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Abstract 

Masonry infill walls are among the most vulnerable components of reinforced 

concrete (RC) frame structures. Numerous models have been developed in the last decades 

to describe the seismic response of masonry-infilled RC frames, by focusing on the 

description of the interaction between the infill and the frame and/or the global seismic 

response of the composite frame-infill system. More recently, some techniques for 

enhancing the performance of the infills have been proposed, with the aim to improve the 

capacity of the infills and/or the performance of infilled frames. 

Recent experimental and numerical studies have investigated innovative solutions 

for protecting these walls by reducing their interaction with the RC frame. Among the most 

promising ones, there are those that aim to decouple or reduce the infill-frame interaction 

by means of flexible or sliding joints at the interface between horizontal subpanels or 

between the panels and the frame.  

Rubber joints have emerged as a very efficient technical solution with the possibility 

to tailor the properties through the selection of suitable compounds and geometries. The 

present thesis aims to improve current knowledge of the mechanical behaviour of rubber 

joints and of the seismic performance of infilled frames equipped with them. For this 

purpose, both numerical and experimental studies have been carried out. With regards to the 

numerical work, a novel computational modelling strategy has been developed using 

ABAQUS to investigate the in-plane behaviour of RC frames with infill walls and rubber 

joints. The proposed approach employs three-dimensional solid finite elements to simulate 

the concrete components, 3D beam elements for the reinforcing bars, and a meso-scale 

approach for the infill wall with rubber joint. The results of the application of the numerical 

strategy shed light on the effectiveness of the rubber in minimizing the in-plane seismic 

damage to the bricks, by localizing the deformation mostly in the rubber joints and reducing 

the overall stiffness of the infilled system. They also provide some insight into the effect of 

the rubber joints' layout and stiffness on the behaviour and capacity of the system and its 

components. In particular, it is shown that, using vertical rubber joints with low stiffness in 

addition to the horizontal ones further improves the behaviour in terms of reduction of 

compressive stresses and cracking in the masonry at large displacements. Even the plastic 

deformations in the frame can be reduced by using vertical joints with low stiffness. 
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Detailed numerical analyses involving micro and meso-scale descriptions of 

masonry can accurately simulate the behaviour of the system at hand, but they can be 

computationally expensive and unsuitable for the analysis of large-scale structures. On the 

other hand, the use of simplified macro-models, characterised by a reduced number of 

degrees of freedom and parameters that are required to define them, would enable the 

analysis of larger scale structural systems. In this thesis, a novel two-dimensional macro-

element model has been proposed for describing the in-plane behaviour of RC infilled 

frames with flexible or sliding joints, which is an extension of a discrete 2-D macro-element 

previously developed for the case of traditional infill panels. The proposed modelling 

approach, implemented in OpenSees, is calibrated and validated against quasi-static tests 

from the previous literature, carried out on masonry-infilled RC frames with sliding and 

rubber joints. The study results show the capabilities of the proposed modelling approach to 

evaluate the benefits of using flexible joints in terms of minimising the negative effects of 

the interaction between infill and RC frame. The addition of the sliding/flexible joints 

enhances the energy dissipation capabilities with more stable and larger hysteresis loops 

under cyclic loading. However, it has been observed that for a given level of drift demand, 

the internal forces in the columns of the RC frame with infill and rubber joints have similar 

maximum values, if not inferior to those of the bare frame, with the exception of the axial 

and shear force in the windward column. The maximum absolute values of the internal 

forces in the case of infill with rubber joints are lower than the corresponding values 

obtained in the system with traditional infill. 

Although past tests have characterised the behaviour of multi-layer flexible joints, 

no in-depth investigation has been carried out to date on the hysteretic and dissipative 

behaviour of mortar-rubber joints. In order to fill this gap, a series of experimental tests 

were conducted at the University of Strathclyde to characterise the mechanical behaviour of 

the various components of the rubber-masonry triplets as well as the behaviour of the 

composite system, with particular focus on the cyclic shear response and the bond strength. 

The hysteretic responses of the triplets obtained from the experiments are simulated using a 

finite element micro-modelling strategy using Abaqus. The mortar-rubber joints exhibit an 

equivalent damping ratio value of the order of 20% or more which is much higher than that 

of the rubber compound (of the order of 6%). This is due to the frictional mechanism 

activated at the interface between the rubber joints and the mortar, enhanced by the presence 

of pins in the surface of the rubber joints. The bond between the rubber layers and the mortar 

layers was found to be the weakest component of the composite system. While the failure 



 

ix 

of this bond reduces the stiffening effect of the infills and increases even further the damping 

capabilities of the joints due to the activation of the frictional mechanism, it may be not 

desirable because it may result in residual deformations and a weakening of the infill panel 

in the out-of-plane direction. The study results are useful for informing the development of 

future models for the design and analysis of rubber joints, and for the selection of the most 

suitable rubber compound and layer geometrical properties. 

