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Abstract: This paper describes the development of Finite Element (FE) models for the study of the 7 

behaviour of unreinforced and Basalt Fibre Reinforced Polymer (BFRP) externally reinforced masonry 8 

walls under the action of in-plane seismic loading. Validated against experimental tests, the FE 9 

models were used to accurately predict the shear strength and reflect damage progression in multi-10 

leaf masonry walls under in-plane cyclic loading, including the propagation of cracks beneath the 11 

BFRP reinforcement. The models have the potential to be used in practice to predict the behaviour 12 

and shear capacity of unreinforced and FRP-reinforced masonry walls.  13 

Key words:  Masonry walls; FRP; FE modelling; Cohesive element; Seismic performance; Shear 14 

capacity 15 

1. Introduction 16 

In the past few decades, the use of fibre reinforced polymers (FRP) to strengthen masonry structures 17 

has become increasingly popular. Experimental studies have shown that FRP strengthening 18 

technology can enhance the shear resistance and seismic capacity of masonry structures [1-4]. Of 19 

the different types of FRP that have been used to strengthen existing structures, basalt fibre 20 

reinforced polymer (BFRP) has proved to be one of the most cost effective [4, 5].  21 
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The mechanical behaviour of masonry is much more complex than that of concrete and steel, largely 22 

because masonry consists of two distinct components, namely the masonry units and the mortar 23 

joints as shown in Fig.1 (a). As a result masonry structures are inhomogeneous containing many 24 

discontinuities. This partly explains why, in experimental studies, the results from the testing of two 25 

identically built masonry walls are not identical [6]. The degree of complexity is heightened further 26 

by the inherent variations in the materials and variations in workmanship. Further difficulties exist 27 

when testing masonry structures in the laboratory such as the accurate detection and monitoring of 28 

cracks and their propagation beneath and around external reinforcement. Computational modelling 29 

technology provides a valid and useful alternative to experimental studies. To date, numerical 30 

models have been developed based on different theories such as the Finite Element Method (FEM) 31 

[7-22] and the Distinct and Discrete Element Methods (DEM) [11, 23-25]. Of these, FEM-based 32 

models and software are the most popular and widely available. FEM modelling strategies can be 33 

broadly classified into three categories [22]: micro-scale, meso-scale and macro-scale modelling. 34 

   

(a) (b) (c) 

Figure 1.Modelling of masonry: (a) real masonry; (b) meso- scale modelling with interfaces; (c) meso- 35 

scale modelling with springs. 36 

Macro-scale modelling regards all the components of masonry as a single continuum in which solid 37 

elements or shell elements are widely adopted [7-12]. The constitutive material models are initially 38 

simplified to be homogeneous and isotropic and concrete damage plasticity and concrete smeared 39 

cracking are commonly used [10-12]. Some researchers have attempted to adapt the constitutive 40 

material models to represent the orthotropic feature of masonry. In the modelling by Dhanasekar 41 

and Haider [9], the material properties of head (perpend) and bed joints are considered separately. 42 
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Alternatively, with the use of homogenisation technology, a series of material models have been 43 

developed where the behaviour of masonry is expressed by macro or average stresses and strains. 44 

This concept was originally proposed by Lourenço in 2002 and was subsequently validated under 45 

various loading conditions [13-15]. Essentially, because of the reduced computational cost and 46 

material parameters, macro-scale modelling is suitable for large-scale structural analysis. However, 47 

macro modelling does not always simulate some important mechanical behaviour of the interfaces 48 

between the masonry units and the mortar and it fails to capture the cracking pattern in mortar 49 

directly. 50 

Unlike macro-scale modelling, the masonry units, mortar joints and the unit-mortar interfaces are 51 

considered separately in micro-scale modelling. In this case, the masonry units and mortar are 52 

modelled with real thickness and are assigned corresponding material properties, while zero 53 

thickness unit-mortar interfaces are sandwiched between the masonry units and the mortar. With 54 

the assumption that the interface is a mixture of units and mortar, Rekik and Lebon [16] used an 55 

homogenisation approach to obtain the mechanical properties of the unit-mortar interface. 56 

Although this approach seems to be straightforward, the large number of elements used in the 57 

analysis requires the use of extensive computational resources. Also, the material properties of the 58 

unit-mortar interfaces are difficult to measure experimentally which creates difficulties when 59 

validating the complete model. Therefore, with micro-scale models it is often assumed that the 60 

masonry units and/or the mortar joints remain elastic, which tends to mean that the modelling 61 

strategy can only be used for small masonry specimens such as masonry shear triplets [12, 16]. 62 

Meso-scale models are routinely termed simplified micro-scale models. Similar to micro-scale 63 

models, they can provide an insight into damage evolution in masonry. However, without the 64 

masonry unit-mortar interface, the distinction between failure occurring at the unit-mortar interface 65 

and within the mortar will be lost. Meso-scale modelling only allows cracks to initiate in the mortar 66 

joints and to propagate along the well-defined pattern of lines. This modelling method is based on 67 
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observations from the experimental testing of masonry [26] and has been proved to be effective for 68 

modelling some large elements of masonry construction [17, 18]. 69 

Meso-scale models can be divided into two groups; those that take into account de-bonding or slip 70 

failures that occur between the masonry units and the mortar joints and those that do not. The 71 

former can be achieved by coupling the coordination of nodes in the units and mortar joints in all 72 

degrees [19], while the latter models normally use contact or some special-purpose elements 73 

(interface elements, springs, etc.) to replace the mortar [17, 18, 20-22]. In the case of interface 74 

elements or contacts, the masonry units are expanded in size by a half mortar joint thickness to 75 

create a new component while the mortar joints are simplified as zero-thickness interface elements 76 

or contacts (Fig1(b)). Alternatively, as shown in Fig.1(c), the masonry units are assigned their real 77 

geometry and the distance between them represents the thickness of the mortar joints in real 78 

construction [20]. It is also common to simulate the units using deformable solid elements when 79 

interface elements or contacts are applied, while springs are used in conjunction with rigid elements 80 

for bricks. Hence, it is evident that not all meso-scale models are the same.   81 

ABAQUS finite element software provides several kinds of interface elements including cohesive 82 

elements which are used widely to simulate de-bonding or sliding [27]. Cohesive elements can be 83 

classified as element-based cohesive elements and surface-based cohesive elements, both of which 84 

can reproduce the behaviour of mortar joints. In Ref. [22], element-based cohesive elements are 85 

assigned with a user-defined constitutive model to represent the cyclic behaviour of mortar; the 86 

unreinforced masonry models are validated under monotonic and cyclic loadings. The model in Ref. 87 

[21] is set up with surface-based cohesive elements, but is only validated under monotonic loading. 88 

Similar to a contact model, the material properties of surface-based cohesive elements are specified 89 

as interaction features and the status of closure or opening between elements is checked at the 90 

beginning of each step in the applied load. As a result, models using surface-based cohesive 91 

elements tend to have a high risk of convergence problems and require larger computational 92 
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resources, especially under cyclic load simulations. For these reasons, the element-based cohesive 93 

element is used for the modelling of masonry subjected to both monotonic and cyclic loading 94 

described in this paper.  95 

Although 2-D models are widely adopted for single leaf masonry wall construction [11, 16, 28, 29],  96 

3-D models using non-linear analysis are preferred for masonry with more complex arrangements of 97 

masonry units. Until relatively recently, a great deal of research effort has been devoted to the study 98 

of single-leaf masonry, whereas numerical studies of the behaviour of multi-leaf walls and other 99 

more complex forms of construction is less common. More complex forms of masonry are usually 100 

analysed using either FEM or a 3-D FE kinematic limit analysis. The model proposed by Burnett et al  101 

[17] is applied to masonry walls using contact in LS-DYNA. In Ref. [20] using non-linear spring 102 

elements to represent mortar joints, meso-scale models of masonry walls are used in ABAQUS. In 103 

the model developed by Macorini and Izzuddin [30], novel 2-D interface elements and 3-D solid 104 

elements are used to account for different masonry unit arrangements. These models, validated 105 

under monotonic loading, permit the study of masonry walls with complex geometry and unit 106 

bonding patterns. However, due to the high computational demand and a lack of a suitable 107 

representative constitutive material model for unloading and reloading, few models of this type 108 

have been validated under cyclic load conditions. 109 

In this paper, a meso-scale masonry model is developed in ABAQUS with element-based cohesive 110 

element to simulate both unreinforced and FRP-strengthened masonry walls subjected to 111 

monotonic and cyclic loading. In Section 2, the unreinforced and FRP-reinforced numerical models 112 

with cohesive elements are described and the material constitutive model for cohesive elements is 113 

explained. The laboratory testing of full-scale unreinforced walls and walls with externally bonded 114 

