behaviours of the masonry before and after reinforcement
are effectively simulated by the developed models. Comparison between the experimental
and numerical results shows a close agreement of stiffness degradation and peak strength.
Based on the related codes, the calculated results of masonry walls are adopted to validate
the monotonic simulation. The simulations match the calculated results accurately.

The unreinforced masonry models successfully capture the feature of brittleness for the
unreinforced masonry walls. After installing with FRP strips, the reinforced masonry models
improve the ductility as well as the seismic resistance of the wall. By comparing with the
experimental results, the numerical simulation is verified to have the capacity to assess the
effect of FRP reinforcement. Therefore, the developed models are applicable to predict the
reinforcement effects.

With the built-in constitutive material model in ABAQUS, the element-based cohesive
element can effectively reflect the damage progression and the nonlinear behaviour of at
mortar joints.

The convergence studies on mesh density and penalty stiffness indicate that the proposed
models are moderately sensitive under monotonic and cyclic loadings. Thus, the numerical

models with cohesive elements are able to overcome the convergence and stability problem.

Although the developed models have been proved to be efficient and accurate for the cases
studied, more work still needs to be carried out for improvement. A perfect adhesion
between FRP and masonry was assumed in the current model, and as a result a significant
loss of strength after reaching the peak value is observed in the simulations of FRP reinforced
cases. Thus, the fracture caused by de-bonding and slipping between FRP and masonry need
to be considered in future models. Another improvement can be made by considering the

cracks within bricks.
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