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Abstract 7 

Strengthening and retrofitting  masonry infill Reinforced Concrete (RC) frames is a crucial topic, due to 8 

the large use of this structural typology in earthquake affected countries. Masonry infills can provide a 9 

positive and negative effect on the seismic response.  Positive, because the infills dissipate energy and 10 

therefore increase the overall damping, negative because if their disposition is irregular or they fail 11 

irregularly the structure behavior becomes irregular, in addition they stiffen the structure and thus 12 

increase the base shear force.  However, it has been shown that by using an adequate strengthening 13 

technique, performance and safety of the structures and of the infills can be improved. Several models 14 

for Un-Reinforced Masonry (URM) infills have been developed in the past, but there is a lack of models 15 

available  to describe the behavior of strengthened infilled frames 16 

An analytical simplified strut and tie model is proposed based on the results obtained with the FE 17 

analyses.  In the simplified model the tensile tie and compression strut depend on the stiffness and 18 

strength of the reinforcement in addition to the geometrical and mechanical parameters.  Lateral stiffness 19 

and strength obtained with this model show a good agreement with the tests and the continuum FE 20 

models. .   21 

The model is validated with experimental results of Carbon Fiber Reinforced Polymer (CFRP) 22 

strengthened infilled RC frame.  The experimental data are studied by means of continuum Finite 23 

Element (FE) models in order to study the influence of various parameters on the seismic response and 24 

to calibrate the simplified model. 25 

 26 

1. Introduction 27 
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Masonry infilled RC frames have been widely studied in order to understand the interaction between the 28 

RC frame and the masonry infill subjected to lateral forces and seismic action. This type of construction 29 

is largely used in seismic areas around the world. Design applications range from single two-floor family 30 

dwellings to high-rise apartment buildings in countries such as Chile, Canada, Mexico, Peru, Turkey, 31 

India, Nepal and China [1]. These types of buildings can also be found in the south Mediterranean area 32 

in countries affected by earthquakes, like Algeria, Italy, Spain, Portugal, Greece, and Turkey. Their 33 

widespread presence has serious social and economic implications.  Recent earthquakes in Mediterranean 34 

areas such as Turkey (Erzincan, Düzce and İzmit 1999), Italy (L’Aquila 2009, Emilia 2012, Central Italy 35 

2016),  Nepal (2015) and  China (ichuan, 2008), have shown the importance of masonry infilled frame 36 

on the structural behavior of mid-rise RC frame buildings. 37 

Researchers agree on the interaction mechanism; experimental test and earthquake events have 38 

demonstrated that for relatively small lateral displacement a diagonal truss action in the infill is generated. 39 

The formation of a masonry compression strut introduces a concentrated force acting on the frame 40 

corners, with the separation of the infill from the frame on the opposite side. This mechanism can induce 41 

significant damage in the RC structural elements as well as the failure of the masonry infill and different 42 

failure modes of the structural system [2–4]. The overall stiffness of the building increases, its 43 

fundamental frequency increases, and as a consequence the base shear force increases due to seismic 44 

action. In addition, irregular infill disposition or irregular failures could trigger an irregular structural 45 

behavior.  Therefore, the infill-frame interaction should be considered to model the seismic behavior. 46 

Most seismic design codes, including Eurocode 8 [5], introduce some penalty factor for irregularities in 47 

plan or elevation, but they do not suggest any procedure to calculate the lateral stiffness and resistance 48 

of the infills [6,7]. Strong infill walls in weak or even ductile RC frame may affect the response of frames 49 

by seriously damaging the RC element and leading to the collapse of the structure [1,8,9]. In this case, it 50 

can be beneficial to isolate the infills from the structure with soft joints and secure the wall against out-51 
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of-plane actions [10].  In this way the infills can be modeled as mass without stiffness (as indicated for 52 

new construction in [11]. This solution guarantees that there is no damage in the infills, however it 53 

generates other problems for the building energy efficiency and an external cappotto needs to be added 54 

to the building.  If masonry infills are regularly placed within the structure and do not trigger shear 55 

failures in the columns,  they  could have a beneficial effect on the structural response [12–19]. The infills 56 

carry part of the seismic action, consequently relieving the structural system, and extensively increase 57 

the ability of the building to dissipate energy [20]. In moderate earthquakes and especially in the case of 58 

existing RC frame buildings, typically lacking in stiffness and strength, the masonry infill can be 59 

considered as a fundamental element in an intervention of seismic retrofitting. The FEMA 306, for 60 

example, provides a simple and conservative formulation in order to consider  the masonry infill 61 

behavior. In order to increase the performance of the infill, mainly by increasing the ductility of the 62 

system, a positive effect was highlighted by the shear connector between concrete and masonry [21]. 63 

However, to ensure greater efficiency  intervening  in the structural system by strengthening both frame 64 

and the masonry and converting the non-load bearing existing masonry wall into a structural system is 65 

recommended. 66 

In the last  decades it has been demonstrated that for this strengthening or retrofitting intervention 67 

different types of materials and techniques can be successfully used. As an alternative to thick overlays 68 

of concrete reinforced plaster [22] and shotcrete with metallic mesh,  which substantially increase the 69 

structure weight and stiffness, more recent and modern lighter materials have been proposed to improve 70 

the infilled frame performance. 71 

Most of the tests have been carried out using Fiber Reinforced Polymer (FRP) as strengthening material 72 

[23–32] and interesting results have recently been presented by applying Textile reinforced Mortar/Fabric 73 

Reinforced Cementitious Matrix (TRM/FCRM) [33], Engineered Cementitious Composite (ECC) 74 

[34,35]. In general, all these strengthening/retrofitting solutions have impacted the strength of the system, 75 
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the ability to dissipate energy and showed higher ductility at ultimate displacement. This type of 76 

intervention besides the main objective which is the “in plane strengthening”, improve the out of plane 77 

behavior also when small percentages of material are used. A key factor in the strengthening effectiveness 78 

highlighted during the experimental test has been the connection methodology between the frame and 79 

the masonry infills. Other structural /retrofitting approaches consist of removing the existing masonry 80 

infills and replacing them with a new structural system properly designed with dissipative and resisting 81 

properties (i.e. additional steel bracing and dampers). The advantage of this strategy lies in the possibility 82 

to have a better understanding of a properly engineered “infill substitute.” Nevertheless this solution 83 

could be economically not viable. 84 

Several experimental tests have been produced in order to understand and verify the effectiveness of 85 

strengthened and retrofitted masonry infilled RC frames, but  there is a lack of analytical models able to 86 

correctly predict the structural behavior of the strengthened masonry and its interaction with the RC 87 

frame. This step is fundamental, to widely employ these techniques and extend their use to a multi-story 88 

building. 89 

This paper  aims to introduce a macro model in order to include  the strengthening contribution, by 90 

varying the strengthening geometry or the  strengthening percentage. The study is carried out by 91 

analyzing masonry strengthened  RC frames tested by Yuksel et al. [27], for which the strengthening 92 

strategy was represented by diagonal CFRP extended to the RC frames and anchored to the masonry with 93 

textile anchors.  The numerical and analytical behavior of strengthened masonry infilled frame is studied 94 

here using two different modeling techniques. The first consist of  continuum modeling. By following 95 

this approach the experimental results are reproduced at the mesoscale. The second consists of  a macro-96 

modelling approach, which  idealizes the strengthened masonry infill as a strut and tie system. By 97 

following this approach the generated analytical model to describe the strengthened masonry can be 98 

easily extended to multistory structures. 99 
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 100 

