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Abstract: The out-of-plane behaviour of masonry infill walls retrofitted using engineered 23 

cementitious composites (ECC) is investigated numerically in this paper. The behaviour of 24 

beam-like masonry specimens, considered to provide a simplistic representation of masonry 25 

infill walls, subjected to static four-point bending testing is investigated numerically through 26 

the use of nonlinear finite element analysis. The specimens are strengthened using a thin layer 27 

of ECC which is fully or partially bonded to their lower face (acting in tension). The numerical 28 

predictions obtained are validated against relevant test data and are used to provide insight into 29 

the mechanics through which the ECC layer enhances the out-of-plane behaviour of the subject 30 

specimens in terms of strength, stiffness and deflection. It was found that the specimens 31 

retrofitted with a partially bonded ECC layer exhibit more ductile behaviour (deflection) 32 

compared to those retrofitted with a fully-bonded ECC layer (the latter exhibiting higher load-33 

carrying capacities). Finally, the validated models are employed to carry out a parametric study 34 

to investigate the effect of different design parameters, associated mainly with the properties 35 

of the materials used, on the behaviour of the specimens considered. 36 

 37 
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 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 



3 

1. INTRODUCTION 49 

The contribution of infill masonry walls to the overall behaviour of frame structures has been 50 

acknowledged through numerous published experimental and numerical investigations carried 51 

out to date [1-4]. Such studies reveal that the out-of-plane behaviour exhibited by infill walls 52 

is essentially brittle, characterised by low load-carrying capacity and deformability [5]. This 53 

suggests that such walls are vulnerable to the application of loads in the out-of-plane direction 54 

(e.g. wind, earthquakes, impact explosions and blast loads) which can result in them sustaining 55 

a significant level of damage (in the form of cracking) that can  potentially lead to their partial 56 

or even complete collapse [6, 7]. After sustaining a certain level of damage, an infill wall can 57 

no longer contribute to the response of the frame structure with its in-plane stiffness. This can 58 

potentially have a detrimental effect on the overall response of frame structures resulting in 59 

often unpredictable (and often brittle) forms of failure [5]. Current codes of practice [8, 9] 60 

recommend the calculation of the load-carrying capacity of masonry infill walls associated with 61 

out-of-plane behaviour under seismic excitation [8] and even suggest that appropriate measures 62 

are taken in order to prohibit partial or total out-of-plane collapse of slender masonry infill 63 

walls [9]. Furthermore, it is interesting to note that the damages sustained by masonry infill 64 

walls during earthquakes have been identified as the primary cause of injuries and fatalities 65 

[10] whereas the associated repair costs represent a large portion of the total costs associated 66 

with the overall rehabilitation of the frame structures.  67 

 68 

Aiming to improve the out-of-plane performance of masonry walls, several retrofitting 69 

methods have been developed to date. This often entails the formation of an additional layer 70 

that is attached to the surface of the masonry wall aiming to form a composite member with 71 

enhanced structural properties. This is usually achieved by employing an external 72 

reinforcement mesh embedded within a new layer of concrete [11-15] , using strips of steel or 73 
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fibre reinforced polymer (FRP) which are attached onto the wall surface through the use of 74 

dowels or epoxy resins [16-18]. These methods can address the certain weakness of the out-of-75 

plane behaviour of the masonry infill walls. However, their application is often intrusive and 76 

characterized by a series of problems associated with the increase of the mass of the building, 77 

high cost, poor performance at high temperatures, problems associated with their bond to the 78 

surface of the masonry wall and finally the production of fragments or debris when overloaded  79 

[18-20]. 80 

The experimental study conducted hereby focusing on enhancing the behaviour of the infill 81 

masonry walls and addressing many of the shortcomings of the existing retrofitting methods. 82 

This study considers the use of a thin layer of engineered cementitious composite (ECC) which 83 

is fully or partially bonded onto the face of the wall acting in tension (opposite to the face on 84 

which the out-of-plane action is applied) [27]. The present investigation focuses on studying 85 

numerically, via nonlinear finite element analysis, the potential benefits stemming from the use 86 

of ECC for enhancing the out-of-plane behaviour of simply-supported masonry beam-like 87 

specimens. These specimens essentially consist of a stack of 10 bricks connected through 9 88 

mortar joints the behaviour of which was established experimentally in the past when subjected 89 

to static 4-point bending tests [21, 22]. The subject specimens are considered to provide a 90 

simplistic representation of the masonry infill walls. The proposed method attempts to take 91 

advantage of the ductile, strain-hardening behaviour exhibited by ECC under uniaxial tension 92 

which is also characterised by a high tensile strain capacity (up to 5%) [23]. This behaviour is 93 

mainly attributed to the ability of ECC to form multiple fine cracks, characterised by widths of 94 

less than 100 microns [23, 40].   95 

 96 

Existing studies confirm that the use of ECC layers can improve the out-of-plane behaviour of 97 

masonry beam-like specimens subjected to static four-point bending tests [24-27] in terms of 98 
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load carrying capacity, stiffness and ductility (compared to that established by the un-99 

strengthened specimen) [25-27]. However, it is important to note that all relevant studies 100 

carried out to date on masonry beam-like specimens (similar to those mentioned above) 101 

strengthened with fully bonded layers of ECC reveal that failure is associated with the 102 

development of localized (instead of distributed) cracking concentrated close to brick/mortar 103 

interfaces. This cracking develops as an extension of the cracking exhibited due to the failure 104 

of the brick-mortar interface in the mortar joints (forming between consecutive bricks) at the 105 

mid-span region of the specimens (area where the bending moments and associated tensile 106 

stresses obtain their maximum values) which suggests that the full potential of ECC is not 107 

utilized [24-27]. Recent experiments [27] reveal that the use of partially bonded ECC layers 108 

can effectively promote the development of distributed (instead of localised) cracking along 109 

the un-bonded region of the ECC layer (between the two loading points) thus improving the 110 

ductility characterising the out-of-plane behaviour of the ECC-retrofitted masonry specimens 111 

while making more effective use of certain aspects of the ECC material behaviour exhibited 112 

under uniaxial tension (i.e. high tensile strain capacity and ductility).  113 

 114 

It is interesting to note that the available test data often cannot provide a detailed description 115 

of the mechanics underlying specimen behaviour (e.g. stress-strain distribution, effect of 116 

interaction of the specimen and apparatus etc.) nor can it accurately quantify the effect of 117 

certain parameters (due to the limited amount of available data). Due to these limitations, the 118 

finite element models are employed for the detailed studying the behaviour of masonry 119 

specimens retrofitted with different techniques including (i) external reinforcement 120 

concrete/mortar layer [41], (ii) strips of steel or reinforced polymer (FRP) [42, 43] and (iii) the 121 

fibre reinforced cementitious matrix [44]. A non-linear finite element analysis (NLFEA) is 122 

presently employed through the use of ADINA [35] which is capable of conducting static and 123 

dynamic nonlinear analysis. The subject package also incorporates a range of constitutive 124 
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models that can be calibrated in order to realistically describe the behaviour of the materials 125 

used for the construction of the subject specimens (e.g. brick, mortar, ECC) as well as their 126 

interaction (at the brick-mortar or brick-ECC interfaces). The calibration of the subject models 127 

is achieved by comparing its predictions to available test data obtained from a series of 128 

experiments carried out in the past [27]. After calibration the latter models are used in order to 129 

develop more intricate FE models representing the masonry beam-like specimens mentioned 130 

above and their predictions are validated against available test data [27]. The validated models 131 

are then employed to carry out a parametric study in order to assess the effect of different 132 

parameters on the performance of the retrofitted beam-like specimens when subjected to 4-133 

point bending tests. These parameters are associated with the variation of the properties of the 134 

various materials considered herein as well as the level of bond developing between the 135 

masonry and the ECC layer.  136 

2. Experimental background 137 

The numerical study discussed in the present article forms an extension to previously published 138 

experimental work investigating the out-of-plane behaviour of masonry beams-like specimens 139 

retrofitted with ECC and subjected to 4-point bending tests [27]. Initially, the main properties 140 

of the materials (brick, mortar, ECC) used for the construction of the specimens and their 141 

interaction (at brick/mortar and brick/ECC interfaces) were established and used to calibrate 142 

the individual parameters of the relevant material and interface models available in ADINA. A 143 

series of four-point bending tests were subsequently carried out on masonry beam-like 144 

specimens which are either un-strengthened or retrofitted through the use of fully or partially 145 

bonded ECC layers [27]. The measurements obtained from these tests are used to validate the 146 

predictions of the FE models concerning certain aspects of the behaviour of the subject 147 

masonry specimens. 148 

2.1 Summary of experiments carried out in the past 149 
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A concise description of results is presently provided concerning the experiments carried out 150 

in the past [27] that form the basis of the numerical investigation described herein. Emphasis 151 

is mainly focussed on describing the type of specimens considered, as well as the experimental 152 

setups employed for conducting the tests. A more detailed description of these experimental 153 

studies is provided elsewhere [27]. The test data obtained is presented together with their 154 

numerically established counterparts later on.  155 

Individual brick units were initially tested under uniaxial compression in accordance with 156 