BFRP reinforcement under cyclic loading is described in Section 3. Section 4 describes convergence 115 

studies, the model validation and then the monotonic and cyclic load simulations. The results from 116 

the computational model are discussed and compared with the experimental results and the 117 
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guidance provided in the Chinese and European codes for masonry [39, 46]. The principal 118 

conclusions from the research are presented in Section 5. 119 

2. Description of the finite element model 120 

2.1 Finite element model for unreinforced masonry 121 

In the unreinforced masonry model, the bricks and mortar are simulated by two elements: solid 122 

elements for grouƉƐ Žƌ ͞ďůŽĐŬƐ͟ ŽĨ masonry units and element-based cohesive elements with zero 123 

thickness for the mortar, as shown in Fig.1 (b). The element-based cohesive elements are, hereafter, 124 

referred to for convenience as cohesive elements. ABAQUS provides three methods to create 125 

cohesive elements. Of these, the authors selected the share node method as it is relatively simple to 126 

implement. It should be noted that this method requires the use of cohesive elements with the 127 

same mesh density as their surrounding elements. The process to build a multi-leaf masonry model 128 

is listed as follows: 129 

(1) Create a part of the structure to be modelled with the same geometry as its prototype, in this 130 

case an area of multi-leaf masonry construction. 131 

(2) Mesh the part referred to above and transfer it to be an orphan part taking care to ensure that 132 

the layout of the mortar joints should be representative of the full structure as the subsequently 133 

created cohesive elements are based on the initial mesh.  134 

(3) Insert the cohesive elements into the region of mortar joints. Take a multi-leaf masonry block 135 

where each masonry unit is meshed, for example the blocks shown in Figure 2(a) which are 4 bricks 136 

long x 2 bricks wide x 1 brick high. The brick bonding pattern shown is typical of that used in China 137 

for multi-leaf brick masonry walls. Each brick is 250mm x 125mm x 63mm in size laid in 10mm thick 138 

mortar joints. The thickness of the cohesive elements, exaggerated in Fig.2 for clarity, is zero. The 139 

points of intersection of the cohesive elements along different directions were treated as voids 140 
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(triangular and rectangular voids in Fig.2 (c) and triangular and quadrangular prisms in Fig.2 (b)), to 141 

permit co-ordination of the deformation between the cohesive elements and the adjacent solid 142 

elements. As the thickness of the cohesive elements is zero, the voids are infinitely small and would, 143 

therefore, not have a significant effect on the stiffness of the cohesive elements. It is recommended 144 

that the cohesive elements in the xoz plane and the xoy plane be generated in sequence. The others 145 

can then be created in the yoz plane, as shown in Fig.2 (b). Alternatively, a subroutine compiled in 146 

Matlab can be adopted to generate cohesive elements in all directions at once, as described in Ref. 147 

[31].  148 

  

;ĂͿ  ;ďͿ  

 

 

;ĐͿ  ;ĚͿ 

Figure 2. Meso-scale modelling of multi-leaf masonry: (a) multi-leaf masonry sample; (b) mortar 149 

joints; (c) side elevation of multi-leaf masonry sample; (d) legend. Note the FE mesh is depicted by 150 

dashed lines. 151 

2.2 FRP-reinforced finite element model 152 

The FRP-reinforced masonry model is based on the unreinforced masonry model described in 153 

section 2.1. Considering the thickness of FRP is typically around 0.15-0.3 mm, FRP strips are 154 

simulated by shell elements. Assuming that there is full bond (or adhesion) between the surface of 155 

 ŚĞĂĚ ;ƉĞƌƉĞŶĚͿ ũŽŝŶƚ ;ǇŽǌ ƉůĂŶĞͿ 
 ŚĞĂĚ ;ƉĞƌƉĞŶĚͿ ũŽŝŶƚ ;ǆŽǇ ƉůĂŶĞͿ 
    ďĞĚ ũŽŝŶƚ ;ǆŽǌ ƉůĂŶĞͿ 
 ƵŶŝƚ ;ϮϱϬ ŵŵ ൈϭϮϱ ŵŵ ൈ ϲϯ ŵŵͿ 

void 

void 

void 
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the masonry and the FRP, the FRP strips in the model are considered to be tied directly to the 156 

masonry. 157 

2.3 Constitutive models 158 

2.3.1 Constitutive behaviour of mortar joints 159 

Cohesive elements in ABAQUS were developed originally with the aim of modelling adhesives, 160 

bonded interfaces, gaskets and rock fracture [32]. Constitutive material models described in 161 

ABAQUS are based on a continuum description for adhesives, a traction-separation description for 162 

the bonded interfaces, or a uniaxial stress state which is appropriate for modelling gaskets or 163 

laterally unconstrained adhesive patches. For different modelling purposes, cohesive elements are 164 

assigned with corresponding material constitutive laws. For instance, when the cohesive element 165 

represents an adhesive material with a finite thickness, the use of continuum macroscopic 166 

properties (such as the modulus of elasticity) is recommended. To reproduce tensile/shear fracture 167 

in mortar joints, the behaviour of the zero-thickness cohesive elements is expressed by the 168 

relationship of traction versus separation. The traction-separation law is commonly used to simulate 169 

sliding or delamination at the interface and can reflect the damage progression of the cohesive 170 

element under cyclic loading.  171 

The nominal traction stress vector (ݐ) consists of three components: the normal stress vector (ݐ) 172 

and shear stress vector along s- and t- directions (ݐ௦ and ݐ௧), representing normal traction and two 173 

shear tractions, respectively. Normal traction is assessed with different rules for tension and 174 

compression vectors. With the assumption that the cohesive element is free from damage under 175 

pure compression, the compressive traction is assumed to remain elastic throughout the numerical 176 

analysis, while the tensile traction, the same as other two shear tractions, is initially defined with 177 

linear elastic behaviour, followed by damage evolution behaviour after damage initiation. For 178 

clarification purposes it is useful to think of the zero-thickness cohesive element as being composed 179 

of two faces, namely the top face and the bottom face. The relative motion of those faces represents 180 
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the opening or closing of the cohesive element along the thickness direction, expressed by the 181 

spatial displacement of cohesive element (ߜ, ߜ௦ and ߜ௧). The effective displacement ߜ can be 182 

defined by [32]: 183 

ߜ ൌ ටߜۃۄଶ  ௦ଶߜ  ௧ଶߜ
 ;Ϯ-ϭͿ 

where ۃ  is the Macaulay bracket, which is defined as below: 184 ۄ

ۄݔۃ ൌ ቄെݔǡ ݔ ൏ Ͳݔǡ ݔ  Ͳ ;Ϯ-ϮͿ 

It is also necessary to specify the constitutive thickness. It is not appropriate to define an actual 185 

thickness of the cohesive element as the constitutive thickness as the use of an infinitesimally small 186 

value causes the stiffness per unit length to be infinity. In this paper, the constitutive thickness is set 187 

as 1.0 in order to keep the nominal strains equal to the corresponding separations. 188 

The traction-separation law involves three criteria in ABAQUS: linear elastic behaviour, a damage 189 

initiation criterion and a damage evolution law. Prior to damage initiation, the traction-separation 190 

model assumes initially linear elastic behaviour, expressed by equation (2-3) [32]. As coupled 191 

behaviour is not considered in this paper, the off-diagonal terms in the elasticity matrix, t, are set to 192 

zero. 193 

ݐ ൌ ൝ݐݐ௦ݐ௧ ൡ ൌ ܭ ௦ܭ ௦ܭ௧ܭ ௦௦ܭ ௧ܭ௦௧ܭ ௦௧ܭ ௧௧ܭ ൩ ൝ߝߝ௦ߝ௧ ൡ ൌ  (2-3) ߝܭ

The stiffness, K, can be regard as a penalty parameter. Basically, this penalty stiffness should be large 194 

enough to avoid penetrations of the adjacent surrounding elements under compression. However, a 195 

very large stiffness may result in the ill-conditioning of the elements. It is recommended that the 196 

penalty stiffness be calibrated by comparing experiments with simulations [31, 33] or it should be 197 

estimated using empirical formulae [34]. The influence of the penalty stiffness on the simulation 198 

results is discussed in Section 4.1. 199 
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Once the stress and/or strains of a material point satisfy the specified damage initiation criteria, 200 

degradation is triggered and the subsequent behaviour of the material will be determined by the 201 

damage evolution law. The quadratic nominal stress criterion in ABAQUS is adopted as the damage 202 

initiation criteria in this paper, while the evolution law is expressed by fracture energy with linear 203 

softening. The scalar damage variable, D, is introduced to represent damage progression. D evolves 204 

from 0 at damage initiation and monotonically increases up to ܦ௫ (1), where the elements are 205 

considered to be fully damaged. Thus, with proper damage initiation criteria, cohesive elements can 206 

be used to reproduce crack initiation and progression in the mortar joints in a masonry assemblage. 207 