2. Methodology 101 
 102 
2.1 Modeling approaches 103 
 104 

The choice of the numerical modeling strategy has to be targeted to  specific needs and it depends on the 105 

scale of the investigation. To model the infills three approaches are used: micro-modelling, continuum 106 

modeling, and macro-modelling [3]. The first approach considers the detailed micro-modelling and the 107 

simplified micro-modelling. Bricks and mortar joints (for detailed micro-modelling ) are discretized 108 

using continuum elements, while discontinuous elements are used to represent the behaviors of the mortar 109 

joints and brick-mortar interfaces. By adopting this approach the mortar failure and separation between 110 

bricks can be observed. In the continuum approach, the infill panel is modelled as a homogeneous 111 

material and the cracking is smeared. Contact, gap or spring elements can be added to the model to 112 

consider the interface infill-frame to allow separation of the infill from the bare frame. The macro-113 

modelling approach uses 1D elements, the infills are modelled with equivalent struts and the RC frame 114 

with beam elements. This approach, faster and easier to apply using commercial codes, is of greater 115 

interest for designers and engineers. For the first two  approaches, the frame can be modeled considering 116 

the concrete and steel reinforcement as different elements; while in the last approach the reinforced 117 

concrete elements are modeled with beam elements using lumped plasticity or using distributed fiber 118 

models. Further information on the numerical modeling of masonry infilled frame can be found in  119 

[2,3,36,37]. As for the masonry infilled frame, all models can predict the structural behavior in terms of 120 

static, cyclic, and dynamic loading, however only the first two can evaluate local effects. Nevertheless, 121 

as shown in the published literature, the micro modeling requires a complete material characterization 122 

and calibration of several parameters and difficulties can arise due to convergence.  123 

In this paper, the experimental tests carried out by Yuksel et al. [27] are analyzed, by adopting continuum 124 

and macro modeling approaches. The continuum model is used to investigate details on the failure 125 
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mechanisms and interaction effects between infill and frame. The proposed numerical method can 126 

reproduce the static behavior of the specimen at global and local level with and without strengthening. 127 

The numerical results are used for the analytical calibration of the macro model.  128 

In the proposed study on strengthened infills a tensile tie is added to the compression diagonal strut to 129 

simulate the effect of the CFRP [38].  Moreover, CFRP strengthening increases the compression strut 130 

width, as shown by the experimental and numerical evidence, and thus the geometry of the compression 131 

strut is adapted taking into account the modified stiffness of the infill. 132 

 133 

2.2 Subject of the study 134 

This study analyses the static and cyclic behavior of infilled RC frames strengthened using FRP materials 135 

and focuses on the experimental program on 1/3-scaled RC frames tested in Yuksel et al. [27], specimens’ 136 

geometry and internal reinforcement are shown in Fig.1. The original design represented typical  existing 137 

Turkish RC frames, characterized by lack of confinement in beam-column joints, minimal percentage of 138 

stirrups and low concrete compressive strength, 19 MPa was used in the experimental campaign.  The 139 

longitudinal reinforcement ratios in columns and beams were taken as 1% and the transverse 140 

reinforcement ratio was taken as 0.4%. The steel reinforcement had yielding and ultimate stress of 420 141 

MPa and 500 MPa, respectively. The masonry infill was made up of 1/3 scale clay brick, 88x84 x57 mm 142 

[39], with 41% percentage of voids. A cement based material has been used as mortar and as plaster. The 143 

wall thickness was around 70 mm including the lateral plaster thickness. 144 

The masonry compressive strength  was characterized by masonry wallet (500x500) compression test, 145 

whose results, gave a compressive strength of 4.85 MPa along the direction parallel to the holes and 3.43 146 

MPa along the direction perpendicular to the holes [39]. A diagonal compression test was carried out to 147 

determine the tensile strength of the masonry, which resulted to be 0.92 MPa. Several types of 148 

strengthening configuration under unidirectional cyclic loading up to a drift ratio of 6% were tested. The 149 
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unidirectional CFRP (units weight 300g/m2-desitiy 1.79gcm3) had a modulus of elasticity of 230 GPa, 150 

tensile strength 3900 MPa and ultimate strain 1.5%, respectively. The width of the diagonal CFRP 151 

strengthening (wf) was equal to 150mm  (Fig.1) and equivalent thickness of 0.17 MPa [39]. Anchorages 152 

made by rolled  CFRP sheets were installed to join the CFRP sheets on both faces of the masonry wall. 153 

The distance between the anchorages was 300mm. Moreover, the CFRP sheets were extended to the RC 154 

frame and CFRP patches were applied at the corner zone as shown in Fig. 1. 155 

The test set-up was designed  to apply an axial load of 40 kN on each column and the compression force 156 

of 60kN on the top beam [29]. The envelope of the cyclic test results is here presented in Fig.2 for the 157 

strengthened frame with the cross braced solution. Fig.2 also shows the bare frame and the URM infill 158 

frame. 159 

 160 

2.3 FRP strengthened masonry infills 161 

FRP strengthened infills [23–32] improve the load carrying capacity, enhancing the cyclic behavior of 162 

URM infills and increasing the lateral displacement at failure. The strengthening configuration which 163 

provided the best results is the one where FRPs are glued along the diagonals, which is also the preferable 164 

solution in terms of cost-effectiveness. 165 

FRP strengthening effectiveness develops by means of two main mechanisms. The first increases the 166 

masonry compressive width strut formed along the diagonal by increasing the tensile strength of the 167 

masonry in the orthogonal direction and by bridging the formed cracks. The second mechanism acts by 168 

reducing the inter-story displacement demand with the FRPs acting as a tension tie (Fig. 3). In this case, 169 

debonding is trigged by the panel-frame separation, where a high stress gradient is generated. The 170 

debonding process starts at this corner discontinuity and proceeds to the center of the infill (Fig.3). Poor 171 

performance is in general observed when the composite material is not connected or extended to the RC. 172 
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If FRPs are efficiently anchored, structural failure is triggered by CFRP mid panel debonding (or 173 

eventually rupture) 174 

The importance of the anchorage system is also highlighted when TRM [33] or ECC [34,35] were used 175 

to strengthen the infills.   176 

Researchers [40] showed that composite materials for this application failed at lower strain than in the 177 

uni-axial test. This can be justified by the low CFRP strength in the orthogonal direction to the fibers. 178 