ASTM C67-14 [28] to determine their average compressive strength (fc,brick) and modulus of 157 

elasticity (Ebrick). The bricks used are Class B solid clay Engineering bricks (BS EN 771-1) 158 

[29] with dimensions of 210mm ×102mm × 65mm.  Similarly, plain mortar cylinders where 159 

also subjected to uniaxial compression tests in order to determine their mean compressive 160 

strength (fc,mortar) and modulus of elasticity (Emortar). M12 mortar was used in accordance to BS 161 

EN 998-2:2010 [30] comprising one part of CEM I 52.5N Portland cement (BS EN197-1 [31]) 162 

and three parts (by mass) of fine dry silica sand (with an average particle size of 120 µm). The 163 

water-to-cement ratio was 0.85 (by mass).  164 

The behaviour of ECC was established under uniaxial tension [40]. For this purpose ECC dog-165 

bone specimens were prepared in accordance to JSCE [32] and subjected to uniaxial tensile 166 

testing (see Figure 1.e). The behaviour of ECC under uniaxial compression was established 167 

using 50mm x 50mm x 50mm cube specimens (see Figure 1.f). The ECC binder comprised of 168 

CEM I 52.5N Portland cement in accordance with BS EN197-1 [31] and fine fly-ash 169 

(Superpozz SV80, Scotash) which were mixed together as specified in Table 1 (for more detail 170 

see [27]). Polyvinyl alcohol (PVA) fibres with an average diameter of 39μm and a tensile 171 

strength of 1600MPa were introduced into the mix at a dosage of 2% by volume.  172 

 173 
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Table 1. The ECC mixture proportions  

Mixture  
Water 

(kg/m3) 

Cement 

(kg/m3) 

Fly-ash 

(kg/m3) 

Silica sand 

(kg/m3) 

PVA fibre 

(kg/m3) 

HRWR 

(kg/m3) 

ECC  356 454 817 273 26 4.5 

 174 

Crossed-brick couplets were tested to establish the bond strength of the brick/mortar interface 175 

in tension in accordance to ASTM C952-12 [33]. The specimens consisted of two brick units 176 

connected through a 5mm thick mortar joint (see Figure 1a). The experimental configuration 177 

for supporting and loading the subject specimens are shown in figure 1.b. The tests were 178 

performed using a 500kN INSTRON testing machine and the load was applied monotonically 179 

to failure in the form of displacement increments (displacement control) at a rate of 1 mm/min.  180 

 181 

Brick/mortar and brick/ECC triplets were tested in accordance to BS EN 1052-3:2002 [34]. 182 

These specimens consisted of three bricks connected via two 5mm thick mortar or 15mm thick 183 

ECC joints essentially forming short beam-like specimens which were subjected to 4-point-184 

bending tests. The geometry of the specimens and the experimental setup employed for 185 

conducting these tests are shown in Figures 1c and 1d. The tests were carried out using a 500kN 186 

INSTRON testing machine. The load was applied monotonically to failure at two locations 187 

along the span of the masonry beam-like specimen in the form of displacement increments at 188 

a constant rate of 0.2mm/sec. These loads were imposed through 12 mm thick steel plates 189 

located on the top surface of the middle brick and at a distance of approximately 14 mm from 190 

its boundary with the mortar joint (see Figure 1d). The bottom face of the bricks located on 191 

either side of the specimens were also supported on two 12 mm thick plates which were in turn 192 

supported on pin supports located at a distance of 14mm from the edge of the mortar joint (see 193 

Figure 1c). By employing the subject configuration, the imposed load was predominantly 194 

transferred in the form of shear stresses developing at the interface between the bricks and the 195 
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mortar joint. Two LVDTs were placed on either side of the specimen mid-span to measure the 196 

vertical displacement. 197 

Beam-like masonry specimens were subjected to static four-point bending tests with the 198 

applied load being imposed monotonically to failure in the form of displacement increments 199 

(displacement control) at a constant rate of 1 mm/min (quasi-static loading) [27]. The load was 200 

imposed at two locations along the specimens’ span through a rigid steel spreader beam. Two 201 

masonry specimens were un-strengthened (N series) (see Figure 2b). Three masonry specimens 202 

were retrofitted with a 15mm think ECC layer (F series) fully bonded to the bottom face of the 203 

beam (acting in tension) (see Figure 2c). Finally, another two masonry specimens were 204 

retrofitted with a 15mm thick ECC layer (P series) partially bonded to the bottom face of the 205 

beam (see Figure 2d). The dimensions of the un-strengthened beam-like specimen were 720±20 206 

mm in length (due to some variation of the thickness mortar joints), 210 mm in width and 102 207 

mm in thickness. The strengthened specimens were 720±20 mm in length, 210 mm in width 208 

and 117 mm in thickness (15mm thicker than the un-strengthened specimens due to the addition 209 

of the ECC layer).  The experimental setup employed is shown in Figure 2.  Each specimen 210 

was supported on two rollers resting on a rigid steel base. Two point loads were applied at a 211 

distance of 210±10 mm from the supports whereas the distance between the two loading points 212 

was slightly adjusted depending on the actual length of the individual specimen. The level of 213 

loading applied was measured from the load cell installed on the testing machine employed 214 

whereas the mid-span vertical deflection was measured using two LVDTs (see Figure 2a).   215 
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a) b) 

 
 

c) d) 

 
 

(e) (f) 

Figure 1.  Test setups employed for conducting the (a, b) crossed-brick couplet tests, (c, d) triplet shear tests, 216 

(e) tensile testing of ECC dog-bone shaped samples and (f) compression test of ECC cubes. 217 
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a) 

 

d) 

Figure 2.  (a) Experimental setup adopted for establishing the behaviour of (b) the non-retrofitted specimen 218 

and the specimens strengthened with a (c) fully bonded or (d) partially bonded ECC layer. 219 

 220 

2.2 Summary of experimental data 221 

The results obtained from the tests (see Figure 1) carried out to establish the main mechanical 222 

properties characterizing the behaviour of the various materials and their interaction are 223 

summarized in Table 2.  224 

The test data describing certain aspects of the behaviour exhibited by the masonry beam-like 225 

specimens when subjected to four-point bending testing are summarized in Table 3. The 226 

experimentally established load-deflection curves describing the behavior of the un-227 

strengthened and ECC-retrofitted specimens are presented in Figure 3a. From the latter curves 228 

it is observed that the un-strengthened specimens (N series) exhibited low deformability, fully 229 

brittle behaviour and low load-carrying capacities demonstrating the vulnerability 230 

characterizing the out-of-plane performance of infill masonry walls (see Figure 3.b). All ECC-231 

retrofitted specimens exhibited enhanced out-of-plane performance in terms of load-carrying 232 

capacity, deformability and ductility compared to the non-retrofitted specimens. During 233 

testing, the latter specimens initially exhibited elastic behaviour. However, after crack 234 

formation, a well-defined plateau is observed in the load-deflection curves essentially denoting 235 

ductile, essentially elastoplastic, specimen behaviour.  236 

ECC layer 

 

Brickwork 

beam 

Un-bonded region 
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Specimens retrofitted with an ECC layer fully bonded to their bottom face (F-series) exhibited 237 

higher load-carrying capacity but lower ductility and deformability compared to the masonry 238 

specimens with a partially bonded ECC layer (P-series). More specifically specimens 239 

retrofitted with a fully and partially bonded ECC layer exhibited a 9 and 8 times increase in 240 

strength respectively compared to that established in the case of the un-strengthened specimen. 241 

The fully bonded specimens exhibited higher load-carrying capacity (about 20%) than that 242 

recorded in the case of the partially bonded specimens. Specimens retrofitted with fully or 243 

partially bonded layers of ECC exhibited maximum deflection (at their mid-span) which was 244 

65 and 110 times higher respectively compared to that recorded for the case of the un-245 

strengthened specimens. It was interesting to observe that the partially bonded specimens 246 

exhibited about 70% higher deformability compared to the fully bonded specimens. In the case 247 

of the specimens included in the F-series, cracking in the ECC layer mainly developed close to 248 

brick-mortar interfaces (joints) located within the central span of the specimen (see Figure 3c). 249 