Even after D reaches  ܦ௫ it is important to retain the cohesive elements in the model otherwise 208 

ABAQUS will delete the fully damaged elements by default and they will no longer be available to 209 

resist any subsequent penetration of the surrounding elements.  210 

2.3.2 Constitutive behaviour of units and FRP 211 

The concrete damage plasticity (CDP) model is selected to simulate the non-linear behaviour of the 212 

masonry blocks. This approach can be used to effectively model two typical failure mechanisms, 213 

namely tensile fracture and compressive crushing, and also to capture the degradation of the 214 

material in cyclic load simulations. The compressive and tensile stress-strain relationships are 215 

formulated by equations (2-4) and (2-5). These formulations were originally used for masonry and, in 216 

the model described in this paper, are applied for the blocks [21] which are composed of masonry 217 

units and mortar joints (as explained in Section 1). The compression constitutive model is deduced 218 

from the compression testing of a large number of masonry assemblages [35], while the tensile 219 

stress-strain relationship is modified from the design code for concrete and has been verified to be 220 

suitable for masonry [36].  221 

ߪ݂ ൌ ݄ͳ  ሺ݄ െ ͳሻሺߝȀߝሻȀሺିଵሻ   (2-4)ߝߝ



11 

 

۔ۖەۖ
ۓ ௧ߪ݂ ൌ ൬ ௧൰ߝߝ ߝ                                                 ௧ൗߝ  ͳ݂ߪ௧ ൌ ቌ ߝ ߝ௧ൗʹ൫ߝ ௧ൗߝ െ ͳ൯ଵǤ  ߝ ௧ൗߝ ቍ ߝ          ௧ൗߝ  ͳ            (2-5) 

Where ݂ and ௧݂ represent the compressive and tensile strength of masonry respectively, ߝ and 222 ߝ௧are the corresponding strains. The compressive factor, h, is set as 1.633 by default. Damage 223 

parameters (݀௧, ݀) are calculated from eq. (2-6) which is based on the Energy Equivalence Principle 224 

[37]. This equation assumes that the residual elastic energy caused by stress in the damaged 225 

material can be evaluated using the same relationship used for the undamaged material. 226 

݀ ൌ ͳ െ ඥߪ Τߝܧ  (Ϯ-ϲͿ 

where ܧ is the initial stiffness. 227 

In the property modulus of ABAQUS, the viscosity parameter is set as 0.001, and the other plasticity 228 

factor is set by default. The FRP is assumed to be orthotropic and is characterised by the behaviour 229 

of lamina which are assumed to remain elastic. Fracture and delamination failure of the FRP are not 230 

considered in this paper.  231 

3. Description of cyclic tests of masonry walls 232 

Cyclic load-testing of full-scale brick masonry wall panels reinforced with surface-mounted BFRP 233 

strips was carried out in the laboratory at Wuhan University to study the seismic responses of BFRP-234 

reinforced masonry. With identical geometry and materials, the referred specimens are divided into 235 

two groups: Group-A with W1 and BW1-1, and Group-B with W2 and BW2-1. The details and 236 

configuration of specimens are illustrated in Table 1 and Fig.3. As shown in Fig.3, each specimen 237 

consists of three parts: multi-leaf masonry wall, cap beam and base beam. The brick arrangement of 238 

the multi-leaf masonry wall is commonly used in China. All the multi-leaf masonry walls were 239 

constructed by brick (also called as ͚fired common brick͛ in China) with typical size of 240 mmൈ115 240 

mmൈ53 mm (LൈBൈH) and 10mm thickness cement mortar. Both cap beam and base beam are made 241 
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of concrete and installed together with multi-leaf masonry part by using epoxy mortar. The epoxy 242 

mortar used has extremely high bond strength so that the horizontal loadings applied on beams 243 

would be transferred to masonry parts effectively. Material properties of masonry unit and mortar 244 

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

The unidirectional basalt fibres were adopted for reinforcement, and the reinforcement schemes are 246 

shown in Fig.3. The BFRP with the width of 300 mm for BW1-1 and 200 mm for BW2-1 was installed 247 

on both side of the wall with cross layout. The horizontally and vertically BFRP strips are attached for 248 

BW1-1 and BW2-1, respectively. The material properties of BFRP were measured according to the 249 

GB/T3354-1999 [38]: density=330 g/m2; tensile strength=1350 MPa; elastic modulus=96 GPa; 250 

ultimate tensile strain=2.6 %. 251 

TĂďůĞ ϭ DĞƚĂŝůƐ ŽĨ ƚŚĞ ƚĞƐƚ ƐƉĞĐŝŵĞŶƐ 252 

Specimen Dimension (mm) ܧ  (MPa) ݂ (MPa) ݂ǡ  (MPa) ݂ǡ  (MPa) 

Group-A 
W1 1500ൈ1000ൈ240 1807 2.46 11.53 5.38 

BW1-1 1500ൈ1000ൈ240 1807 2.46 11.53 5.38 

Group-B 
W2 1100ൈ1000ൈ240 2400 2.56 11.53 6.23 

BW2-1 1100ൈ1000ൈ240 2400 2.56 11.53 6.23 

Note: ܧ is the modulus of elasticity of masonry; ݂, ݂ ǡ and ݂ǡ are the average compressive strength of masonry, brick 253 

and mortar, respectively.  254 

  

(a) (b) 
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(c) (d) 

Figure 3.Configurations of specimens: (a) W1; (b) BW1-1; (c) W2; (d) BW1-1. 255 

 

(a) 

  

(b) 

Figure 4. Test procedure: (a) test setup; (b) loading scheme 256 
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The test setup is shown in Fig.4 (a). The base beam was constrained by four screws in vertical 257 

direction and two jacks in lateral direction. In order to keep compressive loadings uniform and 258 

vertical, steel rollers were placed between cap beam and transfer beam with equal distances. In 259 

addition, rollers were cleaned and polished to eliminate the influence of friction. All specimens were 260 

then subjected to a combination of compressive and cyclic lateral loading up to failure. Before the 261 

application of the lateral loadings, compressive loadings (namely pre-compression) were firstly 262 

applied with value of 0.72 MPa for Group A (W1 and BW1-1) and 1.20 MPa for Group B (W2 and 263 

BW2-1), and maintained constantly towards the end of the test. During the test, the cyclic lateral 264 

loadings were controlled by force initially and by displacement after cracking occurred. The 265 

displacement at cracking initiation is set as οୡ୰, and the identical lateral loading scheme for the in-266 

plane cyclic tests is depicted in Fig.4 (b). The test was stopped when the lateral bearing capacity of 267 

the specimen declined to 15% of its peak strength, or the specimen was severely damaged and not 268 

capable of standing any further load. 269 

4. Validation of the FEM model 270 

In this section, the developed numerical models are validated by the aforementioned masonry 271 

specimens. Firstly, the influences of numerical parameters, including mesh density and penalty 272 

stiffness of cohesive elements, are investigated in Section 4.1, where cyclic and monotonic loading 273 

cases are discussed. The unreinforced models (M1 and M2) are constructed with the same geometry, 274 

brick arrangement and material properties as the specimens W1 and W2, respectively. Those two 275 

models are subjected to monotonic and cyclic loadings in Section 4.2 to assess the shear capacity 276 

and aseismic performance of the unreinforced/reinforced masonry walls. Furthermore, according to 277 

the BFRP-reinforced specimens (BW1-1 and BW2-1), the BFRP-reinforced models (BM1-1 and BM2-278 

1) are assembled and implemented under monotonic and cyclic loadings in Section 4.2. Similar to 279 

Group-A and Group-B, M1 and BM1-1 are grouped as Group-MA, while M2 and BM2-1 are classified 280 
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as Group-MB. According to the studies in Section 4.1, for Group-MA and Group-MB, each unit are 281 

meshed by 4×2×2 (L×B×H); the value of penalty stiffness is set as 5×105 N/mm3. 282 

All the numerical models are simplified into two parts: masonry wall and concrete cap beam. The 283 

bottom faces of masonry walls are fixed, while vertical and horizontal loads are applied on concrete 284 

cap beam. The compressive pressures of 0.72 MPa and 1.2 MPa, used in cyclic tests, are applied to 285 