The irregular masonry crack pattern, “stepped cracks”, can trigger a high strain gradient orthogonal to 179 

the fiber direction and cause FRP tensile failure. FRP with higher shear resistance in the orthogonal 180 

direction of the fibers, as for example steel reinforced polymers, are recommended for this type of 181 

application. This also highlights the advantages of using orthogonal textiles as in the TRM [33] or 182 

randomly distribute fibers as in the ECC [34,35]. 183 

The CFRP can also contribute to increasing the corner compressive resistance and additional FRP patches 184 

can increase the confinement, carry orthogonal tensile stresses and reduce the negative effect due to 185 

compression forces. 186 

Particular attention should be given to the shear resistance of beams and columns, which may need 187 

additional strengthening due to the increase of the diagonal compression force. 188 

 189 
3. Continuum FE model –modeling 190 
 3.1 Modelling details 191 

 192 

The concrete frame, as well as the masonry infill, is modeled using 3D continuum elements. Only one 193 

element is used in the out of plane direction, and the symmetry plane has been used to analyze half of 194 

the structural system. The steel rebars are considered as embedded reinforcement perfectly bonded to the 195 

concrete 3D-elements and are modeled as truss elements. The CFRP material has been modeled as  skin 196 

reinforcements, membrane elements perfectly bonded to the concrete and masonry surfaces. The FRP is 197 

modeled as isotropic material and not orthotropic. since the results are not significantly influenced by 198 
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this simplification. Interface elements are used to simulate the contact between masonry and RC frame.  199 

The interfaces are assumed to work only in compression and shear, the friction component for tangential 200 

sliding is assumed to be equal to 0.35. 201 

  3.2 Constitutive Material Models 202 

The constitutive model adopted for the RC Concrete elements and the infills is the Concrete Damage-203 

Plasticity Model (CDP) [41,42] as implemented in [43]. The parameters used to define the yield surfaces 204 

are reported in Table 1. The function adopted to describe the concrete compressive behavior is formulated 205 

by Feenstra [44] (Fig. 4a).  The values used for the simulation are reported in Table 2. The infill 206 

compressive behavior, shown in Fig. 4b, is modeled using the function proposed by Lourenco [45] and 207 

the values are reported in Table 3. The tensile behavior of both concrete and infills is simulated using an 208 

exponential function (Fig. 4c). The values used are reported in Table 2 and 3 for concrete and infills, 209 

respectively.  Plastic strain (εpl)  is calculated as indicated in Eq.1: 210 

𝜀 = 𝑝𝑙 +
𝜎

𝐸
  (1) 

 211 

Where σ and E are stress and Young’s modulus, respectively. The values to be introduced in the strain-212 

stress relationships are obtained from [27,29,39]. Steel reinforcement is modeled as an elastoplastic 213 

material, with hardening components. Yield stress is equal to 420 MPa, and steel ultimate strain is equal 214 

to 500 MPa. The FRP, see Fig. 5,  is considered effective only in tension. In this paper, the CFRP is 215 

assumed linear elastic up to the debonding stress. Beyond this value, the loss of bond is simulated through 216 

a descending function, presented in Eq.2. This function is adapted from [46]. 217 

2

f d

fdd d
d

E

f



   


  



= 

  

=   
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 218 

Where the debonding strain is d and is equal to  2fdd ff E
 and 


 the softening factor assumed equal to 219 

2.5. 220 
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The debonding stress and strain for the CFRP material are calculated by using the CNR-DT 200 [47]. 221 

Other formulations were considered, [48–51] however the Italian guidelines were preferred for their 222 

completeness. The debonding strain is calculated to be 5.6‰.  This value is comparable to the 223 

experimental values obtained by [25], which shows that with a proper anchorage system large strains 224 

could be observed in the composites. Further details on the calculation of the debonding strain are 225 

provided in section 3.4, where the influence of the strengthening geometry is studied and the debonding 226 

strain is related to the stiffness of the strengthening. 227 

  228 
3.3 Simulations results 229 

The result obtained from the numerical simulation under monotonic loading is compared with the 230 

experimental cyclic load-displacement curve in Fig. 6. The numerical model approximates with sufficient 231 

accuracy the load-displacement envelope of the experimental results. The numerical softening part is 232 

slightly higher than the experimental envelope, because of the cyclic degradation occurred in the 233 

experiment which couldn’t be captured with the numerical model. The maximum force Fmax is calculated 234 

with high accuracy for all models. The bare frame carried a maximum force, Fmax, of 60.7 kN 235 

(experimental values -62.2/+61.4 kN), the URM-frame, Fmax equal to 122.3 kN (experimental values -236 

126.0/+119.9 kN) and the strengthened frame, Fmax of 155.3 kN (experimental values -139.9/+153.0 kN).  237 

The model captures the experimental behavior, in particular the frame infill corner separation, the 238 

formation of the diagonal compression strut, the relative orthogonal tensile action and corner crushing at 239 

masonry compressed corners, steel yielding of the longitudinal bars and shear diagonal crack in beams 240 

and columns. The FE model shows the two resisting mechanisms presented in section 2.3 and Fig.3 and  241 

illustrated in Fig. 7. High-stress localization in the CFRP is observed at the panel-concrete interface. The 242 

state of stress differences between URM and strengthened masonry infill are captured with the continuum 243 

models, it is possible to observe that the compressed region of the strengthened masonry is wider 244 

compared to URM.  This evidence is herein used to define the analytical model presented in Section 4. 245 
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 246 

3.4 Parametric Study 247 

A parametric study is carried out to study the influence of thickness and width of the FRP strips on strength and 248 

ductility of the strengthened infilled frame. ft
 [0.09-0.34mm] and width fw

 [100-200mm], are defined using 249 

the variable f , which is the projection of strengthening to masonry cross section surface ratio, expressed as 250 

indicated in Eq.3 251 
 252 

( )cos 'f f w wA h l =
    [%] 

 

(3) 