 

Key Words: Masonry Infill, Sliding-Joint, Rubber-Joints, Finite Element Analysis, Masonry 

Triplets, Monotonic Shear, Cyclic Shear, Hysteretic Behaviour. 

 

  



 

x 

List of Figures 

Figure 1.1. Masonry infilled walls with horizontal and vertical joints. 

Figure 2.1. Construction typology of popular masonry walls. Figure taken from Santos 

(2006) and INSYSME project (INSYSME 2015). 

Figure 2.2. Types of bricks used for masonry infill wall construction. 

Figure 2.3. Types of blocks used in masonry infill constructions as per their shapes. 

Figure 2.4. Compression failure at (a) corners (b) centre of the infill (c) shear failure at the 

centre of the infill along a mortar joint, (d) diagonal tensile failure (El-Dakhakhni et al. 

2003). 

Figure 2.5. Failure modes of infill against out-of-plane load (Kubalski et al. 2017) 

Figure 2.6. Mechanism showing (a) arching action (b) rigid-body effect of infill wall. 

Figure 2.7. (a) Micro-modelling (b) meso-scale modelling (c) smeared homogeneous 

modelling (d) macro-modelling approaches for masonry infill (Lourenço 1997). 

Figure 2.8. (a) Masonry portion describing meso-scale model for masonry components (b) 

element model for brick units (Dhir et al. 2021). 

Figure 2.9. Infill with (a) diagonal strut in compression (b) equivalent strut (Liberatore and 

Mollaioli 2015). 

Figure 2.10. Macro-models with various structs and orientations (Sattar 2013). 

Figure 2.11. (a) Compression/tension structs (b) shear spring (Crisafulli and Carr 2007). 

Figure 2.12. Macro-models proposed by (a) Cavaleri and Di Trapani (2014) and (b) Caliò 

and Pantò (2014). 

Figure 2.13. Development of (a) arching action (b) three-pin arch against out-of-plane 

loading (Asteris et al. 2017). 

Figure 2.14. Alternative approaches with (a) mesh reinforcements, (b) sliding joints, and 

(c) gaps for improving the behaviour of infilled frames under earthquake loading. 

Figure 2.15. Specimens tested by Calvi and Bolognini (2001) 



 

xi 

Figure 2.16. Introduction of gaps in the infilled frame system (Aliaari and Memari 2005). 

Figure 2.17. Isolated masonry infill with steel connectors (Kuang and Wang 2014). 

Figure 2.18. Hybrid Masonry Frames: (a) Type I (b) Type II, and (c) Type III (Abrams and 

Biggs 2012). 

Figure 2.19. (a) Details of the proposed solution and (b) out-of-plane resisting mechanism 

(Preti et al. 2015). 

Figure 2.20. Horizontal rubber joints developed by TARRC (Ahmadi et al. 2017). 

Figure 2.21. (a) TARRC's rubber joint used at SAIE Bologna (SAIE 2015) (b) masonry 

infilled frame with horizontal and vertical rubber joints tested within INSYSME project 

(INSYSME 2016). 

Figure 2.22. (a) Masonry infilled frame with rubber joints (b) HDNR joint developed by 

TARRC. 

Figure 3.1. Masonry infilled frame with horizontal and vertical rubber joints tested within 

INSYSME project (INSYSME 2016). 

Figure 3.2. Schematic diagram of meso-modelling strategy. 

Figure 3.3. Schematic diagrams for a rubber-mortar joint (all dimensions are in mm units). 

Figure 3.4. Geometric details of the selected infilled frame available in Mehrabi et al. 

(1996) with RC section details and brick dimensions (dimensions in mm). 

Figure 3.5. (a) Plastic strain distribution at a deformation of 28.4 mm (2.0% drift) (b) load-

displacement curves for the bare frame. 

Figure 3.6. (a) Simulated cracking pattern of the masonry infill wall at 14.2 mm (1.0% 

drift) (b) comparison between numerical and experimental load-displacement curves. 

Figure 3.7. (a) Minimum compressive principal stress distribution (in MPa unit) (b) Plastic 

strain distribution showing cracking of bricks for a horizontal displacement of 14.2 mm 

(1.0% drift). 