However, in the case of the specimens included in the P-series, cracking was distributed more 250 

uniformly along the un-bonded length of the ECC layer (spanning between the two load points) 251 

due to the absence of bond developing with the masonry (see Figure 3d). The uniform 252 

distribution of the cracking along the un-bonded length of the ECC layer allowed the specimens 253 

retrofitted with a partially bonded layer of ECC to exhibit higher deformability compared to 254 

fully bonded specimens (see Figures 3c and 3d).   255 

 256 

Table 2. Parameters of the various material and interface models employed [27]. 257 

Property Symbol Value Material /Interface 

Elastic modulus Ebrick 35GPa 

Brick Compressive strength fc,brick 60MPa 

Tensile strength ft,brick 6 MPa* 

Elastic modulus Emortar 11GPa 

Mortar Compressive strength fc,mortar 22MPa 

Tensile strength ft,mortar 2.2 MPa* 
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Elastic modulus EECC 15.4 GPa 

ECC 

Compressive  strength fcECC 30MPa 

First crack stress σFirst crack 2.75 MPa 

First crack strain Εfirst crakc 0.00018 

Maximum stress σmax 3.85 

Maximum strain εmax 0.035 

Failure strain εfailure 0.04 

Shear strength VBM 0.7Mpa 

Brick-mortar interface Shear modulus GBM 16GPa 

Tensile strength TBM 0.4Mpa 

Shear strength VBM 1.3MPa 
Brick-mortar interface 

Shear modulus GBM 50GPa 

* determined based on 10% of the measured compressive strength 258 
 259 

Table 3: Summary of test data obtained from the four-point tests[27]. 260 

ID 

First 

cracking 

load 

(kN) 

Average 

of first 

cracking 

load 

(kN) 

Maximum 

load 

(kN) 

Average of 

maximum 

load 

(kN) 

Deflection at 

the 

maximum 

load 

(kN) 

Average 

deflection at 

the max load 

(kN) 

N 
1.1 

1.2 
NA* 

NA* 
0.05 0.06 

1.3 NA* 0.07 

F 

13.5 

12.9 

13.9 

12.9 

3.02 
3.89 

12.8 12.6 5.21 

12.5 12.2 3.43 

P 
9.2 

8.7 
11.2 

10.9 
7.15 6.59 

8.2 10.6 6.02 

*Not applicable  261 

 
(b) 

 
(c) 
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(a) 

 
(d) 

Figure 3.  a) Load deflection curves exhibited by both strengthened and un-strengthened masonry specimens 262 

accompanied by the crack patterns observed at their bottom face after failure of the b) N-series c) 263 

F-series and d) P-series specimens 264 

 265 

It is worth mentioning at this point that all beam-like specimens considered were essentially 266 

simply supported. Therefore, any arching effect developing when the masonry infill walls are 267 

restricted by the beams and columns of the bay of the frame structure [39] are not considered 268 

during tests. Due to this reason the performance of non-retrofitted masonry specimens may not 269 

be fully representative of the behaviour of an actual infill wall when the boundaries are  270 

restricted to a certain extent by the beams and columns of the frame structure.  271 

 272 

3. Development of FE Models 273 

Although the experimental studies are successful in demonstrating that the use of ECC can 274 

significantly enhance the out-of-plane behaviour of the masonry specimens they do not provide 275 

a detailed description of the underlying mechanics through which this is achieved (e.g. stress-276 

Failure of the un-
strengthened 
specimens 
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strain distribution during the loading process, the effect of the interaction of specimens and 277 

apparatus etc.). Furthermore, the effect of a wide range of parameters on specimen behaviour 278 

has not been experimentally investigated in detail. In order to address these limitations a finite 279 

element analysis package (ADINA) is employed [35] capable of conducting static and dynamic 280 

nonlinear analysis. Initially, the material properties of the brick units and mortar joints are 281 

defined based on the available test data [27] (see Fig, 4). A two-dimensional (2-D) FE model 282 

is then developed to simulate the experiments carried out on ECC specimens (see Figure 5) in 283 

order to describe their behaviour under uniaxial compression and/or tension. Interface models 284 

are also developed based on the data obtained from the shear and tensile tests mentioned earlier 285 

(see Figure 1.c & d) in order to describe the interaction exhibited between the various materials. 286 

On the basis of the calibrated material and interface models, more intricate 2D-FE models are 287 

developed representing the retrofitted and non-retrofitted masonry beam-like specimens (see 288 

Figure 2) when subjected to quasi-static flexural testing. Table 4 presents a summary of 289 

simulations carried out for calibrating the models describing material and interface behaviour 290 

as well as the masonry beam-like specimens subjected to 4-point bending tests. 291 

 292 

 Table 4: FE models developed for calibrating material and interface behaviour 

Type of model ID Relevant experiment 

Brick CB Compression test 

Mortar CM Compression test 

ECC TE Tensile test 

Brick-mortar interface TBM Tensile test 

Brick-mortar interface SBM Shear test 

Brickwork performance CBM Compression test 

Brick-ECC interface SBE Shear test 

Detailed non-retrofitted masonry beam DN Four-point bending tests 

Simplified non-retrofitted masonry beam SN Four-point bending tests 

Detail model of retrofitted masonry beam with 

one fully bonded layer of ECC 
DF Four-point bending tests 

Detail model of retrofitted masonry beam with 

one partially bonded layer of ECC 
DP Four-point bending tests 

Simplified model of retrofitted masonry beam 

with one fully bonded layer of ECC 
SF Four-point bending tests 

Simplified model of retrofitted masonry beam 

with one partially bonded layer of ECC 
SP Four-point bending tests 

 293 
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3.1 Material modelling  294 

The concrete (data fitted) material model available in Adina [35] is presently adjusted in order 295 

to describe the behaviour of the brick units and mortar under uniaxial compression and tension. 296 

The subject model is usually employed for describing the behaviour of essentially brittle 297 

materials characterised by high compressive and low tensile strengths (the uniaxial tensile 298 

strength being approximately 10% the uniaxial compressive strength), tensile brittle cracking 299 

(exhibited immediately after attaining the tensile strength) and crushing after attaining the 300 

materials compressive stress. Material behaviour under uniaxial compression is essentially 301 

described by stress-strain curves consisting of an ascending following by a descending branch, 302 

the latter describing post-failure (softening) specimen behaviour. The ‘Nonlinear elastic 303 

material’ model as well as the ‘Plastic-multilinear material’ model are employed for materials 304 

exhibiting essentially elasto-plastic behaviour characterised by high values of ductility and 305 

deformability as is the case for ECC under uniaxial tension. Finally, cohesive interface models 306 

are employed to describe the interaction (slippage) between two surfaces forming the ECC-307 

masonry and mortar-masonry interfaces. The cohesive element comprises of a top and bottom 308 

surface with initially zero thickness and uses a bilinear constitutive law that relates the traction 309 

to the relative displacement (slippage) at the element mid-surface. Initially, linear elastic 310 

behaviour is assumed until the shear stresses acting on the interface reach a certain limit. 311 

Beyond this point a second branch initiates describing the formation and evolution of the 312 

damage sustained (in the form of cracking at the interface). After the onset of damage, the 313 

strength of the cohesive element gradually reduces to zero. The main input parameters required 314 

by the model are related to the shear and tensile strength and stiffness of the interface. 315 

 316 

3.2 Nonlinear Solution Strategy  317 
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During each load increment the static problem is solved through an iterative procedure based 318 

on the Newton-Raphson method [35]. During each iteration every Gauss point is checked to 319 

determine whether loading or unloading takes place and to establish whether any cracks close 320 

or form. Depending on the results of the previous checks, changes are introduced to the stress-321 

strain matrices of the individual finite elements and to the global stiffness matrix representing 322 

the structure investigated. Convergence is checked locally at each Gauss point and once the 323 

values of the strain and the corresponding stress increments are less than the small predefined 324 

value (i.e. convergence criterion) then convergence is accomplished and the solution can move 325 

on to the next load increment. When the convergence criterion is not achieved, the residual 326 

forces are calculated and are then re-imposed onto the FE model of the specimens investigated 327 

until convergence is finally achieved [35] 328 

 329 

3.3 Modelling of Cracking 330 

Cracking is considered either through the smeared crack approach or by assuming failure in 331 

the cohesive interface model. The smeared-crack approach is adopted for modelling cracking 332 

within the brick units and mortar layers. A crack is considered to form when the stress 333 

developing in a given part of the structure corresponds to a point in the principal stress space 334 

that lies outside the predefined failure surface of the concrete material. This is then followed 335 

by an immediate loss of load-carrying capacity in the direction normal to the plane of the crack. 336 