Group-MA and Group-MB respectively. By referring to the loading process used in the cyclic tests, 286 

the compression is firstly loaded which keeps constant in the subsequent simulation, and then the 287 

horizontal displacements are introduced on one side of the cap beam. In every numerical model, the 288 

horizontal loading mode is the only numerical parameter modified in the monotonic and cyclic 289 

simulation. For the monotonic validation, the maximum displacements recorded in tests are loaded 290 

for the corresponding numerical models. The tests in Section 3 are mainly focused on the cyclic 291 

behaviour of FRP-reinforced and unreinforced masonry walls, the monotonic behaviour of masonry 292 

models was verified against existing research achievements as discussed later in Section 4.2.1, e.g. 293 

the crack patterns agreed well with those reported in [3] and the shear strength of masonry 294 

wall agreed with the calculated value using the Chinese Code [39], which has been verified 295 

practically to calculate masonry shear strength in [47]. To verify the numerical models under 296 

cyclic loadings, the cyclic loading protocols recorded during tests are applied in the corresponding 297 

numerical models. In order to save computational resources, the displacement-time loops are only 298 

loaded once, rather than twice in tests. This is based on the assumption that the cyclic degradation 299 

at the same lateral displacement is minimum, which is validated by the comparison of hysteresis 300 

loops from experimental tests and ABAQUS modelling. The cyclic loading protocols for the 301 

unreinforced models M1 and M2 are depicted in Fig.5.  302 
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 303 

Figure 5. Cyclic displacement applied on the numerical models. 304 

The numerical models under cyclic loadings are validated with the cyclic experimental results, while 305 

the modelling results for monotonic loading cases are verified by the related cases in codes 306 

(GB50003-2001 [39] and GB50608-2010[40]). It is important to mention that testing procedure plays 307 

an significant role on the behaviour of masonry structures [41]. For example, the shear resistance of 308 

masonry walls under cyclic loadings is about 10% lower than the one under monotonic loadings [42]. 309 

Therefore, in terms of monotonic validation, the calculations based on codes are more applicable 310 

than the skeleton curves obtained in cyclic tests. 311 

Under the assumption that the cap beam does not undergo any damage, it is assigned with an elastic 312 

behaviour. The material parameters for masonry units and mortar joints are listed in Table 1 and 313 

Table 2. Note that it is hard to obtain the fracture energies of mortar joints in traditional property 314 

tests, and different values of fracture energies are used in references (for example, ref. [1], ref. [16] 315 

and ref. [19]). Therefore, with reference to those reported values the fracture energies in Table 2 316 

were determined by comparing the results of failure strength between standard compressive/shear 317 

test specimens and the corresponding numerical models. Mortar joints herein are assumed to be 318 

isotropic in the first and second shear directions. Basalt Fibre was measured as 0.1 mm thickness, 319 
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and after grouted with resin it was combined to become FRP with 0.2 mm thickness. The FRP 320 

material parameters are listed in Table 3. 321 

TĂďůĞ Ϯ MĂƚĞƌŝĂů ƉĂƌĂŵĞƚĞƌƐ ĨŽƌ ŵŽƌƚĂƌ ũŽŝŶƚƐ 322 

Material parameter Group-MA Group-MB 

normal stiffness ܧǡ/(N/mm3) 5×105 5×105 

shear stiffness ܧ௦ǡ/(N/mm3) 5×105 5×105 

normal strength ௧݂ǡ/MPa 0.13 0.15 

shear strength ௦݂ǡ/MPa 0.75 0.55 

Model ĉfracture energy ܩǡĉ /(mJ/mm2) 0.09 0.065 

ModelĊfracture energy ܩǡĊ /(mJ/mm2) 1.126 0.91 

 323 

TĂďůĞ ϯ MĞĐŚĂŶŝĐĂů ƉƌŽƉĞƌƚŝĞƐ ŽĨ F‘P 324 

Property Value Notes 

Longitudinal modulus ܧଵ (GPa) 96  obtained from property tests 

Transverse modulus ܧଶ (MPa) 8270  obtained from [43] 

shear modulus ܩଵଶ (MPa) 5419 obtained from [44] 

Major Poisson's ratio ߥଵଶ 0.22 obtained from [45] 

Thickness in average ݐ(mm) 0.2 obtained from property tests 

 325 

Considering that the penalty stiffness and fracture energies of mortar joints are hard to measure 326 

directly, those parameters (in Table1) are determined by comparing the results of 327 

compressive/shear masonry strength between standard compression/shear tests and the 328 

corresponding ABAQUS models (as shown in Fig.6 and Fig.7, respectively). According to the Chinese 329 

Code, those masonry compress/shear standard test specimens were built to detect the 330 

compression/shear strength of masonry. As shown in Table 4 and Table 5, those sample ABAQUS 331 
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models can well reflect the compression and shear strength of the masonry standard 332 

compression/shear test specimens. 333 

   
;ϭͿ ĐŽŵƉƌĞƐƐŝŽŶ ƚĞƐƚ ƐƉĞĐŝŵĞŶ ;ϮͿ ŶƵŵĞƌŝĐĂů ŵŽĚĞů ;ƌŝŐŚƚ͗ ŽŶůǇ ŵŽƌƚĂƌ ůĂǇĞƌƐ ĚŝƐƉůĂǇĞĚͿ 

Figure 6. Standard compression test of masonry specimens 334 

   
;ϭͿ ƐŚĞĂƌ ƚĞƐƚ ƐƉĞĐŝŵĞŶ ;ϮͿ ŶƵŵĞƌŝĐĂů ŵŽĚĞů ;ƌŝŐŚƚ͗ ŽŶůǇ ŵŽƌƚĂƌ ůĂǇĞƌƐ ĚŝƐƉůĂǇĞĚͿ 

Figure 7. Standard shear test of masonry specimens 335 

 336 

 337 

TĂďůĞ ϰ͘ CŽŵƉĂƌŝƐŽŶ ŽĨ ŵĂƐŽŶƌǇ ĐŽŵƉƌĞƐƐŝǀĞ ƐƚƌĞŶŐƚŚ 338 

MĂƐŽŶƌǇ ƐƉĞĐŝŵĞŶ TĞƐƚ ƌĞƐƵůƚƐ NƵŵĞƌŝĐĂů ƌĞƐƵůƚƐ DŝĨĨĞƌĞŶĐĞ 

GƌŽƵƉ-A Ϯ͘ϰϲ MPĂ Ϯ͘ϱϱ MPĂ ϯ͘ϳϳй 

GƌŽƵƉ-B Ϯ͘ϱϲ MPĂ Ϯ͘ϲϵ MPĂ ϱ͘Ϯϰй 

 339 

TĂďůĞ 5. CŽŵƉĂƌŝƐŽŶ ŽĨ ŵĂƐŽŶƌǇ ƐŚĞĂƌ ƐƚƌĞŶŐƚŚ 340 

MĂƐŽŶƌǇ ƐƉĞĐŝŵĞŶ TĞƐƚ ƌĞƐƵůƚƐ TĞƐƚ ƌĞƐƵůƚƐ DŝĨĨĞƌĞŶĐĞ 

GƌŽƵƉ-A Ϭ͘Ϯϵ MPƐ Ϭ͘Ϯϳ MPĂ ϲ͘Ϯϯй 

GƌŽƵƉ-B Ϭ͘ϯϭ MPĂ Ϭ͘ϯϰ MPĂ ϴ͘ϵϳй 

 341 
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4.1 Convergence study 342 

4.1.1 Influence of mesh density 343 

The unreinforced model M2 is used as a benchmark for mesh sensitivity study. The units are meshed 344 

as 4×1×1, 4×2×1, 4×2×2, 8×2×2 and 8×4×2 (L×B×H), respectively. Those models were tested under 345 

cyclic and monotonic loadings, and a comparison of simulation results are depicted in Fig.8. Except 346 

for the case of 4×1×1 (the coarsest mesh size), the difference between cases is not significant and 347 

mainly occurred at the last loading cycle. It is illustrated that the numerical model in this paper is less 348 

sensitive when the mesh density along the width is larger than two. In order to save computer 349 

resource while still maintain the accuracy of the model, the mesh size (4×2×2) is adopted.  350 

  

;ĂͿ ;ďͿ 

Figure 8. Influence of mesh density in the unreinforced numerical model: (a) cyclic; (b) monotonic. 351 

4.1.2 Influence of penalty stiffness 352 

As referred in Section 2.3.1, the influence of penalty stiffness on cohesive elements was assessed. 353 