Where fA
  and ' are the area and the inclination of the CFRP, respectively, meanwhile wh  and wl  refer 253 

to height and length of the infill panel. The values of f  , are presented in Table 4. The concept of 254 

expressing the efficiency of the reinforcement as a geometrical or mechanical percentage [50,52,53], 255 

mostly used in RC strengthening can be extended to masonry structures since it has been demonstrated 256 

that the efficiency of the reinforcement (or strengthening) is inversely proportional to its amount [53]. 257 

The intermediate debonding stress 2fddf
is calculated with the Italian Guidelines [47] as follows: 258 

2fdd fddf f=  = 
2 t Fd

f

E

t



=  

 

(4) 

Where  F is calculated as indicated in [47] and  = 1.5. The calculated 2fddf
and the respective stains 259 

2d fdd ff E =
 are reported in Table 4. The calculated debonding stress are plotted versus the geometrical 260 

percentage of reinforcement in Fig. 8. Fig.8 shows that debonding strength reduces by increasing the 261 

percentage of CFRP strengthening. A small data dispersion can be observed when the 2fddf
 is expressed 262 

as a function of  The calculated debonding strength values 2fddf
, as shown in  Fig. 8, are fit using the 263 

following equation: 264 

f
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0.45120.9d ff −=    [R2=0.95] 

 

(5) 

The results of the numerical simulations are presented in Fig. 9. The maximum force Fmax and the lateral 265 

force increment, ΔF due to the strengthening application are reported in Table 4. An increase of ultimate 266 

force is observed as the percentage of strengthening increases. As expected, the cracked stiffness of the 267 

structure is affected by the presence of the CFRP strips, and lower stiffness degradation for higher values 268 

of CFRP can be observed.  269 

A higher stiffness of the cracked section corresponds to a lower displacement at Fmax. Fig. 10 shows a 270 

linear tendency between the  and the maximum force obtained from the numerical simulation. In 271 

addition to the Load-displacement behavior of the strengthened masonry infilled frame, the continuum 272 

model explains the local behavior of the panel frame interaction. The present research is dedicated to the 273 

analytical modeling of strengthened infilled frame, and focuses on the compressive behavior of the 274 

strengthened masonry infill as the percentage of CFRP changes through the parameter .  275 

The previous section indicates that the width of masonry strut, i.e. compressive forces, increases due to 276 

the strengthening. This width is here calculated from the numerical model by analyzing the principal 277 

stresses and plastic strains along the diagonals. Fig.11 shows  an example of how stresses and strains 278 

along the diagonals are affected by the CFRP strengthening. The values of the calculated width of the 279 

compression strut, 
s
wb  , are reported in Table 4. The corrective coefficient s

 presented in Eq (5) 280 

represents the variation of strut geometry of a strengthened panel and is calculated as the ratio between 281 

the 
s
wb of the strengthened infills and the compression strut width ( URMb ) of the URM panel:  282 
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s
w

s
URM

b

b
 =

  

(6) 

 283 
4. Macro modelling 284 

 285 
4.1 Macro modeling issues characteristics 286 
 287 
Macro modeling of URM masonry infilled frame is a well-known topic. by adopting this approach a truss 288 

system is added to the bare frame to take into consideration the presence of the infill panel. Several 289 

different formulation of equivalent struts have been published in the past, these include several 290 

parameters, among which geometrical and mechanical parameters, axial forces on the columns, and 291 

presence of openings [2,3,37]. Dedicated constitutive nonlinear models have been developed [15,54–57] 292 

for nonlinear static and dynamic application. Most of the models have been developed for in-plane 293 

behavior, however out of plane behavior has also been considered [58]. 294 

Modeling the in-plane behavior of a strengthened masonry infilled frame is a recent topic. [59,60] 295 

modified the URM approach by adding a tie to represent the strengthening material. Binici and Ozcebe 296 

[60] proposed a monotonic multilinear model for the masonry strut and the FRP tie. Akin et al. [61] 297 

performed numerical simulation on RC frames with panels of different geometry, estimating the 298 

nonlinear monotonic response with reasonable accuracy. Erol et. al. [62] following the Turkish 299 

Earthquake specification [62] studied the model performance using an elastoplastic model for the 300 

masonry infills and an elastic-brittle model for the CFRP tie. Recently Koutas et al. [38] proposed a more 301 

sophisticated approach for TRM strengthened infills, in which the TRM tie, formulated as a bilinear 302 

function, is based on the concept of effective strain [50]. This model describes the strut and tie monotonic 303 

curve and provides a constitutive law for the cyclic behavior. Both models proposed by [38,61] highlight 304 

the need to modify the constitutive model for the strengthened infill, which means that strengthened 305 

infilled frame capacity cannot be computed as the sum of the URM masonry strut and tie contribution. 306 

Akin et al. [61] improved the ductility of the strengthened strut by modifying the elastic-softening law 307 
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of the URM, by adding a plastic segment before the softening phase. Koutas et al. [38], modified several 308 

parameters to characterize the strengthened infill. The model proposed by different researchers and their 309 

models’ validation are strongly related to the masonry infills analyzed. Due to the complexity of the topic 310 

for URM infills, there is no univocal approach, in particular for the definition of post-cracking, hysteretic 311 

behavior, and ultimate strength. All the previously cited models can provide satisfactory results when 312 

compared to the relative experimental tests. Nevertheless, as highlighted in [38], the most difficult task 313 

is to establish the model's parameters given the complexity of the frame-infill interaction and the 314 

composite-masonry tensile interaction and its effect on the compressive forces. A correct model should 315 

provide an effective strain since it is known that the percentage of reinforcement affects the strengthening 316 

technique effectiveness [50,63]. As shown in [38,61] the effective strain does not seem to have a large 317 

impact on the final load displacement curve and further research is necessary on this issue. 318 

4.2 Modelling details 319 

 320 

In the present study, the frame is modeled through a distributed plasticity approach using force based 321 

fiber elements [64] with four integration points. The masonry infill strut and CFRP tie are modeled using 322 

a single equivalent strut approach and nonlinear two node link elements (Fig. 12). Shear elastic 323 

deformation is considered for the frame elements. A rigid section at the beam-column joint and a system 324 

of rigid trusses, as illustrated in Fig. 12, are used to consider the increased shear forces acting on beam 325 

and columns.   326 

The concrete is modeled using the Chang and Mander’s concrete constitutive model [65]. A compressive 327 

strength of 19.0 MPa and compressive strain of 0.25%, elastic modulus of 24.7 GPa and a tensile strength 328 

of 1.85 MPa are used in the simulations. Steel rebars are modeled using a tri-linear material with 329 

hysteretic behavior. The pinching effect is considered by using pinching factors of 0.5 and 0.37 for strain 330 

and stress, respectively.  331 

4.2.1 URM strut 332 
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 333 

The compressive behavior of the strengthened masonry infill is calculated starting from the UR masonry 334 

model, validated using the experimental results. The model is formulated in terms of axial force (Faxial) 335 

and displacement (δaxial). The definition of the constitutive model for the backbone curve requires the 336 

definition of the uncracked state up to the cracking shear force Vcr  (a), the cracked state up to it maximum 337 

resistance Vu (b), the softening part (c), and the residual strength Vr. The first two segments of the curve 338 

are replaced by a parabolic function as shown in Fig. 13 and Eq.6. The advantages of using a parabolic 339 

curve lie in the definition of only two variables Vu and Km, where Km is the secant stiffness to ultimate 340 

resistance Vu calculated from the elastic properties of the masonry infill. The function that describes the 341 

parabolic behavior follows: 342 

2
2

u m m
u u

V V K K
V V

   
 = − 
   

     0 u          

(7) 