At the same time, the shear stiffness is also reduced drastically to a small percentage of its 337 

previous value (before the occurrence of the crack) through the use of the shear retention factor. 338 

It should be noted that each integration point can develop up to three (fixed) cracks (in three 339 

different dimensions). In the case of the cohesive interface elements cracking is assumed to 340 

occur when the stresses acting normal or parallel (shear stresses) to the plane of the interface 341 
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reach their peak values thus resulting in relative movement being exhibited by the two surfaces 342 

forming the subject interface. Beyond this point these strength values gradually reduce to zero. 343 

 344 

4. Calibration of material and interface models 345 

Modelling of the behaviour of bricks and mortar: The concrete (data fitted) material model is 346 

employed for describing the behaviour of the brick units and mortar under uniaxial 347 

compression and tension. The uniaxial tensile strength of both materials is assumed to be 10% 348 

of the uniaxial compressive strength [36, 37] and the Poisson ratio (v) is assumed equal to 0.15 349 

[37].  A shear reduction factor of 0.1 is used; however, the influence of this coefficient is not 350 

expected to have a significant effect on the predicted response of the masonry beam-like 351 

specimens (see figure 2) because during testing the bricks and mortar layers did not crack. 352 

Figures 4a and 4b show the stress-strain curves adopted for describing the behaviour of the 353 

brick units and mortar respectively under uniaxial tension and compression.  354 

 355 

 
 

(a) (b) 

Figure 4.  Stress-Strain curve employed for describing the behaviour of a) brick units under uniaxial tension 356 

and compression b) mortar under uniaxial tension and compression 357 

 358 

Modelling of ECC behaviour: ECC is modelled as a multi-linear plastic material [35] based on 359 

the mechanical properties presented in Table 1. The poison ratio of ECC is assumed equal to 360 
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0.15 [38]. The tensile behaviour of ECC is described by the tri-linear stress-strain curve 361 

presented in Figure 5a. The first portion of the curve (defined up to the yield point) assumes 362 

linear elastic behaviour whereas the yield point is associated with the initial development of 363 

cracking in the ECC. The second portion of the curve, between the yield point and the point at 364 

which peak-stress is attained, is associated with the development and extension of the cracks 365 

throughout the length of the specimen. At this stage the fibres within the ECC bridging the 366 

plane of the cracks undertake the stresses in these regions allowing ECC to retain and even 367 

increase its load-carrying capacity. The third portion describes softening behaviour which is 368 

associated with the rupturing of the fibres and the gradual loss of load-carrying capacity. A 2-369 

D plane-stress model of the dog-bone specimens, used during testing, is created as shown in 370 

Figure 5.b. A 100 x 18 mesh (4-node) is used for representing the ECC specimen which is a 371 

fixed support on one side (see Figure 5.b). The load is applied monotonically to failure on the 372 

other side of specimen in the form of displacement increments at the rate of 1mm/min (see 373 

Figure 5.b). 374 

A good agreement is observed between the numerically and experimentally established stress-375 

strain curves presented in Figure 6.a. The plateau (associated with strain-hardening behaviour) 376 

of the experimentally established stress-strain curves exhibit fluctuations due to the cracking 377 

process that the specimens undergo during testing. However, the numerically established 378 

curves are characterised by a uniform gradient due to modelling ECC material behaviour in 379 

tension as an elastoplastic hardening material through the use of a trilinear stress-strain curve. 380 

Figure 6.b shows the contours of the axial tensile strain developing within the specimen prior 381 

to failure. The predicated strain distribution is in agreement with the crack patterns observed 382 

on the specimen during testing when approaching its ultimate limit state (see Figure 6.b). 383 

During testing micro-cracks initiate in the central part of dog-bone specimens followed by the 384 

development of localized cracking in the same region. The NLFEA predicts that cracking also 385 
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initiates and further develops in the central part of the specimen ultimately predicting failure 386 

in this region. However, the more uniform strain distribution predicted by the FE model is 387 

associated with the use of the idealised strain curve (characterised by a constant gradient in the 388 

plastic region) for describing tensile material behaviour. The model at failure predicts high 389 

strain concentrations near the corners of the central portion of the dog-bone sample at which 390 

region failure occurred in experiments.  However, during testing due to imperfections 391 

associated with the specimens or test conditions (i.e. presence of air bubbles in specimens, 392 

eccentricity in applied load), failure occurred in the central part but in random places. 393 

 394 

 

 

 

Figure 5. (a) Stress-Strain curve describing the behaviour of ECC under uniaxial tension and compression 395 

and (b) FE model of ECC tensile test accompanied by its experiment 396 
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(a) (b) 

Figure 6  (a) Comparison of stress-strain curves established numerically and experimentally describing the 397 

behaviour of the ECC dog-bone specimens under uniaxial tension; (b) Comparison of strain 398 

distribution predicted numerically with the crack patterns recorded during testing prior to failure 399 

 400 

Modelling of brick-mortar interface in tension: A 2-D plane-stress model is developed to 401 

simulate the behaviour of the brick-mortar interface in tension (TBM model). This model 402 

represents two brick units and a mortar layer (joint) in between (see Figures 1a and 7). Each 403 

brick is divided into a 2 x 5 mesh of 4-node elements with dimensions of 32.5mm x 20mm. 404 

The mortar layer is modelled through the use a 1 x 5 mesh of 4-noded FEs with dimensions of 405 

20mm x 5mm. The behaviour of the brick units and mortar under uniaxial tension and 406 

compression are described by the constitutive models presented in the preceding sections. The 407 

cohesive interface element is employed for describing the bond developing between mortar 408 

and the brick units. The properties of the cohesive element are chosen so that the results 409 

obtained from the model provide a close fit to the relevant test data presented in Table 1. A 410 

tensile strength of 0.5 MPa and a shear strength of 0.8 MPa are adopted. The base of the FE 411 

model is not allowed to move vertically whereas its upper face is subjected to a uniformly 412 

distributed load applied monotonically to failure (see Figure 7a) at constant rates in 413 
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displacement increments (see Figure 7b). Failure is predicted to happen in the brick-mortar 414 

interface which is in line with what is observed during testing. It is also important to note that 415 

the mode of failure exhibited is brittle (an abrupt loss of load-carrying capacity occurs 416 

immediately after peak-load is attained) and the deformations exhibited prior to failure are very 417 

small. 418 

   

(a) (b) 

Figure 7.  (a) TBM FE model; (b) failure surface established numerically and experimentally 419 

 420 

Modelling of brick-mortar and brick-ECC interface in shear: Two 2-D plane-stress models are 421 

developed representing the specimens in Figure-8, the behaviour of which has been established 422 

experimentally in the past [27]. One of the models included mortar layers between bricks (SBM 423 

model) whereas the other included two ECC layers (SBE model). Each brick is modelled 424 

through the use a mesh of 3 x 10 (4-node) elements with dimensions of 21mm x 21.6mm.  Each 425 

mortar and ECC layer is divided into 1x10 mesh of 4-node elements with dimensions of 21mm 426 

x 5mm and 21mm x 15mm respectively (see Figure 8.b). The bond between the mortar or ECC 427 

and the brick units are described through the use of cohesive interface elements. The tensile 428 

properties of the cohesive interface are obtained from the test data included in Table 1. In the 429 

case of both models shown in Figure 8, the bricks on either side of the specimens are not 430 

allowed to move vertically at their base whereas the middle brick is subjected to a distributed 431 

load on its upper face which is applied monotonically to failure in the form of displacement 432 

increments. The numerical analysis predicts that in the case of both SBM and SBE models, 433 

Failure 

region 
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failure occurs along the interface between the brick units and the mortar or ECC layer 434 

respectively. These predictions are in agreement with the failure mode observed experimentally 435 

[27]. The predicted shear strength of SBM1 is 0.9 MPa (compared to 0.7MPa established 436 

experimentally) and for SBE1 is 1.1 MPa (compared to 1.13 measured during testing) which 437 

are in agreement with the experimentally established values (Figure 9a). It is interesting to note 438 

that the form of failure observed is very brittle during which the specimen does not deform 439 

significantly (displacement well below a tenth of one mm are recorded). However the SBE 440 

model appears to underestimate the stiffness of the specimen. By carrying out parametric 441 

studies it was found that when increasing the stiffness of the cohesive interface more than 1013 442 

N/m3 failure would occur in the ECC layer rather than along the cohesive interface. Thus the 443 

stiffnesses included in Table 5 offers the closest result to the experimental values when 444 

assuming different values of shear strength (Figure 9.b). Further experiments are required to 445 

be carried out in order to study the behaviour of the subject specimens in more detail and fully 446 

calibrate the FE model. 447 

 

 