Take the unreinforced model M2 and the BFRP-unreinforced model MB2-1 as example and set the 354 

meshed size as 4×2×2 for each unit. The interface stiffness was factored by 0.1, 0.05 and 10 (i.e. 355 

5×104 N/mm3, 2.5×104 N/mm3 and 5×106 N/mm3), with the reference value of 5×105 N/mm3 (factor 356 

is 1.0). The simulation results are compared in Fig.9 and Fig.10. 357 
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Except for the case of the smallest penalty stiffness (2.5×104 N/mm3) under cyclic loadings, the 358 

unreinforced model is almost insensitive to penalty stiffness under cyclic and monotonic loadings, as 359 

shown in Fig.9. In Fig.10, for the BFRP-reinforced model, the influence of penalty stiffness is 360 

negligible in cyclic case and is small in the monotonic case. Overall, penalty stiffness does not play a 361 

significant role on both unreinforced and FRP-reinforced numerical models when models are under 362 

cyclic and monotonic loadings. Only the smallest penalty stiffness causes the deterioration of 363 

cohesive elements and a sudden loss of strength, so the value of penalty stiffness is recommended 364 

to be larger than 2.5×104 N/mm3. Accordingly, 5×105 N/mm3 is used for penalty stiffness. 365 

  

;ĂͿ ;ďͿ 

Figure 9. Influence of penalty stiffness for the unreinforced numerical model: (a) cyclic; (b) 366 

monotonic 367 
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;ĂͿ ;ďͿ 

Figure 10. Influence of penalty stiffness in the BFRP-reinforced numerical model: (a) cyclic; (b) 368 

monotonic. 369 

4.2 Unreinforced FEM model 370 

4.2.1 Monotonic loading 371 

According to GB50003-2001[39], the shear strength of unreinforced masonry V is calculated by: 372 

ܸ ൌ ሺ ௩݂   (1-4) ܣሻߪߤߙ

where the design value of shear strength for masonry ( ௩݂), the modified coefficient (ߙ) and the 373 

influence coefficient under shear-compression load (ߤ) are determined by GB50003-2001[39]; ߪ is 374 

the compressive loading, which equal to 0.72 MPa for Group-A and 1.2 MPa for Group-B; ܣ is the 375 

cross sectional area of a masonry wall.  376 

TĂďůĞ ϲ CĂůĐƵůĂƚĞĚ ƌĞƐƵůƚƐ ĨŽƌ ŵŽŶŽƚŽŶŝĐ ůŽĂĚŝŶŐ 377 

Specimen ୴݂ (MPa) Ƚߤ Ƚଶߤଶ ߟ ܸሺKNሻ ௨ܸǡ  (KN) ௨ܸǡ (KN) ௨ܸ  (KN) 

W1 0.29 0.13 --  138.0 -- -- -- 

BW1-1 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 378 

agreement between the calculated and simulation results can be observed, in terms of the shear 379 

strength. The shear strength of M1 is only 0.57% larger than that of W1; the error between M2 and 380 

W2 is 8.87%. in Fig.11, The colour of mortar layers are ranged from white to black, to represent 381 

damage evolution from intact to overall damaged degrees. It is found the crack patterns in 382 

numerical models are mainly caused by shear failure, similar to cracks observed in monotonic tests 383 

[3, 26]. Therefore, the unreinforced FEM models can accurately assess the peak strength of the 384 
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unreinforced masonry walls, and cracking patterns are successfully captured to reflect the 385 

monotonic behaviour of the unreinforced masonry walls. 386 

 387 

  

;ĂͿ ;ďͿ 

Figure 11. Numerical results of unreinforced masonry walls under monotonic loading:  388 

(a) M1; (b) M2; (insert) cracking patterns. 389 

4.2.2 Cyclic loading 390 

In this section, the numerical results from the unreinforced model under cyclic loadings are verified 391 

by the experimental results, in terms of hysteresis loop, degradation of stiffness and cracking 392 

pattern. For the specimen W2, the experimental results, marked as ABC curve in Fig.12(b), are 393 

regarded as invalid. Because at that time, the specimen was severely damaged with large 394 

deformation, causing the reading of several LVDTs deviated to the extent that they are deemed as 395 

unreliable. Comparisons of the hysteresis loop between the experimental and numerical results are 396 

illustrated in Fig.12. A good agreement among hysteresis loop between the results of experiments 397 

and simulation can be observed. And the trend of stiffness degradation is similar between 398 

experimental and simulation results. For specimens W1 and W2, the loss of strength was relatively 399 

more significant than that of the numerical models (M1 and M2) after the peak strength is reached. 400 
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For the specimen W2, the positive peak strength and its corresponding displacement are 401 

distinctively different from the negative ones, as shown in Fig.12 (b). It indicates that even for one 402 

single wall, the mechanical properties of its two sides are not the same. The deviation is primarily 403 

caused by the heterogeneity of masonry materials and possibly workmanship as well. That is one of 404 

the reasons that the positive peak strength of the specimen W2 occurred much later than that of the 405 

model M2, but the negative peak strength of W2 and M2 were achieved at the same displacement. 406 

Another reason is the internal damage caused by hoisting and instalment of specimens during the 407 

preparation stage.  408 

  

(a) (b) 

Figure 12.Comparison of hysteresis loop: (a) W1 and M1; (b) W2 and M2; (insert) definition of 409 

ůŽĂĚŝŶŐ ĚŝƌĞĐƚŝŽŶ͕ ͞н͟ ŝƐ ƚŚĞ ƉŽƐŝƚŝǀĞ ůŽĂĚŝŶŐ ĚŝƌĞĐƚŝŽŶ ĂŶĚ ͞ʹ͞ ŝƐ ƚŚĞ ŶĞŐĂƚŝǀĞ ůŽĂĚŝŶŐ ĚŝƌĞĐƚŝŽŶ͘ 410 

To investigate the cracking progression, the cracking patterns of W2 and M2 at the key loading 411 

stages are listed in Table 7. The left column (Table7 (1a)ʹ(4a)) depicts the cracks on the specimen 412 

W2, while the right column (Table7 (1b)-(4b)) presents the simulation results of M2. For the 413 

specimen W2, the initial cracks were detected at the corners of the masonry wall when the lateral 414 

loading of 55KN was loaded (as shown in Table 7 (2a)). Afterwards, cracks progressed from the 415 

corners towards the centre, forming a diagonal cracking pattern. The specimen failed with 416 

brittleness after reaching the peak strength at 3.04mm displacement. At ultimate displacement of 417 
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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 

model extend in width during the cyclic loading, as shown in Table 7(4a)-(4b). Therefore, the 421 

unreinforced models proposed in this paper can accurately reflect the cyclic responses of the 422 

unreinforced masonry walls. 423 

TĂďůĞ ϳ CƌĂĐŬŝŶŐ ƉĂƚƚĞƌŶ ŽĨ ƵŶƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ 424 
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(1a) unreinforced specimen W2 (1b) unreinforced numerical model M2 
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(2a)-οୡ୰=0.6mm (-Pୡ୰=55KN) (2b)-οୡ୰=0.78mm (-Pୡ୰=68.97KN) 
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(3a)+ο=3.04mm (+P=83.05KN) (3b)+ο=1.84 mm (+P=86.87KN) 
U
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at
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(4a)+ο୳=3.71mm (+P୳=59.32KN) (4b)+ο୳=3.71mm (+P୳=51.53KN) 

Note: ο, ο and ο௨ are the displacement at cracking initiation, peak state and ultimate limit state; Pୡ୰, P and P୳ are their  425 

corresponding strength. 426 

4.3 BFRP-reinforced FEM model 427 

4.3.1 Monotonic loading 428 

According to the Eurocode for masonry [46] and the Chinese code (GB50608-2010) [40], the shear 429 

capacity of the FRP-reinforced masonry is the sum of two parts, i.e., the shear capacity of the 430 

unreinforced masonry wall ( ௨ܸǡ ) plus the additional capacity provided directly by the FRP 431 

reinforcement ( ௨ܸǡ): 432 

௨ܸ ൌ ௨ܸǡ  ௨ܸǡ  (4-2) 

 433 

As a result of the interaction between the FRP strips and the masonry, ௨ܸǡ is larger than the peak 434 

strength of the corresponding unreinforced masonry wall ( ܸ). According to the Chinese code 435 

[40], ௨ܸǡ herein is calculated by equation (4-3). The increase caused by the FRP-masonry interaction 436 

is basically expressed by the value of the modified coefficient and the influence coefficient under 437 

shear-compression load for the reinforced masonry walls (ߙଶ and ߤଶ) and the influence coefficient of 438 

reinforcement 439  .ߟ 

௨ܸǡ ൌ ሺ ௩݂   (3-4) ܣሻߪଶߤଶߙߟ
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 440 