Figure 3.8. Masonry infilled frame with horizontal and vertical rubber joints (RJ_HV). 



 

xii 

Figure 3.9. (a) Deformed shape of infilled RC frame with horizontal rubber joints (RJ_H) 

(b) numerical responses of the bare frame, infilled frame with traditional infills and 

infilled frame with horizontal rubber joints (RJ_H). 

Figure 3.10. Minimum compressive principal stress (in MPa unit) distribution under a 

horizontal displacement of 14.2 mm (1.0% drift). 

Figure 3.11. Minimum principal compressive stress (in MPa unit) distribution under a 

horizontal displacement of 28.4 mm (2.0% drift). 

Figure 3.12. Plastic strain distribution under a horizontal displacement of 14.2 mm (1.0% 

drift). 

Figure 3.13. Plastic strain distribution under a horizontal displacement of 28.4 mm (2.0% 

drift). 

Figure 3.14. Comparison of rubber joints with various layouts and stiffnesses. 

Figure 3.15. Geometric details of the selected infilled frame (INSYSME 2016) with RC 

section details and block dimensions (dimensions in mm). 

Figure 3.16. (a) Plastic strain distribution at 55 mm (2.0% drift) (b) load-displacement 

curves for bare frame. 

Figure 3.17. (a) Crack pattern of FC. MJ specimen (INSYSME 2016) at 1.2% drift (b) 

simulated cracking pattern of the masonry infill wall (c) comparison between numerical 

and experimental load-displacement curves. 

Figure 3.18. (a) Minimum principal compressive stress (in MPa unit) distribution showing 

cracking of bricks with (b) plastic strain distribution showing cracking of bricks with 

mortar joints for a horizontal displacement of 27.5 mm (1.0% drift). 

Figure 3.19. Masonry infilled frame with horizontal and vertical rubber joints (INSYSME 

2016). 

Figure 3.20. (a) Deformed shape for the case RJ_HV at 55 mm (2.0% drift) (b) 

comparison between numerical responses of the bare frame, infilled frame with traditional 

infills and with rubber joints (RJ_HV). 

Figure 3.21. (a) Failed infill with DRES-V2 at 2.4% drift (INSYSME 2016) and (b) load-

deflection curve of the system with horizontal and vertical rubber joints 



 

xiii 

Figure 3.22. Minimum principal compressive stress (in MPa unit) distribution for infilled 

frame with rubber joints for a horizontal displacement of 27.5 mm (1.0% drift). 

Figure 3.23. Minimum principal compressive stress (in MPa unit) distribution for infilled 

frame with rubber joints for a horizontal displacement of 55 mm (2.0% drift). 

Figure 3.24. Plastic strain contour plots for the case infill wall with rubber joints under a 

horizontal displacement of 27.5 mm (1.0% drift). 

Figure 3.25. Plastic strain contour plots for the case infill wall with rubber joints under a 

horizontal displacement of 55 mm (2.0% drift). 

Figure 3.26. Comparison of rubber joints with various layouts and stiffness. 

Figure 4.1. Reinforced concrete infill frame equipped with horizontal and vertical 

sliding/flexible joints. 

Figure 4.2. (a) Degrees of freedom of the macro-element, (b) generalised deformations, (c) 

discretisation of the infill with joints into minimum number of subpanels, (d) more refined 

discretisation. 

Figure 4.3. (a) Equivalent mechanical scheme of 2D contact link, (b) cyclic response in 

normal direction, and (c) tributary masonry area. 

Figure 4.4. (a) Mechanical scheme and (b) cyclic response of the diagonal link. 

Figure 4.5. Geometric details (dimensions in mm) of (a) the tested infilled frame (b) the 

perforated clay block units, (c) top beam (section A-A), (d) column (section B-B), and (e) 

top beam (section C-C). 

Figure 4.6. Comparison between numerical and experimental load-displacement curves for 

bare frames against (a) monotonic and (b) cyclic loading. 

Figure 4.7. Load-displacement curves of infilled frames against (a) monotonic and (b) 

cyclic loading. 

Figure 4.8. Infilled frame incorporating the proposed construction technique showing the 

connection details (a) Infill with sliding mechanism, (b) hollow clay brick, (c) horizontal 

wooden board, and (d) lateral wooden board (measures in mm). 



 

xiv 

Figure 4.9. Comparison of numerical responses of the RC frame with traditional infill 

under (a) monotonic loading and (b) cyclic loading predicted by various modelling 

approaches. 