 

(a) (b) 

Figure 8.  a) SBM and b) SBE model 448 

 449 

Table 5: SBM and SBE cohesive interface properties 

Specimens 
ID 

Shear strength 

MPa 

Tensile strength 

MPa 

Stiffness 

N/m3 

SBM 

SBM1 1.8 0.5 1.0 x 1011 

SBM2 3.6 0.5 1.0 x 1012 

SBM3 12.0 0.5 1.0 x 1013 

SBE 
SBE1 10.0 0.5 1.0 x 1011 

SBE2 12.0 0.5 1.0 x 1012 
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SBE3 18.0 0.5 1.0 x 1013 

 450 

 
 

(a) (b) 

Figure 9.  Comparison of stress-strain curves predicted numerically and established experimentally for 451 

describing the behaviour of a) SBM model b) SBE model 452 

5. FE modelling of the masonry beam-like specimens 453 

5.1 Modelling of the un-strengthened masonry specimens 454 

The masonry beam-like specimen subjected to static four-point bending testing is presently 455 

modelled as a plane-stress problem (the thickness of the specimen is assumed to be 210 mm) 456 

through the use of  two models: (a) a 2-D detailed (3-phase) model which represents seperately 457 

the bricks, the mortar layers and brick-mortar interfaces (DN model) and (b) a 2-D simplified 458 

(2-phase) model (SN model) which models the brick units and brick-mortar interfaces with the 459 

mortar being essentially ignored and incorporated into the volume of the bricks. Due to the 460 

symmetry characterising the problem at hand only half of each specimen is modelled. The DN 461 

model (see Figure 10.b) consists of five bricks and five mortar layers forming the joints 462 

between the consecutive bricks. Each brick unit, which is 102 mm x 65 mm, is modelled by a 463 

6 x 10 mesh of 4-noded elements with dimensions of 10.2mm x 10.8mm. The mortar layer is 464 

assumed to be 100 mm x10 mm for all joints except that next to the axes of symmetry of the 465 

specimen which is assumed to have half the thickness (5 mm). Each mortar layer is divided 466 

into a 1 x 10 mesh of 4-node 2-D elements with dimensions of 10.2mm x 5mm. Nine cohesive 467 

interface elements are defined between the bricks and mortars layer. In the case of the SN 468 
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model the mortar layers were incorporated into the brick units and consequently the dimensions 469 

for each brick became 102mm x 74 mm (see Figure 10.c). Each brick unit is modelled by a 3 470 

x 5 mesh of 2-D, 4-node elements with dimensions of 20.4mm x 24.6mm. The density of the 471 

mesh in the SN model is reduced compared to that employed by the DN model in order to 472 

decrease the computational resources required by the FE package to solve the problem at hand. 473 

In the SN model five cohesive interface elements are defined between the bricks unit as a 474 

boundary condition. A steel element is used to distribute the stresses at the supports and at the 475 

loading points in order to avoid the development of high stress concentrations which can 476 

potentially result in premature cracking at these regions. The support is allowed to rotate and 477 

move axially (see Figure 10). On the other end the cross-section of the specimen is allowed to 478 

only translate vertically due to the symmetry characterising the problem at hand (see Figure 479 

10). The load is applied monotonically to failure at the middle of the fourth brick (see Figure 480 

10) in the form of displacement increments.  481 

 
(a) 

       (b) 

 

 

 

 

 

Figure 10. Schematic representation of the 

four-point bending tests for the cases of the 

specimens included in the N series 

accompanied by their FE models b) DN 

model c) SN model 

      (c) 

 482 
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In the case of both the DN and SN models the three different cohesive interface models 483 

presented in Table 6 are employed. The predictions of the models are presented in Figure 11 in 484 

the form of load-displacement curves. Both DN1 and SN1 with the same bond properties 485 

(SBM1) provide the closest fit to the available test data. However, the models overestimate the 486 

load-carrying capacity predicting a value of 2.1 kN instead of 1.2 kN established 487 

experimentally. This difference can be attributed either to imperfections characterising the 488 

experimental setup and the specimens considered or the potential variations of the material or 489 

interface properties that influence the experimentally recorded behaviour due to its sensitivity 490 

to these parameters which can be linked to the brittle form failure and low strength recorded. 491 

The stiffness of model SN1 is higher compared to that of model DN1 due to the smaller number 492 

of cohesive interfaces resulting in smaller deformations. In spite of these differences the FE 493 

models are considered to provide a realistic description of the behaviour of the specimens 494 

recorded experimentally. It is important to also note at this stage that during testing non-495 

retrofitted specimens failed in a brittle manner immediately after the formation of cracking at 496 

one of the brick-mortar interfaces along the central span (between the two locations at which 497 

the load was applied). Failure during the numerical analysis is predicted to occur at the cohesive 498 

interface elements within the central span which is in agreement with what was observed during 499 

testing (Figure 12).  500 

Table 6. Brick-mortar cohesive interface properties 

Model name Interface name 
Shear strength 

(MPa) 

Tensile strength 

(MPa) 
Stiffness (N/m3) 

DN1 SBM1 1.8 0.5 1.0 x 1011 

DN2 SBM2 3.6 0.5 1.0 x 1012 

DN3 SBM3 12.0 0.5 1.0 x 1013 

SN1 SBM1 1.8 0.5 1.0 x 1011 

SN2 SBM2 3.6 0.5 1.0 x 1012 

SN3 SBM3 12.0 0.5 1.0 x 1013 
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a b 

Figure 11.  Comparison of load-deflection curves predicted numerically and established experimentally for 501 

describing the behaviour of a) DN model series b) SN model series 502 

a) 

 
 

b) 

  

c) 

 

             

Figure 12.  Comparison of predicted failure mode and strain distribution predicted by models (a) DN1 and (b) 503 

SN1 with (c) that crack-pattern established experimentally 504 

5.2 Modelling of full bonded ECC-retrofitted beam under bending test 505 

Two 2-D models are developed for representing the ECC-retrofitted specimens: (a) a detailed 506 

(4-phase) model (DF model) which is based on the DN models described earlier and (b) a more 507 

simplified (3-phase) model (SF model) which is based on the SN model with the addition of 508 
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the brick-ECC interface and the ECC layer. The ECC layer (with dimensions of 370x15 mm) 509 

is attached on the bottom face of the masonry beam. This layer is modelled using a mesh of 510 

4x100 and 4-node elements with dimensions of 3.7mm x 3.75mm (see Figure 13). For both DF 511 

and SF models, cohesive interface elements are defined between the ECC layer and the bottom 512 

surface of the masonry specimens. The loading and boundary conditions imposed onto the 513 

subject specimens are the same as those imposed on the un-strengthened specimens (see Figure 514 

13). The three different cohesive models described in Section 4.5 (see Table 7) are adopted in 515 

the present model. It is observed that only models DF1 and SF1 (adopting the brick/mortar 516 

interface model SBM1 with a value for penalty stiffness equal 1011 N/m3) can provide 517 

predictions of specimen behaviour that form a good fit to the available test data whereas models 518 

DF2 and DF3 as well as SF2 and SF3 (adopting brick/mortar interface models SBM2 and 519 

SBM3 respectively which are characterised by higher values of penalty stiffness) resulted in 520 

numerical instability.  521 

 

a) 

 

b) 

 

 

 
 

 

 

 

 

 

Figure 13. Schematic representation of the 

four-point bending tests for the F-series 

specimens accompanied by the (b) DF and 

(c) SF models. 