To date a number of codes define the formulae to obtain the contribution of FRP reinforcement. Eq. 441 

(4-4) from the Chinese standard  [40] is adopted to assess ௨ܸǡ. Although studies [47] show that that 442 

the Chinese standard has a relatively higher deviation, it is a developed code that takes the 443 

reinforcement scheme into consideration.  444 

௨ܸǡ ൌ Ƀܧߝௗ  ܣ
ୀଵ cos   (4-4)ߠ

 445 

where Ƀ is the efficient coefficient of FRP reinforcement, set as 1.0 for the single cross layout [40]. ܧ 446 

and ߝௗ represents the elastic modulus and effective strain of FRP strips (equals to ߝ Τߛ ߝ .(  is the 447 

effective strain of FRP strips. Due to that the kind of FRP material do not have significant influence 448 

on the improvement of peak strength [47], ߝ  can be a fixed value, with 0.001 for unanchored FRP 449 

strips and 0.0015 for anchored FRP strips [40]. ߛ accounts for the environmental influence; for the 450 

BFRP reinforcement indoor, ߛ=1. ܣ  account for the cross section area of masonry and FRP strips.  451 

The angle between the FRP reinforcement and courses, ߠ, is 350 for BW1-1 and 420 for BW2-1. This 452 

confirms what has been reported in previous studies that different configurations of FRP 453 

reinforcement lead to different increase rates of masonry shear strength [3, 48]. Apart from the 454 

shear capacity obtained from cross reinforcement, the horizontal FRP strips can obviously enhance 455 

the shear capacity of masonry walls under monotonic loading, while far less contribution to the 456 

shear capacity is assumed for the vertical FRP strips without anchors [3]. Therefore, in this case, ௨ܸǡ 457 

is the sum of the cross and horizontal reinforcement, as listed in Table 6. 458 

The numerical results, ܸ, are 227.87KN for BM2-1 and 134.12KN for BM2-2. The corresponding ratio 459 

of calculated and numerical results is 1.14 and 0.88, respectively. It indicates that the FRP-reinforced 460 

models are almost in accordance with the Chinese code within an acceptable deviation. Considering 461 

that many factors influence the accuracy of code calculation [47], the FRP-reinforced models in this 462 
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paper can effectively assess the peak strength of the FRP reinforced masonry walls under monotonic 463 

loadings. 464 

4.3.2 Cyclic loading 465 

The load-displacement envelope curves obtained by experiment and simulation are presented in 466 

Fig.13. It can be observed that the simulation and experimental results have a good agreement with 467 

each other. Fig.14 illustrates a similarity in cracking patterns between the BFRP-reinforced specimen 468 

BW2-1 and numerical model BM2-1. Meanwhile, similar shear cracks are observed for the specimen 469 

BW2-1 and the model BM2-1 within the unreinforced areas (Table 8 (4a) and (4b)), indicating that 470 

the developed numerical models for BFRP-reinforced masonry can effectively reproduce the damage 471 

progression in the FRP-reinforced masonry walls. 472 

For the experiment studies on the FRP-reinforced masonry, the cracks under FRP strips are very 473 

difficult to detect and monitor precisely. This drawback can be overcome by the FRP-reinforced 474 

numerical model. The cracks underneath FRP in BM2-2 are presented from Table 8 (2b) to Table 8 475 

(4b), where the damage progression under BFRP reinforcements is clearly captured. As shown in 476 

Table 8 (2a)-(2b), the initial cracks in BW2-1 are accurately reproduced in BM2-1, but more cracks 477 

emerge at the upper reinforced parts which are the undetected area in experiments. Furthermore, 478 

by removing the FRP strips in the display of the modelling results, the cracking pattern under FRP 479 

reinforcement can be revealed. Overall, the FRP-reinforced models can successfully reflect the 480 

seismic behaviour and the cracking progression of the FRP-reinforced masonry walls. 481 
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;ĂͿ ;ďͿ 

Figure 13. Hysteresis loop of BFRP-reinforced masonry: (a) W1 and M1; (b) W2 and M2; (insert) 482 

ĚĞĨŝŶŝƚŝŽŶ ŽĨ ůŽĂĚŝŶŐ ĚŝƌĞĐƚŝŽŶ͕ ͞н͟ ŝƐ ƚŚĞ ƉŽƐŝƚŝǀĞ ůŽĂĚŝŶŐ ĚŝƌĞĐƚŝŽŶ ĂŶĚ ͞ʹ͞ ŝƐ the negative loading 483 

direction. 484 

  

;ĂͿ ;ďͿ 

FŝŐƵƌĞ ϭϰ͘ CƌĂĐŬŝŶŐ ƉĂƚƚĞƌŶ ŽĨ ƚŚĞ BF‘P-ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ;BWϭ-ϭ ĂŶĚ BMϭ-ϭͿ͗ ;ĂͿ ĚŝƐƉůĂǇĞĚ ǁŝƚŚ 485 

ŚŽƌŝǌŽŶƚĂů ƌĞŝŶĨŽƌĐĞŵĞŶƚ͖ ;ďͿ ĚŝƐƉůĂǇĞĚ ǁŝƚŚŽƵƚ ŚŽƌŝǌŽŶƚĂů ƌĞŝŶĨŽƌĐĞŵĞŶƚ͖ ;ŝŶƐĞƌƚͿ ǌŽŽŵĞĚ-ŝŶ ŝŵĂŐĞƐ ĨƌŽŵ 486 

ĞǆƉĞƌŝŵĞŶƚƐ Ăƚ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ƉŽƐŝƚŝŽŶƐ ĨŽƌ ĐŽŵƉĂƌŝƐŽŶƐ͘ 487 

 488 

TĂďůĞ ϴ CƌĂĐŬŝŶŐ ƉĂƚƚĞƌŶ ŽĨ ƚŚĞ BF‘P-ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ǁĂůůƐ ;BWϮ-ϭ ĂŶĚ BMϮ-ϭͿ 489 
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(1a) BFRP-reinforced specimen BW2-1 (1b) BFRP-reinforced numerical model BM2-1 
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(2a) -οୡ୰=1.06mm(-Pୡ୰=90.17KN) (2b) -οୡ୰=1.06mm(-Pୡ୰=86.76KN) 

Peak strength state 

 
(3a) +ο=4.23mm(+ ܲ=117.63KN) (3b) +ο=4.23mm(+ ܲ=114.54KN) 
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(4a) +ο୳=8.53mm(+P୳=98.81KN) (4b) +ο୳=7.43 (+P୳=90.24KN) 

 490 

FŽƌ ƚŚĞ ĚŝĂŐŽŶĂů F‘P ƐƚƌŝƉƐ ŝŶ BMϮ-ϭ͕ ƚŚĞ ĐŽŶƚŽƵƌ ŽĨ ƚŚĞ ŵĂǆŝŵƵŵ ƉƌŝŶĐŝƉĂů ƐƚƌĞƐƐ ŝƐ ĚĞƉŝĐƚĞĚ Ăƚ ƉĞĂŬ 491 
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ƐƚƌĞŶŐƚŚ ĂŶĚ ƵůƚŝŵĂƚĞ ƐƚĂƚĞƐ ;ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ ϭϱͿ͘ AĐĐŽƌĚŝŶŐ ƚŽ FŝŐƵƌĞ ϭϱ͕ ǁŚĞŶ ƚŚĞ ƌĞŝŶĨŽƌĐĞĚ 492 

ŵĂƐŽŶƌǇ ǁĂůů ƌĞĂĐŚĞƐ ŝƚƐ ƉĞĂŬ ƐƚƌĞŶŐƚŚ ƐƚĂƚĞ ĂŶĚ ƵůƚŝŵĂƚĞ ƐƚĂƚĞ͕ ƚŚĞ ŵĂǆŝŵƵŵ ƐƚƌĞƐƐĞƐ ŽĨ ƚŚĞ 493 

ĚŝĂŐŽŶĂů F‘P ƐƚƌŝƉƐ ĂƌĞ ĂƉƉƌŽǆŝŵĂƚĞůǇ ĞƋƵĂů ƚŽ ϯϰϰ MPĂ ĂŶĚ ϯϳϴ MPĂ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͕ ǁŚŝĐŚ ĂƌĞ ďŽƚŚ 494 

ĨĂƌ ůĞƐƐ ƚŚĂŶ ƚŚĞ ƚǇƉŝĐĂů ƚĞŶƐŝůĞ ĨĂŝůƵƌĞ ƐƚƌĞŶŐƚŚ ŽĨ BF‘P͘  TŚĞ ĨŝŶŝƚĞ ĞůĞŵĞŶƚ ƐŝŵƵůĂƚŝŽŶƐ ĂůƐŽ ƐŚŽǁ ƚŚĂƚ 495 