Where u u mV K =  represents the displacement at uV . For the model presented in this paper, the tangential elastic 343 

stiffness K, is  equal to 2Km. The softening behavior is defined as a linear function up to a residual shear resistance 344 

Vr and is governed by the parameter beta β as follows in Eq. 8:  345 

( )u m uV V K  = − −       u r         

rV V=       r       

(8) 

The parameter 


is assumed equal to 0.25 and the residual strength rV  has been set equal to 0.05 Vu. Satisfactory 346 

results are obtained also using a trilinear backbone curve (Fig.13) for which the cracking force and displacement 347 

are adopted as crV
 = 0.5 uV  and  

4cr u mV K =
, respectively as shown in Fig. 17.  348 

The secant horizontal stiffness mK   is calculated as indicated in Eq. 8 [38,56], assuming the masonry strut of 349 

thickness wt , length wd , theoretical width wb  and elastic modulus wE : 350 
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2cosw w w
m

w

E t b
K

d
=  

(9) 

where  is the inclination of the masonry strut. The geometry of the equivalent strut is in general related to the 351 

geometrical and mechanical properties of the sub-systems: frame and infill, by means of the λ parameter originally 352 

proposed by [66] The relative stiffness and the relative strength between infill panels and columns govern the 353 

overall behavior and system failure sequence, λ is defined following the Stafford Smith approach [66] as a function  354 

of the relative infill-to frame stiffness as: 355 

1 4
sin 2

4

w w

c c w

E t

E I h




 
=  
 

 

(10) 

where wE  and cE are the elastic modulus of the masonry strut and concrete, cI  is the moment of inertia of the 356 

column and wh is the height of the infill panel. The strut width is calculated using the formulation proposed by 357 

Mainstone [67] and adopted in FEMA-247[68] and FEMA-306[4], bw is calculated using the empirically derived 358 

equation presented in Eq.(11)  359 

( )
0.4

0.175w wb d H
−

=    
(11) 

The orthotropic elastic modulus of the masonry under compression along the diagonal direction, wE  is calculated 360 

using Eq. 13. [69]: 361 

4 2 2 4

0 0 90

1

21 1 1
cos cos sin sin

wE

E E G E


   

=
 

+ − + + 
 

 
(12) 

where 0E and 90E are Young’s modulus along the direction parallel to the holes and perpendicular to the holes, 362 

respectively. The ultimate strength of the infill depends on the masonry infills properties and the failure 363 

mechanism. The ultimate strength of the infill is defined following the formulation proposed by Mainstone [70]: 364 

( )
0.875 20.56 cosu w wV H f Ht 
−

=  
(13) 

where H is the story height, and fw is the compressive masonry strength, which is assumed as 4.85 MPa as shown 365 
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in Table 5.  The geometric transformation from V − , shear – inter-story drift behavior to  axial axialF −  axial 366 

force-axial displacement is shown in Eq.s 15-17:  367 

cosV d axialV F − =  (14) 

 368 

2/ cosaxial V dK K −=  (15) 

 369 

sinstr

L
dL

H
 

 
=  
 

 

(16) 

where strdL
is the axial shortening of the masonry strut. 370 

The cycle infill behavior for both strengthened and URM strut was modeled with degraded linear 371 

unloading/reloading stiffness according to the Karsan-Jirsa model [71]. In the case of a hysteretic 372 

behavior, a pinching factor of 0.42 and 0.37 is applied to the axial displacement and force, respectively. 373 

Each compression strut is assumed to be effective only in compression. 374 

 375 
4.2.2 Strengthened masonry strut 376 

 377 
In analogy to the models proposed for infilled frames with openings [72,73], where the openings are 378 

considered by means of a reduction factor affecting stiffness and strength of the masonry infill, the 379 

proposed model considers the presence of the strengthening with a corrective coefficient which increases 380 

the stiffness and strength of the strengthened infilled frame. The calculated masonry strut width presented 381 

in Table 4, is modified with a calibrated coefficient factor to increase the masonry strut width proposed 382 

by [67]. In order to calculate the coefficient, s , s are plotted vs the s
wb normalized by the length wb . 383 

Fig. 14 shows the coefficients, s  for different percentages of CFRP strengthening. Eq. 18 is the fitting 384 

function that provides the value of  s : 385 

0.24ln 2.27s f = +      R2=0.86 
=(18) 
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The strut width wb   used for URM is modified with the value s wb   to account for the strengthening effect. 386 

Therefore, the secant stiffness Km is multiplied by the coefficient s . 387 

2cosw w w
s s m s

w

E t b
K K

d
=  =   

(19) 

Table 5 and Fig. 13 show the comparison between the strengthened and URM panel models. 388 

4.2.3 Tensile behavior of the retrofitted infill 389 
 390 

The tensile behavior of the CFRP tie is modeled modifying the models  presented in literature [38,61]. 391 

The model is based on a bilinear function as shown in Fig. 15. The first branch represents the elastic 392 

part and the second the softening part, forces in the FRP are derived using Eq. 20 and 21: 393 

 394 

FRP FRP axialF K =       max0 axial      (20) 

( )max
maxFRP FRP FRP axialF F K  = −  −      maxaxial   (21) 

 395 

The model requires the definition of the elastic stiffness FRPK , the FRP maximum strength max
FRPF , and the 396 

parameter γ, used in this paper to calculate the slope of the softening branch.  The elastic stiffness is 397 

calculated as presented in Eq.(22): 398 

f f

FRP
eff

E A
K

L
=  

(22) 