 

c) 

 

 522 
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Table.7  Brick-mortar cohesive interface properties 

Model 

name 

Interface 

name 

Shear 

strength 

(MPa) 

Tensile 

strength   

Stiffness 

(N/m3) 

DF1 SBM1 1.8 0.5 1.0 x 1011 

DF2 SBM2 3.6 0.5 1.0 x 1012 

DF3 SBM3 12.0 0.5 1.0 x 1013 

 523 

Table 8 presents a parametric study carried out while employing the detailed (DF) and 524 

simplified (SF) models representing the masonry specimens. The strength of ECC was assumed 525 

30%, 45% and 60% higher than that established experimentally from the dog-bone specimens. 526 

The results for the detailed models are presented in Figure 14a. The maximum load bearing 527 

capacity for DF1, DF4, DF5 and DF6 are 11.6 kN, 12.9 kN, 13.9 kN and 15.7 kN respectively 528 

compared to 12.9 kN that was established experimentally. The predictions obtained from the 529 

DF4 model with a 30% higher value of ECC strength provided the best fit to the recorded test 530 

data. Model DF1 appears to underestimate and DF5 and DF6 overestimate the experimentally 531 

established strength. Figure 14b shows the predictions obtained from the simplified models. 532 

Models SF1, SF2, SF3, and SF4 predicted maximum load bearing capacities of 10.71 kN, 12.8 533 

kN, 14.8 kN and 17.1 kN compared to 12.9kN established experimentally. The predictions 534 

provided from Model SF2 (which assumes that the tensile strength of ECC is 30% higher than 535 

that established when testing the ECC dog-bone tests under uniaxial tension) provide the best 536 

fit to the available tests data. Model SF1 underestimates while models SF3 and SF4 537 

overestimate the strength of the specimen established experimentally. The predictions of DF1 538 

and SF1 models underestimate the experimentally established load-carrying capacity by about 539 

10%. This can in turn be attributed to the loss of water during the curing process of the ECC 540 

layer (due to it being absorbed by the masonry) resulting in the ECC exhibiting higher strengths 541 

than that measured from the tensile tests conducted on the dog-bone specimens.  542 
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The maximum deflection predicted by the detailed and simplified models are 2.28mm and 543 

2.32mm respectively compared to 3.89mm established experimentally (see Figure 14.b). Both 544 

numerical models underestimate the maximum displacement recorded during testing. This can 545 

be potentially associated with the fact that during testing, one of the bricks separated (de-546 

bonded) from the ECC layer allowing the formation of multiple cracks in the de-bonded region 547 

of the ECC layer (see Figure 3.b). This process was not captured by the models which predicted 548 

more localised cracking close to the joint regions and hence less ductile behaviour (deflection). 549 

The simplified models exhibited a stiffer response compared to that of the detailed models (see 550 

Figure 14) due to a smaller number of cohesive interfaces resulting in smaller deformations. 551 

 552 

Table 8. ECC properties  

Model 

name 

Interface 

name 

ECC First 

crack stress 

(MPa) 

ECC First 

crack strain  

ECC 

maximum 

stress 

(MPa) 

ECC 

maximum 

strain 

DF1 SBM1 2.8 0.00018 3.75 0.035 

DF4 SBM1 3.6 0.00018 4.9 0.035 

DF5 SBM1 4.0 0.00018 5.4 0.035 

DF6 SBM1 4.5 0.00018 6.0 0.035 

SF1 SBM1 2.8 0.00018 3.75 0.035 

SF2 SBM1 3.6 0.00018 4.9 0.035 

SF3 SBM1 4.0 0.00018 5.4 0.035 

SF4 SBM1 4.5 0.00018 6.0 0.035 

 553 
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(a)  (b)  

Figure14.   Comparison of load-deflection curves predicted numerically by the a) detailed and b) simplified FE 554 

models and established experimentally 555 

 556 

Figure 15.c shows the fully bonded specimens crack patterns recorded during experiments after 557 

failure of the specimens. It was observed that initially the brick/mortar interfaces cracked 558 

within the central span. Then radial cracks propagated within the ECC layer, extending from 559 

the tip of the failed brick/mortar interface into the ECC layer. In the case of the fully bonded 560 

specimens the cracks developing in the ECC layer mainly concentrated in the joint regions. 561 

The distribution of strain predicted in the FE model prior to failure is presented in Figures 15.a 562 

and b. Cracking in the models initiated in the brick-mortar interfaces (as in the case of 563 

experiments) ultimately resulting in the global failure of the specimen when these cracks 564 

extending throughout the full depth of the ECC layer. It is interesting to notice that the 565 

numerically predicted behaviour is overall in agreement with the crack patterns recorded during 566 

testing. The cracks were more concentrated (localised) close to the brick/masonry interface due 567 

to the confinement provided by the bond developing between the surfaces forming the latter 568 

interface and gradually extending radially (becoming more distributed) towards the bottom 569 
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surface of the ECC layer. Both detailed and simplified models provided similar predictions 570 

concerning this cracking process.  571 

 572 

a) 

 
 

b) 

 
 

c) 

 
 573 

Figure.15  Comparison of the predicted failure mode and strain distribution of a) DF1 and b) SF1 model c) F 574 

series crack pattern during experiment 575 

 576 

5.3 Modelling of partial bond ECC-retrofitted beam-like masonry specimens 577 

A 2D detailed model and a simplified model were developed to simulate the partially bonded 578 

ECC-retrofitted beam-like masonry specimens under four-point flexural tests. The modelling 579 

of the subject specimen was based on the methodology adopted in Section 5.2. In order to 580 

define the un-bonded surface within the central span between the ECC layer and the masonry 581 

surface a contact surface was introduced. In the detailed models (DP model) the contact surface 582 

connected the two outer bricks and three mortar layers to ECC layer. In the simplified model 583 
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(SP model) the contact surface connected the two outer bricks (close to the edges of the 584 

specimens) and the ECC layer. The support and load conditions imposed were the same as 585 

those applied in the case of the fully bonded models in section 5.2 (see Figure 16). The cohesive 586 

interface models adapted for both DP and SP models are the same as that employed in the DF1 587 

model for the purposes of comparison. The effect of the variation in the mechanical properties 588 

of the ECC layer on certain aspects of specimen behaviour is presented in Table 9. As part of 589 

a sensitivity analysis, the stress at which the first cracking initiated and the tensile strength of 590 

the ECC layer were increased by 30% and 45% compared to the results obtained from the tests 591 

carried out on the dog-bone specimens.  592 

a) 

 

b) 

 

 

 

Figure 16. Schematic representation of the 

four-point bending tests for the P-series 

specimens accompanied by the (b) DP and 

(c) SP models. 

 

c) 

 

Figure 17a presents the results of the parametric study obtained from the detailed (DP) models. 593 

The maximum load bearing capacity for DP1, DP2 and DP3 were predicted to be 9.81 kN, 12.2 594 

kN and 14.2 kN respectively compared to 10.9kN established experimentaly. The predictions 595 

of DP2 model (with 30% higher ECC strength) provides the best fit to the test data, with DP1 596 

Unbonded region 
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underestimating and DP3 overestimating the experimentally established value of the specimen 597 

strength. Figure 17b presents the load-deflection curves describing the specimen behaviour 598 

predicted by the simplified models. Models SP1, SP2 and SP3, exhibited a maximum load 599 

bearing capacity of 10.2 kN, 13.5 kN and 17.1 kN compared to 10.9 kN established 600 

experimentally. The predictions of SP1 underestimated while those of SP2 and SP3 601 

overestimated the strength recorded during testing. The reason for models DP1 and SP1 602 

underestimating the experimentally established values of specimen strength can be attributed 603 

to the loss of the water in the ECC layer allowing the latter layer to exhibit higher values of 604 

strength.  605 

The maximum deflection predicted by the detailed models are 8.52mm, 9mm and 14.1mm for 606 

DF1, DF2 and DF3 compared to 6.59 mm established during testing (Figure 17.a). These values 607 

were higher than that recorded during testing. This can be attributed to the idealised modelling 608 

of the material behaviour of ECC, however further research is necessary to establish the exact 609 

causes of this variation. The maximum values of the deflection predicted by the simplified 610 

model are presented in Figure 17.b. Models SP1, SP2 and SP3 predicted a maximum deflection 611 

of 7mm, 7.59mm and 8.4mm compared to 6.59mm established experimentally. The predicted 612 

results obtained from model SP1 are close to the experimentally established values while SP2 613 

and SP3 provide higher values of deflection. The reason that the simplified models provide 614 

closer predictions to the experimental values (compared to the more detailed models) is due to 615 

the smaller number of cohesive interfaces that they incorporate. In the detailed models, two 616 

cohesive interfaces are defined in each joint while in the simplified model only one cohesive 617 

interface is defined per joint. Therefore, the number of total cohesive interfaces in the 618 

simplified model is half of those in the detailed models resulting in the simplified models 619 

exhibiting a stiffer but less ductile response (deflection) compared to detailed models (see 620 

Figure 17).  621 
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Figure 18.a shows the crack pattern exhibited by partially bonded specimens after testing. 622 

Initially the brick-mortar interfaces cracked within the central span. It was observed that the 623 

partially bonded specimens exhibited uniform cracking within the central (un-bonded) span of 624 

the ECC layer regardless of the position of the brick/mortar interfaces. This provides evidence 625 

that there is a strong link between the level of bond forming between the ECC layer and the 626 

masonry and the cracking process exhibited by the ECC layer. In the case of the partially 627 

bonded specimens, the cracking propagated vertically to tensile direction resultant force acting 628 

normal to the cross-section of the ECC layer (see Figure 18.c). Cracking in both (detailed and 629 

simplified) models initiated in the brick-mortar interfaces as observed during testing (see 630 