ƚŚĞ ŵĂǆŝŵƵŵ ƐƚƌĞƐƐ ŽĨ F‘P ƐƚƌŝƉƐ ŝŶĐƌĞĂƐĞ ƉƌŽŐƌĞƐƐŝǀĞůǇ ĚƵƌŝŶŐ ƚŚĞ ůĂƐƚ ĨĞǁ ĐŝƌĐůĞƐ ĂŶĚ ƚŚĞ F‘P ƐƚƌŝƉƐ 496 

Ɛƚŝůů ǁŽƌŬ ǁŝƚŚŽƵƚ ĨĂŝůƵƌĞ͘  497 

  
(1) PĞĂŬ ƐƚƌĞŶŐƚŚ ƐƚĂƚĞ (2) UůƚŝŵĂƚĞ ƐƚĂƚĞ 

Figure 15. Maximum principal stresses in FRP 498 

 499 

4.4 Assessment of FRP reinforcement 500 

Since the late 1990s, a large number of experimental studies have been carried out to assess the 501 

effectiveness of reinforcement [1-3]. With the help of numerical analysis, the reinforcing 502 

effectiveness can be assessed or predicted in a general and economic way. In this section, the effects 503 

of FRP reinforcement on masonry are analysed. 504 

Table 9 illustrates a comparison between the ductility factors obtained from experiments and 505 

simulations. The ductility factors are calculated according to Ref. [41]. Compared with the 506 

unreinforced specimen W2 and numerical model M2, the ductility and resistance to cyclic load are 507 

greatly improved for the BFRP-reinforced specimens BW2-1 and numerical models BM2-1 with 508 

similar amplitude. It indicates that the FRP reinforcement with cross layout and vertical anchors can 509 

effectively enhance the ductility of masonry walls and the numerical model can capture the 510 
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development of ductility accurately. As shown in Table 9, the horizontal anchors have minimal 511 

influence on the ductility capacity, although the FRP reinforcement with cross layout is adopted for 512 

masonry walls. It is worth noting that the horizontal FRP anchored at the base of the masonry wall 513 

causes high compressive stresses at the base corner. This indicates that the horizontal strips are hard 514 

to slow down the shear-sliding effectively, which shows good agreement with the conclusions in Ref. 515 

[49]. For the specimen BW1-1, the high compressive stresses causes the brittle fracture at ultimate, 516 

including brick crushing at the corners and the de-bonding between BFRP and masonry. However, 517 

the de-bonding behaviour is assumed to be neglected during simulations. That may be the reason 518 

why, the development of ductility for the specimen BW1-1 is less than the numerical model BM1-1. 519 

TĂďůĞ ϵ ĚƵĐƚŝůŝƚǇ ĨĂĐƚŽƌƐ ĨŽƌ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ ƐƉĞĐŝŵĞŶƐ ĂŶĚ ŶƵŵĞƌŝĐĂů ŵŽĚĞůƐ 520 

Specimen ܲ (KN) ܪ௨ (KN) ݀ (mm) ݀௨ (mm) ߤ௨ ο ሺΨሻ 

Experiment        

Group-A 
W1 130.34 117.31 0.28 3.5 12.68  

BW1-1 168.14 151.33 0.49 6.7 13.75 8.42 

Group-B 
W2 83.05 74.75 0.52 3.71 7.12  

BW2-1 117.63 105.87 0.71 8.53 11.99 68.32 

Simulation        

Group-MA 

M1 111.55 100.39 1.06 3.5 3.32  

BM1-1 191.48 172.332 1.656 6.7 4.045 21.95 

Group-MB 
M2 86.87 78.19 1.05 3.71 3.54  

BM2-1 114.54 103.09 1.31 7.43 5.66 59.96 

Note: ݀  is the displacement at the idealised elastic limit; ݀௨ is the maximum displacement for the idealised force-521 

displacement relationship for masonry; ߤ௨  is the ductility factor;  ο is the improvement between unreinforced and 522 

reinforced masonry walls. 523 

For the unreinforced specimen W2, the cracking pattern was typically diagonal, while the shear 524 

cracks in the BFRP-reinforced specimen BW2-1 were found in every unreinforced part. Besides, the 525 
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lower part of BW2-1 was seriously damaged, but almost no crack was recorded at that part of W2. 526 

The experimental observation illustrates that the FRP reinforcement develops the attribution of 527 

cracks much more evenly, indicating that the BFRP reinforcement brings changes in the cracking 528 

pattern. Similar changes in cracking pattern are also observed in the numerical results of the 529 

unreinforced and FRP-reinforced models, M2 and BM2-1, (Table 7 and Table 8). In addition, in Table 530 

8(4b), the BM2-1 has a wider diagonal cracking pattern than M2 and additional shear cracks are 531 

observed in the unreinforced zones. Therefore, the developed models can reflect and assess the 532 

effectiveness of FRP reinforcement on the masonry walls before and after reinforcement in terms of 533 

cracking pattern.  534 

5. Conclusions 535 

This paper describes a new development in modelling the behaviour of the unreinforced and FRP-536 

reinforced masonry walls under monotonic and cyclic loading conditions. In the developed meso-537 

scale models, the element-based cohesive element is adopted to simulate mortar joints. Simulations 538 

were conducted to evaluate the accuracy and effectiveness of the developed models under both 539 

monotonic and cyclic loadings. The numerical results are analysed and compared with code and 540 

experimental results. The conclusions are summarised as following: 541 

(1) TŚĞ ƵŶƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ƐƉĞĐŝŵĞŶƐ ĂƌĞ ĞĨĨĞĐƚŝǀĞůǇ ƐŝŵƵůĂƚĞĚ ďǇ ƚŚĞ ĚĞǀĞůŽƉĞĚ ŵŽĚĞůƐ͘ 542 

TŚĞ ĐƌĂĐŬŝŶŐ ŝŶŝƚŝĂƚŝŽŶ ƚĂŬĞƐ ƉůĂĐĞ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ĂŶĚ ƉŽƐŝƚŝŽŶƐ͖ ƚŚĞ ƐŝŵŝůĂƌ ĚŝĂŐŽŶĂů 543 

ĐƌĂĐŬŝŶŐ ƉĂƚƚĞƌŶ ŝƐ ĂůƐŽ ŽďƐĞƌǀĞĚ͘ CŽŵƉĂƌĞĚ ǁŝƚŚ ĞǆƉĞƌŝŵĞŶƚĂů ŽďƐĞƌǀĂƚŝŽŶƐ͕ ƚŚĞ ĐƌĂĐŬƐ ŝŶ 544 

ƐŝŵƵůĂƚŝŽŶ ƌĞƐƵůƚƐ ĂƌĞ ƌĞůĂƚŝǀĞůǇ ǁŝĚĞƌ ĂŶĚ ĞǀĞŶůǇ ĚŝƐƚƌŝďƵƚĞĚ͘  545 

(2) TŚĞ F‘P-ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ŵŽĚĞůƐ ĂůƐŽ ƉƌŽĚƵĐĞĚ ƐŝŵŝůĂƌ ĐƌĂĐŬŝŶŐ ƉĂƚƚĞƌŶƐ ŽďƐĞƌǀĞĚ ŝŶ ƚŚĞ 546 

F‘P-ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ĞǆƉĞƌŝŵĞŶƚƐ͘ BĞƐŝĚĞƐ͕ ƚŚĞ ĐƌĂĐŬƐ ƵŶĚĞƌ ƌĞŝŶĨŽƌĐĞŵĞŶƚ ĐĂŶ ďĞ ĐůĞĂƌůǇ 547 

ĚŝƐƉůĂǇĞĚ ďǇ ƌĞŵŽǀŝŶŐ ƚŚĞ ƌĞŝŶĨŽƌĐĞŵĞŶƚ ŝŶ ƚŚĞ ĚŝƐƉůĂǇ ŽĨ ƚŚĞ ƐŝŵƵůĂƚŝŽŶ ƌĞƐƵůƚƐ͕ ďƵƚ ĐĂŶŶŽƚ 548 

ďĞ ŽďƐĞƌǀĞĚ ĚŝƌĞĐƚůǇ ŝŶ ƚŚĞ ůĂď ƚĞƐƚƐ͘ TŚĞ ĚĞǀĞůŽƉĞĚ ŵŽĚĞůƐ ĐĂŶ ƉƌŽǀŝĚĞ ŵŽƌĞ ŝŶƐŝŐŚƚƐ ŽĨ ƚŚĞ 549 
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ďĞŚĂǀŝŽƵƌ ŽĨ F‘P-ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ǁĂůůƐ ƚŚĂŶ ĞǆƉĞƌŝŵĞŶƚĂů ƐƚƵĚŝĞƐ͘ 550 