 399 

where Ef and Af are the elastic modulus and area of the FRP, respectively. effL , is the effective length as 400 

shown in Koutas [38]. effL  is used to calculate the tensile tie stiffness and it is defined considering the 401 

masonry cracks along the diagonal. The effL is a reduced length of the infill diagonal (i.e. the length of 402 

the FRP tie) and is assumed as 0.5 wd  . The maximums strength of the FRP tie, max
FRPF  , is the product 403 
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between maxFRPK  or rather: '
FRP d wK d  where the '

d  is a smeared average strain in the CFRP tie. Both 404 

values of effL and '
d  are not easily calculable, for this reason, the FRP tie model is calibrated in terms 405 

of maximum strength max
FRPF , which is a function of both effL

and 
'

d . The value used for 
max

FRPF  is 46.9 kN 406 

for the experimental cross brace configuration with CFRP width and thickness, 150mm and 0.17mm, 407 

respectively. The calibrated value is calculated by considering the increment of lateral maximum load 408 

provided by the presence of CFRP strengthening during the experimental tests. The value of 
max

FRPF , for 409 

the discussed strengthening configuration, correspond to effL
of 0.5 wd and  

'
d  equal to 2.00‰, which is 410 

a value smaller than the one used in the continuum modeling. In the continuum model the local strain is 411 

considered, instead an average strain along the entire length of the CFRP tie is assumed in the macro 412 

model. Similar strain values are used also by [61,62]. Cyclic behavior of the FRP tie- tension model is 413 

characterized by an hysteretic behavior with pinching factors of 0.7 and 0.1 for strain and stress, 414 

respectively. The constitutive model of the CFRP is assumed to work only in tension.  415 

5 Numerical Simulations 416 

5.1 Procedure validation 417 

Figs. 16-18 show the comparison between the experimental cyclic tests and the macro model results. By 418 

observing Fig. 16 and Fig 17 it is possible to notice how the calculated Force-Displacement curves 419 

reproduce the experimental results with good accuracy in terms of force-displacement relationship and 420 

energy dissipation. Fig. 17 indicates that the proposed parabolic-linear model simulates well the stiffness, 421 

strength and degradation of the masonry infilled frame. The trilinear backbone curve with hysteretic 422 

cyclic behavior is also shown in Fig. 17. Also this model, with the simplified assumptions of Vcr and δcr, 423 

presented in the previous chapter., predicts well the behavior. In terms of maximum lateral force, the bare 424 

frame carried a maximum force, Fmax, of 62.6 kN (experimental values -62.2/+61.4 kN), the URM-frame 425 

a Fmax equal to 121.2 kN (experimental values -126.0/+119.9 kN). Fig. 18 shows the comparison among 426 
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the experimental cyclic envelope, the continuum model and the macro model. The macro and the 427 

continuum model describe with good accuracy the experimental results. The cyclic behavior and the 428 

maximum lateral force are correctly estimated Fmax equal to 155.4 kN (experimental values -429 

139.9/+153.0 kN).  430 

These simulations were important for the calibration of the RC frame and URM panel, in order to validate 431 

the proposed model for strengthened masonry panel and CFRP tie. 432 

5.1 Influence of the tensile tie model 433 

A relevant aspect of the discussed approach lies in the constitutive model parameters used to derive the 434 

FRP tie behavior.  Therefore, the influence of the parameters '
d , effL , γ, on the infilled frame response 435 

are analyzed. Fig. 19a shows the influence of the average smeared strain. Three different values are 436 

investigated '
d =1.0, 2.0, 3.0 ‰, the values of effL and γ are fixed. Fig. 19a indicates that for a fixed value 437 

of the initial branch stiffness, the strain value significantly affects the maximum lateral force of the 438 

structural system, because in the proposed model the average strain is used to calculate the max
FRPF .  Fig. 439 

19.b shows the influence of the effective length on the stiffness of the structural system. Three different 440 

values are investigated effL =0.25,0.50,1.00, '
d  and γ are fixed. 441 

The effect of effL on the stiffness andmaximum lateral load is small for values of effL ranging between 442 

0.25 infd  and 0.5 infd . Fig. 19.c shows the influence of the softening parameters γ. Three different values 443 

are investigated γ= 1e-4, 0.05,0.5, '
d  and effL are fixed. These results show that γ should be assumed 444 

between 1e-4, and 0.05 as also shown in [38].  445 

The parametric analyses show that the parameters max
FRPF  and '

d . influence greatly the numerical response, 446 

while effL and γ can be set equal to 0.50 infd and 0.05,. respectively- 447 

5.2 Compression -Tension constitutive model validation 448 
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In this section, the proposed macro model is validated with the continuum model presented in Chapter 3. 449 

Different geometries and thicknesses of CFRP strengthening are considered in this study.  The initial 450 

stiffness of the strut is calculated using the coefficient s   in Table 4 and max
FRPF   is calculated for the 451 

different percentage of CFRP. The smeared average strain '
d   to obtain max

FRPF  , is calculated using the 452 

CNR-DT200 model [47]. The values of max
FRPF , δmax , 

'
d  and FRPK  are indicated in Table 6.  453 

Eq. 23 is the fitting curve of '
d  for different values of f .  454 

' 0.450.186d f  −=  [R2=0.95] 

 

(23) 

Eq. 23 is Eq. 5 written in terms of strain instead of stress and scaled in order to represent the average smeared 455 

debonding strain for the tensile FRP tie instead of the local debonding strain. 
'
d  ranges between 1.3 and 3.1 ‰, 456 

however, for practical and design purposes 
'
d  can be limited to a range of 1.5-2.0‰.  457 

All the results of the performed numerical simulation are presented in Table 5. Fig. 20 shows the load 458 

displacement curve of three strengthening configurations with different CFRP thickness and width. The 459 

macro model provides very similar results to the more sophisticated continuum model. The proposed 460 

macro model provides satisfactory results to predict the seismic behavior of FRP strengthened infill 461 

panels. 462 

 463 

6. Conclusion 464 

The present work investigates the structural behavior of CFRP strengthened infilled frame. The main 465 

purpose of this study is to propose an analytical formulation for masonry panel strengthened with 466 

different percentages of CFRP. The analytical model is based on the definition of cyclic constitutive 467 

models for the masonry strut acting in compression and for the CFRP tie acting in tension. 468 
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A continuum FE model, validated using experimental results is used to develop a parametric study to 469 

study the influence of the CFRP thickness and width on the lateral force- displacement behavior. 470 

The analyses show that the compression masonry strut width and the debonding stress are influenced by 471 

the strengthening percentage.  In particular, the compression strut width increases by increasing the 472 

strengthening percentage and the debonding stress decreases by increasing the strengthening thickness. 473 

The analytical formulation uses a parabolic-linear function constitutive law to model the masonry 474 

compression strut.  The URM strut width is modified to consider the effect of strengthening using a 475 

corrective coefficient calibrated numerically. Bilinear function constitutive law is used for the CFRP tie. 476 