Figures 18.a and b) and then developed in the ECC layer ultimately resulting in the collapse of 631 

the specimen. The predictions of the FE models are similar to the crack patterns recorded during 632 

testing. In both models the ECC layers cracks propagated uniformly within the un-bonded 633 

region. 634 

 635 

Table.9. ECC properties  

Model 

name 
Interface 

name 

ECC First 

crack stress 

(MPa) 

ECC First 

crack strain  

ECC 

maximum 

stress (MPa) 

ECC 

maximum 

strain  

DP1 SBM1 2.8 0.00018 3.75 0.035 

DP2 SBM1 3.6 0.00018 4.9 0.035 

DP3 SBM1 4.0 0.00018 5.4 0.035 

SP1 SBM1 2.8 0.00018 3.75 0.035 

SP2 SBM1 3.6 0.00018 4.9 0.035 

SP3 SBM1 4.0 0.00018 5.4 0.035 

 636 
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(a)  (b)  

Figure 17.   Comparison of load-deflection curves established numerically and experimentally for describing 637 

the behaviour of the partially bonded specimens a) detailed model b) simplified model 638 

 639 

 640 

a) 

 
 

b) 

 
 

c) 

 

 641 

Figure 18.  Comparison of the predicted failure mode and strain distribution of a) DP1 and b) SP1 model c) P 642 

series crack pattern during experiment 643 
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 644 

6. Parametric study results and discussion 645 

6.1 Introducing fully bonded  ECC layers on the top and bottom surface of the masonry 646 

specimens  647 

A 2D model with two layers full bonded onto the top and bottom surface of the top and bottom 648 

surface of the specimen (SFT) were developed using the same methodology as that described 649 

in Section 5.3 in the case of the simplified models (see Figure 19). A multi-linear elastic model 650 

is employed to describe the behaviour of the ECC layer loaded on the top surface of the 651 

specimen acting in compression due to the inability of the multi-linear plastic material model 652 

to describe ECC behaviour in both tension and compression. Initially the multi-linear elastic 653 

material model was employed to describe ECC behaviour under tension and compression (see 654 

Figure 20). A concrete defined model was also used for the same purpose (see Figure 20). The 655 

multi-linear elastic material can simulate the strain hardening behaviour of ECC under uniaxial 656 

tension whereas the concrete model can simulate only strain softening behaviour. Two different 657 

sets of properties were assigned to the ECC layer: either obtained from the testing of the dog-658 

bone specimens in tension (see Figure 6) or assuming a 30% increase in ECC strength (see 659 

Table 10).  660 

 661 
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Figure.19. Schematic representation of the four-

point bending tests for the specimens 

strengthened with a double layer of ECC 

accompanied by the SFT models 

 

 662 

 663 

Figure.20.  Stress-strain curve describing the behaviour of ECC under uniaxial tension and compression 664 

Figure 21 shows the predicted results obtained from the models. As no relevant test data is 665 

available for these models, their predictions are compared with their counterparts from models 666 

SF1 and SF2 (masonry specimens strengthened with one layer of ECC at their bottom surface). 667 

Both the multi-linear elastic and concrete models adopted predicted results close to each other. 668 

The maximum load carrying capacity of the SFT series are close to those obtained from the SF 669 

series. When assuming 30% higher ECC strength the load-carrying capacity of the specimens 670 

predicted was 13.9kN and 12.8 kN for SFT2 and SFT4 respectively compared to 13.3kN 671 

predicted by SF2. This shows that the bottom layer of ECC under tension contributes to load 672 

bearing capacity and the top ECC layer has little contribution to the load-carrying capacity of 673 

the specimens. It is interesting to note however, that the top layer of ECC in the SFT models 674 

exhibited a compressive strain about 2 times higher than that observed in the top of the bricks 675 

in the SF models which allowed the former models to exhibit higher deformations than the 676 

latter ones.  677 
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The deflections predicted by models STF2 and STF4 are 2.55mm and 2.74 mm respectively 678 

compared to 2.36mm predicted by SF2 (see Figure 21). The results show that for specimens 679 

strengthened with fully bonded ECC layers the second layer of ECC on the top face (acting in 680 

compression) of the specimens can improve deformability between 8% to 16%. The top ECC 681 

layer can distribute the applied load more uniformly on the masonry beam and allow the bottom 682 

ECC layer to deform more than in the case of specimens retrofitted with one layer ECC. In the 683 

SF2 model the ECC layer beneath the joints developed strains up to 2.3% while in the bottom 684 

ECC layer of the SFT2 model maximum value of strain exhibited was 4.2% strain capacity. 685 

This observation presents that in SFT2 the bottom ECC layer failed at higher level of tension 686 

(about 83%) and the top layer undertakes the developing shear while in the SF model the 687 

bottom ECC layer failed under a combination of tensile and shear forces and only reached a 688 

maximum strain value of 2.3%.  689 

 690 

 691 

Failure in the models initiated in the brick-mortar interfaces and then the bottom ECC layer 692 

failed in tension. The cracking process is similar to specimens with one layer of ECC (SF 693 

series). The distribution of stresses in the model prior to failure can be observed in Figure 22. 694 

This strain distribution is close to the crack pattern observed in the SF series at failure.  695 

 696 

Table10. Top layer ECC properties 

Model 

name 

Interface 

name 

Stress at 1st 

crack  

(MPa) 

strain at 1st 

crack 

ftu,ECC 

(MPa) 

ECC 

maximum 

strain 

material 

model 

SFT1 SBM1 2.8 0.00016 3.75 0.035 Multi-linear 

Elastic SFT2 SBM1 3.6 0.00016 4.9 0.035 

SFT3 SBM1 2.8 0.00016 3.75 0.035 
Concrete 

SFT4 SBM1 3.6 0.00016 4.9 0.035 
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 697 

Figure.21  Comparison of load-deflection curves predicted numerically for describing the behaviour of the 698 

SSFT and SSFO series 699 

 700 

a) 

 
 

b) 

 
 

Figure 22.  Comparison of failure predicted and strain distribution of a) SFT2 model b) SFT4 701 

model. 702 

 703 

6.2 Introducing partially bonded ECC layers on the top and bottom surface of the masonry 704 

specimens  705 

The models representing the specimens retrofitted with two partially bonded layers of ECC 706 

(SPT) are based on the simplified (SP) model described in Section 5.3 for the case of the 707 
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masonry specimens retrofitted with a partially bonded layer of ECC at their bottom surface. 708 

The second layer of ECC on the top surface of the specimens is modelled in the same way as 709 

the ECC layer attached to the bottom surface of the specimens (see Figure 23). For describing 710 

the behaviour of ECC both the multi-linear plastic material and a concrete material model 711 

presented in section 6.1 are employed (see Figure 20). Two different properties were attributed 712 

to ECC either directly obtained from tests carried out on the ECC dog-bone specimens (see 713 

Figure 20) or when assuming that the ECC layer exhibited 30% enhancement in strength (see 714 

Table 11). 715 

 716 

 717 

 718 

 

 

Figure.23. Schematic representation of the four-

point bending tests for the specimens strengthened 

with a double layer of ECC accompanied by the SPT 

models 

 

 719 

Figure 24 presents the load deflection curves predicted by the SPT model compared with those 720 

obtained from models SP1 and SP2 modelling the masonry specimens strengthened with only 721 

one partially bonded layer of ECC at their bottom face. Both multi-linear elastic and concrete 722 

models provided similar predictions. The maximum load carrying capacity and deflection 723 

Unbonded regions 
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obtained from the SPT models are similar to those exhibited by the SP series. Failure was 724 

associated when the bottom ECC layer reached its maximum load-carrying capacity. The use 725 

of the top layer of ECC did not increase the deformability of the specimen as the predictions 726 

of the SPT models in terms of maximum deflection were similar to those obtained from the SP 727 

models. The compression strain at the top layer of the ECC of the SPT model is similar to that 728 

predicted by the SP model. In the SP the ECC layer below reached a maximum tensile strain 729 

of 4.2% strain which was similar to that provided by the lower ECC layer in the SPT model. 730 

This reveals that for the case of the SPT model the top layer of ECC cannot increase the 731 

deformability of the specimen as the bottom layer of ECC in the SP series reached its maximum 732 

strain capacity.  733 

 734 

 735 

Table 11. Top layer ECC priorities 

Model 

name 

Interface 

name 

ECC first 

crack stress 

(MPa) 

ECC first 

crack 

strain 

ECC 

maximum 

stress 

(MPa) 

ECC 

maximum 

strain 

ECC material 

SPT1 SBM1 2.8 0.00016 3.75 0.035 Multi-linear 

Elastic 
SPT2 SBM1 3.6 0.00016 4.9 0.035 

SPT3 SBM1 2.8 0.00016 3.75 0.035 
Concrete 

SPT4 SBM1 3.6 0.00016 4.9 0.035 
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 736 