(3) UŶĚĞƌ ĐǇĐůŝĐ ůŽĂĚŝŶŐƐ͕ ƚŚĞ ƐĞŝƐŵŝĐ ďĞŚĂǀŝŽƵƌƐ ŽĨ ƚŚĞ ŵĂƐŽŶƌǇ ďĞĨŽƌĞ ĂŶĚ ĂĨƚĞƌ ƌĞŝŶĨŽƌĐĞŵĞŶƚ 551 

ĂƌĞ ĞĨĨĞĐƚŝǀĞůǇ ƐŝŵƵůĂƚĞĚ ďǇ ƚŚĞ ĚĞǀĞůŽƉĞĚ ŵŽĚĞůƐ͘ CŽŵƉĂƌŝƐŽŶ ďĞƚǁĞĞŶ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů 552 

ĂŶĚ ŶƵŵĞƌŝĐĂů ƌĞƐƵůƚƐ ƐŚŽǁƐ Ă ĐůŽƐĞ ĂŐƌĞĞŵĞŶƚ ŽĨ ƐƚŝĨĨŶĞƐƐ ĚĞŐƌĂĚĂƚŝŽŶ ĂŶĚ ƉĞĂŬ ƐƚƌĞŶŐƚŚ͘ 553 

BĂƐĞĚ ŽŶ ƚŚĞ ƌĞůĂƚĞĚ ĐŽĚĞƐ͕ ƚŚĞ ĐĂůĐƵůĂƚĞĚ ƌĞƐƵůƚƐ ŽĨ ŵĂƐŽŶƌǇ ǁĂůůƐ ĂƌĞ ĂĚŽƉƚĞĚ ƚŽ ǀĂůŝĚĂƚĞ 554 

ƚŚĞ ŵŽŶŽƚŽŶŝĐ ƐŝŵƵůĂƚŝŽŶ͘ TŚĞ ƐŝŵƵůĂƚŝŽŶƐ ŵĂƚĐŚ ƚŚĞ ĐĂůĐƵůĂƚĞĚ ƌĞƐƵůƚƐ ĂĐĐƵƌĂƚĞůǇ͘  555 

(4) TŚĞ ƵŶƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ŵŽĚĞůƐ ƐƵĐĐĞƐƐĨƵůůǇ ĐĂƉƚƵƌĞ ƚŚĞ ĨĞĂƚƵƌĞ ŽĨ ďƌŝƚƚůĞŶĞƐƐ ĨŽƌ ƚŚĞ 556 

ƵŶƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ǁĂůůƐ͘ AĨƚĞƌ ŝŶƐƚĂůůŝŶŐ ǁŝƚŚ F‘P ƐƚƌŝƉƐ͕ ƚŚĞ ƌĞŝŶĨŽƌĐĞĚ ŵĂƐŽŶƌǇ ŵŽĚĞůƐ 557 

ŝŵƉƌŽǀĞ ƚŚĞ ĚƵĐƚŝůŝƚǇ ĂƐ ǁĞůů ĂƐ ƚŚĞ ƐĞŝƐŵŝĐ ƌĞƐŝƐƚĂŶĐĞ ŽĨ ƚŚĞ ǁĂůů͘ BǇ ĐŽŵƉĂƌŝŶŐ ǁŝƚŚ ƚŚĞ 558 

ĞǆƉĞƌŝŵĞŶƚĂů ƌĞƐƵůƚƐ͕ ƚŚĞ ŶƵŵĞƌŝĐĂů ƐŝŵƵůĂƚŝŽŶ ŝƐ ǀĞƌŝĨŝĞĚ ƚŽ ŚĂǀĞ ƚŚĞ ĐĂƉĂĐŝƚǇ ƚŽ ĂƐƐĞƐƐ ƚŚĞ 559 

ĞĨĨĞĐƚ ŽĨ F‘P ƌĞŝŶĨŽƌĐĞŵĞŶƚ͘  TŚĞƌĞĨŽƌĞ͕ ƚŚĞ ĚĞǀĞůŽƉĞĚ ŵŽĚĞůƐ ĂƌĞ ĂƉƉůŝĐĂďůĞ ƚŽ ƉƌĞĚŝĐƚ ƚŚĞ 560 

ƌĞŝŶĨŽƌĐĞŵĞŶƚ ĞĨĨĞĐƚƐ͘ 561 

(5) WŝƚŚ ƚŚĞ ďƵŝůƚ-ŝŶ ĐŽŶƐƚŝƚƵƚŝǀĞ ŵĂƚĞƌŝĂů ŵŽĚĞů ŝŶ ABAQU“͕ ƚŚĞ ĞůĞŵĞŶƚ-ďĂƐĞĚ ĐŽŚĞƐŝǀĞ 562 

ĞůĞŵĞŶƚ ĐĂŶ ĞĨĨĞĐƚŝǀĞůǇ ƌĞĨůĞĐƚ ƚŚĞ ĚĂŵĂŐĞ ƉƌŽŐƌĞƐƐŝŽŶ ĂŶĚ ƚŚĞ ŶŽŶůŝŶĞĂƌ ďĞŚĂǀŝŽƵƌ ŽĨ Ăƚ 563 

ŵŽƌƚĂƌ ũŽŝŶƚƐ͘  564 

(6) TŚĞ ĐŽŶǀĞƌŐĞŶĐĞ ƐƚƵĚŝĞƐ ŽŶ ŵĞƐŚ ĚĞŶƐŝƚǇ ĂŶĚ ƉĞŶĂůƚǇ ƐƚŝĨĨŶĞƐƐ ŝŶĚŝĐĂƚĞ ƚŚĂƚ ƚŚĞ ƉƌŽƉŽƐĞĚ 565 

ŵŽĚĞůƐ ĂƌĞ ŵŽĚĞƌĂƚĞůǇ ƐĞŶƐŝƚŝǀĞ ƵŶĚĞƌ ŵŽŶŽƚŽŶŝĐ ĂŶĚ ĐǇĐůŝĐ ůŽĂĚŝŶŐƐ͘ TŚƵƐ͕ ƚŚĞ ŶƵŵĞƌŝĐĂů 566 

ŵŽĚĞůƐ ǁŝƚŚ ĐŽŚĞƐŝǀĞ ĞůĞŵĞŶƚƐ ĂƌĞ ĂďůĞ ƚŽ ŽǀĞƌĐŽŵĞ ƚŚĞ ĐŽŶǀĞƌŐĞŶĐĞ ĂŶĚ ƐƚĂďŝůŝƚǇ ƉƌŽďůĞŵ͘ 567 

 568 

AůƚŚŽƵŐŚ ƚŚĞ ĚĞǀĞůŽƉĞĚ ŵŽĚĞůƐ ŚĂǀĞ ďĞĞŶ ƉƌŽǀĞĚ ƚŽ ďĞ ĞĨĨŝĐŝĞŶƚ ĂŶĚ ĂĐĐƵƌĂƚĞ ĨŽƌ ƚŚĞ ĐĂƐĞƐ 569 

ƐƚƵĚŝĞĚ͕ ŵŽƌĞ ǁŽƌŬ Ɛƚŝůů ŶĞĞĚƐ ƚŽ ďĞ ĐĂƌƌŝĞĚ ŽƵƚ ĨŽƌ ŝŵƉƌŽǀĞŵĞŶƚ͘ A ƉĞƌĨĞĐƚ ĂĚŚĞƐŝŽŶ 570 

ďĞƚǁĞĞŶ F‘P ĂŶĚ ŵĂƐŽŶƌǇ ǁĂƐ ĂƐƐƵŵĞĚ ŝŶ ƚŚĞ ĐƵƌƌĞŶƚ ŵŽĚĞů͕ ĂŶĚ ĂƐ Ă ƌĞƐƵůƚ Ă ƐŝŐŶŝĨŝĐĂŶƚ 571 

ůŽƐƐ ŽĨ ƐƚƌĞŶŐƚŚ ĂĨƚĞƌ ƌĞĂĐŚŝŶŐ ƚŚĞ ƉĞĂŬ ǀĂůƵĞ ŝƐ ŽďƐĞƌǀĞĚ ŝŶ ƚŚĞ ƐŝŵƵůĂƚŝŽŶƐ ŽĨ F‘P ƌĞŝŶĨŽƌĐĞĚ 572 
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