The model parameters are calibrated with parametric analyses which indicated that the FRP strength is 477 

the parameter affecting the most the results. The model proposed predicts with good accuracy the cyclic 478 

behavior of CFRP strengthened masonry infilled frame.  It is computationally efficient and can be used 479 

to model the strengthened infills of existing RC frame structures. The model can be easily extended to 480 

other type of strengthening solutions and materials.   481 
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Table 1 Parameters used for the Concrete – Damage Plasticity model [ref] 656 

Concrete Damage Plasticity Parameters  

Concrete dilatancy angle 30° 

Masonry dilatancy angle 35° 

Eccentricity 0.01 

fb0/fc0 1.16 

K 1 

Viscosity Parameter 0.0001 

 657 

  658 
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Table 2 Concrete material parameters 659 

Compressive behavior a  

Poisson’s ratio (ν) 0.15 

Initial Young’s modulus (E) 25.9 MPa 

Compressive strength (fc) 19.0 MPa 

Compressive strain at peak (εp) 0.0025 [-] 

Compressive fracture energy (Gc) 10.0 N/mm 

 

Tensile behavior: Exponential model 

 

Tensile strength ( tmf ) 1.8 MPa 

Fracture Energy in tension ( fG ) 0.065 N/mm 

  660 
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Table 3 Infill material parameters 661 

Compressive behavior  

Poisson’s ratio (ν) 0.35 

Initial Young’s modulus (E) 4.99 MPa 

Compressive strength (fc) 4.15 Mpa 

Compressive strain at peak (εp) 0.0048 [-] 

Compressive fracture energy (Gc ) 1 N/mm 

 

Tensile behavior: Exponential model 

 

Tensile strength ( tmf ) = 0.92 MPa, 

Fracture Energy in tension ( fG ) = 0.01 N/mm 

 662 
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Table 4    Percentage of CFRP strengthening ρf [‰] as for different width [tf] and thickness [wf] 664 

wf tf ρf fdd2 εd F max ΔF s
wb  s  

[mm] [mm] [%] [MPa] [--] [kN] [kN] [m] [--] 

1
0

0
 

0.09 0.0017 2.00E+03 8.71E-03 136.9 14.0 0.49 1.17 

0.17 0.0035 1.42E+03 6.16E-03 143.1 20.2 0.56 1.32 

0.26 0.0052 1.16E+03 5.03E-03 148.8 25.9 0.63 1.41 

0.34 0.0069 1.00E+03 4.35E-03 152.4 29.5 0.62 1.48 

1
5

0
 

0.09 0.0026 1.83E+03 7.98E-03 145.3 22.4 0.49 1.25 

0.17 0.0052 1.30E+03 5.64E-03 153.6 30.7 0.56 1.41 

0.26 0.0078 1.06E+03 4.61E-03 161.1 38.2 0.65 1.51 

0.34 0.0104 9.17E+02 3.99E-03 168.8 45.9 0.62 1.58 

2
0

0
 

0.09 0.0035 1.66E+03 7.23E-03 150.9 28.0 0.58 1.32 

0.17 0.0069 1.18E+03 5.11E-03 160.0 37.1 0.61 1.48 

0.26 0.0104 9.60E+02 4.18E-03 169.2 46.3 0.67 1.58 

0.34 0.0138 8.32E+02 3.62E-03 174.5 51.6 0.70 1.65 

 665 
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Table 5   Properties of the strut used in the analysis 667 

Variable URM Strengthened panel 

λH [m] 2.09 

bw [m] 0.160 0.142 Ωs  (0.227) 

EW [MPa] 2.09 

tw [m] 0.07 

dw [m] 1.23 

Km [MPa] 12.1 17.3  

fw [MPa] 4.85 4.85 

Vu [kN] 75.1 75.1 

 668 
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Table 6   Properties of the FRP tie and  results  670 

fw  
ft  f  max  '

d  KFRP 
max
FRPF  Fmax Δ 

[mm] [mm] [%] [mm]  [‰] [MPa] [KN] [KN[ [%] 

1
0

0
 

0.09 0.0017 3.78 3.1 6.74E+06 25.48 143.6 4.9 

0.17 0.0035 2.68 2.2 1.27E+07 34.17 148.9 4.1 

0.26 0.0052 2.19 1.8 1.95E+07 42.69 154.5 3.8 

0.34 0.0069 1.84 1.5 2.62E+07 48.12 157.8 3.5 

1
5

0
 

0.09 0.0026 3.46 2.8 1.01E+07 34.97 150.4 3.5 

0.17 0.0052 2.46 2.0 1.91E+07 46.92 155.4 1.2 

0.26 0.0078 2.00 1.6 2.92E+07 58.51 166.2 3.2 

0.34 0.0104 1.73 1.4 3.82E+07 66.19 171.3 1.5 

2
0

0
 

0.09 0.0035 3.14 2.6 1.35E+07 42.29 155.8 3.2 

0.17 0.0069 2.23 1.8 2.55E+07 56.79 165.4 3.4 

0.26 0.0104 1.82 1.5 3.89E+07 70.66 175.1 3.5 

0.34 0.0138 1.57 1.3 5.09E+07 80.08 181.4 4.0 

 671 

Figure captions  672 

Fig.1 Experimental frame tested by Yuksel et al. [27]. 673 

Fig. 2 Force-displacement envelop of the experimental results [27]. 674 

Fig.3 FRP resisting mechanism. 675 

Fig.4 Stress-Strain constitutive models for (a ) Concrete in compression, (b) Masonry in Compression, (c) Exponential 676 

traction model for both concrete and masonry. 677 

Fig.5 Stress-Strain constitutive models for CFRP. 678 

Fig.6 Force – displacement comparison between experimental and continuum model results. 679 

Fig. 7 (a) Plastic Strain Min.Principal (only the masonry infill has been displayed) (b) Stress Max.Principal before F max 680 

(only the CFRP on the masonry has been displayed) 681 

Fig.8 Estimated debonding strain using the CNR-DT 200 [47] plotted versus the geometrical percentage of reinforcement. 682 

Fig 9 Parametric study- numerical force displacemet relationship for  diffrerent CFRP thickness [0.09-0.34 mm] and width: 683 

(a) 100mm, (b) 150mm, (c) 200mm. 684 

Fig. 10 Parametric study – Maximum attained load vs the percentage of CFRP strengthening. 685 

Fig. 11 Plastic strain comparison between strengthened and un-strengthened infill panel.  686 