Figure 24.  Comparison of load-deflection curves predicted numerically for describing the behaviour of SPT 737 

and SP series 738 

 739 

Cracking in the SPT models initiated in the brick-mortar interfaces and failure was associated 740 

with the bottom ECC layer reaching its load-carrying capacity in tension. The distribution of 741 

stresses in the SPT model prior to failure can be observed in Figure 25. This strain distribution 742 

is in agreement to the crack pattern noticed in the SP model at failure.  743 

a) 

 
 

b) 

 
 

Figure 25. Comparison of failure predicted and strain distribution of a) SPT2 model b) SPT4 model 744 

 745 
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6.3 Effect of variation in mechanical properties of masonry beams  746 

The mechanical properties of the materials used in masonry walls can vary significantly 747 

depending on the type and quality of the materials used. In this section a parametric study 748 

investigates the effects of the variation in mechanical properties of the bricks and mortar used 749 

on the behaviour of partially bonded ECC masonry walls. Considering that partially bonded 750 

specimens exhibited better performance in term of deformability compared to their fully-751 

bonded counterparts, the present parametric investigation is based on the DP model discussed 752 

in Section 5.3. The mechanical properties of ECC are assumed to be the same as those described 753 

in Section 5.3 (DP1 model). Table 12 presents the properties of brick and mortar selected for 754 

this study. 755 

Table 12. Parametric study on mechanical properties of brick and mortar 

ID 
Compression 

strength (MPa) 

Modulus of 

Elasticity 

(GPa) 

Tension 

strength 

(MPa) 

BC60 E30 (Original beam) 60.0 30.0 6.0 

BC40 E30 40.0 30.0 4.0 

BC20 E20 20.0 20.0 2.0 

BC10 E10 10.0 10.0 1.0 

MC22E12 (Original beam) 22.0 12.0 2.2 

MC14E7 14.0 7.0 1.7 

MC7E4 7.0 4.0 0.7 

Figure 26.a presents the load-deflection curves obtained from model DP when considering 756 

bricks with different mechanical properties. The load bearing capacity of models BC40E30, 757 

BC20E20 and BC10E10 are 9.01kN, 8.73kN and 8.44 kN respectively compared to 9.7kN 758 

predicted by model BC60E30 (the original specimen). All beams presented the similar trends 759 

in their behaviour and similar load-carrying capacities. Models BC40E30, BC20E20 and 760 

BC10E10 exhibited a maximum deflection capacity 4.41mm, 2.5mm 0.87 mm compared to 761 

8.4mm predicted by model BC60E30 (the original specimen). It is interesting to notice that the 762 

deflection characterising the behaviour predicted by the different models reduced by 48%, 61% 763 

and 90% when the strength of bricks reduced by 33%, 66% and 84% respectively. It is observed 764 
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that the reduction of the brick compression strength results in premature failure of the ECC 765 

layer at less than 3% strain (before reaching the maximum strain capacity). It is interesting to 766 

notice that when the compression strength of the bricks reduces to 10MPa the behaviour of the 767 

specimen becomes essentially brittle and a compression failure occurs in brick. This highlights 768 

that for the retrofitted specimens discussed in this paper (using 15 mm ECC layer) a 769 

compression strength of more than 10 MPa for brick is necessary to avoid the compression 770 

failure in brick and exhibit a deflection- hardening (ductile) behaviour.  771 

The effect of the variation of the mortar strength on the behaviour predicted by the DP model 772 

is presented in Figure 26.b. The load bearing capacity of MC14E7 and MC7E4 are 9.01kN and 773 

8.75kN compared to 9.7kN predicted by model MC22E12 (representing the original beam). 774 

Models MC14E7 and MC7E4 exhibited a maximum deflection of 5.7mm and 0.22mm 775 

respectively compared to 8.4mm predicted by model MC22E12 (representing the original 776 

beam). The load bearing capacity of all beams are close to each other. However a reduction of 777 

deformability is observed in specimens by 33% and 98% when the strength of mortar is reduced 778 

by 33% and 66% resulting in premature failure at ECC layer (before reaching the maximum 779 

strain capacity of 3%). It is interesting to observe that when the compression strength of mortar 780 

reduced to 7MPa, the behaviour of the specimen became essentially brittle and a compression 781 

failure happened in the mortar layer. This highlights that when retrofitting the specimens as 782 

discussed in this paper (using a 15 mm ECC layer) a compression strength of more than 7 MPa 783 

for mortar is necessary to exhibit deflection-hardening (ductile) behaviour. 784 

Figure 27 demonstrates the strain distribution exhibited along the span of the beam-like 785 

specimen prior to failure. By reducing the compressive strength of the brick it is observed that 786 

the ECC layer failed prematurely before reaching its maximum strain capacity.  When the 787 

compression strength of the brick reduced to 10 MPa (BC10E10) cracking initiated in the 788 

fourth brick from the support side resulting in the compression failure. However, the global 789 
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failure happened in the ECC layer of specimens. It the MC7E4 model when the compression 790 

strength of mortar reduced to 7 MPa, a crack developed in the third joint from the support side 791 

causing the failure of mortar layer at the top of the third joint resting in the compression failure. 792 

It is interesting to observe a localized failure in the ECC layer beneath the joint. 793 

 794 

 
(a) 

 
(b) 
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Figure 26.  Load-deflection curves of ECC retrofitted masonry beams (DP) a) variation in mechanical 795 

properties of brick b) variation in mechanical properties of mortar. 796 

BC60 E30 

  

BC40E30 

  

BC20E20 

  

BC10E10 

  

MC22E12 

  

MC14E7 
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MC7E4 

  

Figure 27.  Comparison of failure predicted and strain distribution of models 797 

6 Conclusions 798 

The finite element models presently developed for predicting the response of ECC-retrofitted 799 

masonry beams subjected to four-point bending tests are capable of realistically predicting 800 

certain important aspects of the experimentally established behaviour and provide insight into 801 

the mechanics through which partially or fully bonded ECC layers enhance the performance of 802 

masonry specimens. Both detailed and simplified models developed were capable of 803 

realistically predicting the overall behaviour of the specimens. However, it was observed that 804 

the simplified models exhibited a stiffer behaviour compared to that of the more detailed 805 

models. This was associated with the smaller number of cohesive interfaces defined in 806 

simplified models compare to detailed ones. 807 

The numerical predictions confirm the findings of previous experimental studies suggesting 808 

that strengthening the masonry beam-like specimens with fully bonded or partially bonded 809 

ECC layers can substantially improve their out-of-plane behaviour in terms of ductility, 810 

stiffness, deformability and load carrying capacity. The predicted value of deflection 811 

characterising the behaviour of the masonry specimens retrofitted with a partially bonded ECC 812 

layer was predicted to be considerably higher compared to that established for the case of the 813 

specimens strengthened with a fully bonded layer of ECC. This difference is attributed to the 814 

multiple cracks developing uniformly along the full span of the un-bonded region of the ECC 815 

layer. In the case of the specimens with fully bonded ECC layers, cracking developed 816 

concentrated (locally) near the joints within the mid-span region (between the loading points) 817 
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due to the confinement imposed to the ECC layer at its interface with the masonry surface (due 818 

to the developing bond). The numerical predictions reveal that the strain and cracking 819 

developing along the ECC layer in the un-bonded region is essentially uniformly distributed 820 

allowing the subject layer to exhibit a larger deformations as the ECC is allowed to reach its 821 

maximum strain capacity.  822 

In the case of the beam-like specimens strengthened with two layers of ECC (considered as 823 

part of the parametric study) it was observed that in the case of fully bonded specimens the 824 

introduction of the second layer of ECC at the upper face of the specimen (acting in 825 

compression) can improve the deflection of the specimen. In the case of the specimens 826 

retrofitted with partially bonded ECC layers, the introduction of the second layer did not result 827 

in any significant enhancement in specimen behaviour. It is interesting to note that the 828 

numerical predictions revealed that the behaviour exhibited by the strengthened beam-like 829 

specimens were extremely sensitive to the variation of the mechanical properties of the 830 

materials used for the construction of the subject specimens. Reducing the strength of the brick 831 

units or the mortar beyond a certain limit resulted in a significant change in specimen behaviour 832 

characterised by a significant reduction in deformability, load-bearing capacity and ductility. 833 

As a result, further experimental and numerical studies are required in order to investigate in 834 

detail the effect of such parameters on the behaviour of the subject specimens in order to 835 

develop efficient design solutions capable of enhancing the out-of-plane behaviour of the infill 836 

wall.   837 
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