Fig. 12 Macro model of the strengthened masonry infilled frame. 687 

Fig.13 Strut model  688 

Fig 14 s  coefficient the are plotted vs the s   689 

Fig 15 CFRP Tensile Tie model  690 
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Fig. 15 URM-Infilled Frame - experimental and Macro modeling comparison 691 

Fig. 16 RC Frame - experimental and macro modeling comparison  692 

Fig. 17 URM-Infilled Frame - experimental and macro modeling comparison 693 

Fig. 18 Strengthened Infilled Frame - experimental and Macro modeling comparison 694 

Fig. 19 Influence of the initial sfiffness, tie strength  and softening factor on the cyclic respone 695 

Fig. 20 Comparison between the macro model results and the parametric study (continuum modelling): (a) w f=100mm tf 696 

=0.260 mm (b) wf=150mm tf =0.340 mm (c) FRP wf=200mm tf =0.09 mm 697 
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 699 

Fig.1 Experimental frame tested by Yuksel et al. [27] 700 

  701 
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 702 
Fig. 2 Force-displacement envelope of the experimental results [27] 703 

  704 
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  705 

Fig. 3 FRP resisting mechanism 706 

 707 
  708 
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  709 

  
 

 

(a) (b) (c)  

 710 
Fig. 4 Stress Strain constitutive models for (a ) Concrete in compression, (b) Masonry in Compression, (c) Exponential 711 

traction model for both concrete and masonry. 712 
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Fig. 5 Stress Strain constitutive models for CFRP  714 
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Bare Frame URM infilled Frame R-URM infilled Frame 

 716 
Fig. 6 Force – displacement comparison between experimental and continuum model results. 717 

  718 
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(a) (b)  

 719 

Fig. 7 (a) Plastic Strain Min.Principal (only the masonry infill is displayed) (b) Stress Max.Principal before F max (only the 720 
CFRP on the masonry is displayed) 721 

  722 
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 723 

Fig. 8 Estimated debonding strength using CNR-DT 200 [47] plotted versus the geometrical percentage of reinforcement.  724 
  725 
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(a) 

 
(b) 

 
(c) 

 726 
Fig. 9 Parametric study- numerical force displacemet relationship for  diffrerent CFRP thickness (tw) [0.09-0.34 mm] and 727 

width (wf): (a) 100mm, (b) 150mm, (c) 200mm. 728 
  729 
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  730 
Fig. 10 Parametric study – Maximum attained load vs the percentage of CFRP strengthening.  731 
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 733 

 734 
Fig. 11 Plastic strain comparison between strengthened and un-strengthened infill panel.  735 
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 737 

 738 

Fig. 12 Macro model of the strengthened masonry infilled frame 739 
  740 
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 741 
 742 

 743 
Fig.13 Strut model  744 
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 746 

 747 

 748 

Fig 14 s  vs s   749 

  750 
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 752 

Fig 15 CFRP Tensile Tie model  753 
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Fig. 16 RC Frame - experimental and macro modeling comparison  755 
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Fig. 17 URM-Infilled Frame - experimental and macro modeling comparison 757 
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  759 

Fig. 18 Strengthened Infilled Frame – experimental, continuum and macro model comparison 760 
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 762 

(a) 763 

 764 

(b) 765 

 766 

(c) 767 

Fig. 19 Influence of: smeared average strain, '
d - Tie strength (a), elastic sfiffness - effL  (b) and softening factor   (c) on 768 

the monotonic respone 769 
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 771 

(a) 772 

 773 

(b) 774 

 775 

(c) 776 

Fig. 20 Comparison between the macro model results and the parametric study (continuum modelling): (a) wf=100mm tf 777 
=0.260 mm (b) wf=150mm tf =0.340 mm (c) FRP wf=200mm tf =0.09 mm 778 

 779 

Nomenclature 780 
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 781 

Latin Letters 782 

fA  CFRP area 

wb  masonry strut width in the macro modeling (URM panel) 

s
wb  masonry strut width in the continuum modeling (Strengthened panel) 

URMb  masonry strut width in the continuum modeling ( URM panel) 

wd  masonry strut length 

strdL  masonry strut shortening 

E  Young’s modulus 

0E  masonry’s Young’s modulus along the direction parallel to the holes 

90E  masonry’s Young’s modulus along the direction perpendicular to the holes 

fE  CFRP Young’s modulus 

Ec columns Young’s modulus - concrete 

Ew masonry’s Young’s modulus along the diagonal 

df  debonding stress calculated with Eq.3 

2fddf  debonding stress (CNR-DT200) 

fddf  intermediate debonding stress (CNR-DT200) 

tmf  tensile strength 

fc compressive strength 

wf  masonry compressive stress/strength of the diagonal strut. 

axialF  axial force in the masonry strut 

maxF  maximum lateral force 

FRPF  CFRP tie force shear force – axial displacement function 

max
FRPF  CFRP tie resistance 

F  increment of lateral force due to the CFRP strengthening 

G  masonry shear modulus 

Gc fracture energy in compression 

fG  fracture energy in tension 

wh  infill panel’s height 

H  interstory height 

cI  moment of inertia of the column section 

FRPK  stiffness of the FRP tie 

mK  secant stiffness of the masonry strut 

sK  secant stiffness of the strengthened masonry strut 

V dK −
 secant stiffness of the masonry strut in the shear – inter-story drift behavior 

H  Inter-story height 

wl  infill panel’s length 

L  distance between the columns 

effL  effective length 
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ft  CFRP thickness 

wt  masonry wall thickness 

maxu  axial FRP tie displacement at peak 

axialu  axial FRP tie displacement  

V  shear force – inter-story displacement  function 

crV  cracking shear strength of the infill panel 

uV  maximum shear force resistance of the infill panel 

rV  residual shear strength of the infill panel 

fw  CFRP width 

 783 

Greek Letters 784 
α CNR DT200 coefficient 

  softening factor for the FRP model in  continuum modeling 

β softening factor for the masonry strut 

  softening factor used in the FRP tie 

  infill panel lateral displacement 

axial  axial displacement 

cr  value of lateral displacement for Vcr 

r  value of lateral displacement for Vr 

max  axial displacement at FFRP 

u  infill panel lateral displacement at Vu 

εp compressive strain at peak  

  strain (total strain) 

 pl Plastic strain 

d  debonding strain calculated from 2fddf  

'
d  smeared (average) strain which identifies the maximum CFRP tie resistance  

fu  ultimate FRP strain 

  angle of the masonry strut 

'  angle of Infill diagonal  

  parameter used to determinate the relative stiffness between infill and columns 

  stress 

ν Poisson's ratio-concrete 

F  fracture energy CNR-DT200 

f  percentage of strengthening 

s  corrective factor for the calculation of the strengthened masonry strut stiffness 
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