Figure 4.10. Numerical response of the RC frame with masonry infill and sliding joint 

under (a) monotonic loading and (b) cyclic loading. 

Figure 4.11. Deformed shapes of (a) TIF, (b) IFSJ (4 × 1 mesh), (c) IFSJ (4 × 2 mesh), (d) 

IFSJ (8 × 2 mesh) 

Figure 4.12. Comparisons of axial forces in BF, TIF (4 × 1 mesh) and IFSJ (4 × 1 mesh) 

for (a) windward column (b) leeward column. 

Figure 4.13. Comparisons of shear forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 mesh) 

for (a) windward column (b) leeward column. 

Figure 4.14. Comparisons of bending moments in BF, TIF (4 × 1 mesh) and IFSJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 

Figure 4.15. Geometric details (dimensions in mm) of (a) the tested infilled frame, (b) the 

perforated clay block (brick unit), (c) top and bottom beam (section A-A), (d) column 

(section B-B). 

Figure 4.16. Comparison between numerical and experimental load-displacement curves 

of bare frame under (a) monotonic and (b) cyclic loading. 

Figure 4.17. Comparison between numerical responses of infilled frame with single and 

multi-panel approach and validation against experimental load-displacement curves for (a) 

monotonic and (b) cyclic loading. 

Figure 4.18. (a) Masonry infilled walls with horizontal and vertical rubber joints; (b) 

rubber joints developed by TARRC (Ahmadi et al. 2017). 

Figure 4.19. Comparison between numerical responses of the bare frame, infilled frame 

with traditional infills and infill with innovate joints (rubber joints) for (a) monotonic and 

(b) cyclic loading. 

Figure 4.20. Deformed shapes of (a) TIF (b) IFRJ (4 × 1 mesh) (c) IFRJ (4 × 2 mesh). 

Figure 4.21. Comparisons of axial forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 mesh) 

for (a) windward column (b) leeward column. 



 

xv 

Figure 4.22. Comparisons of shear forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 mesh) 

for (a) windward column (b) leeward column. 

Figure 4.23. Comparisons of bending moments in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 

Figure 4.24. Internal force in the diagonal link against the diagonal link elongation: (a) 

TIF, (b) IFRJ; and against the top frame displacement: (c) TIF, (d) IFRJ. 

Figure 4.25. Comparison of experimental and numerical (a) secant stiffness and (b) 

dissipated energy. 

Figure. 5.1. (a, b) compressive strength test on bricks in horizontal and vertical direction, 

(c, d) stress-strain curves for bricks, (e) test setup for three-point bending test of brick 

specimens, (f) load-displacement response of brick specimens under three-point bending. 

Figure 5.2. (a) Three-point bending test of specimen and (b) failed mortar specimens. 

Figure 5.3. (a) Compressive-strength test of cubic specimen and (b) failed mortar 

specimen. 

Figure 5.4. (a) Three-point bending of mortar beam specimens (b) compression tests of 

mortar cubes. 

Figure 5.5. (a) Tensile test setup of rubber strip (b) deformed shape of the test piece during 

testing and (c) at the end of the test. 

Figure 5.6. (a) Tensile stress- strain response, and (b) relaxation test of rubber specimen. 

Figure 5.7. (a) Quadruple test specimen (b) Test setup. 

Figure 5.8. Shear stress-strain response for (a) half displacement cycle at constant rate (b) 

full cycle, (c) relaxation test on rubber quadruplet for different initial strain amplitudes. 

Figure 5.9. (a, b) dimensions of the triplets with mortar and mortar-rubber joints (c) triplet 

with mortar joint (d) triplets with mortar-rubber joints. 

Figure 5.10. (a) Shear test set-up (b) forces configuration for cyclic shear test. 

Figure 5.11. Illustration of the components of the testing equipment apparatus. 

Figure 5.12. (a) Monotonic (b) cyclic shear response of triplets with mortar joints. 



 

xvi 

Figure 5.13. (a, b) Monotonic (c, d) cyclic shear test of mortar triplets with 0.6 MPa pre-

compression. 

Figure 5.14. (a) Cyclic shear test setup (b) failed specimens. 

Figure 5.15. Shear response of triplets with mortar-rubber joints for various levels of pre-

compressions: monotonic loading (a) and cyclic loading (b, c, d, e). 

Figure 5.16. Variation of the (a) secant shear modulus (b) equivalent damping with 

increasing shear strain at different compression levels. 

Figure 5.17. Cyclic shear response of triplets with mortar-rubber joints tested under 

various frequencies of oscillation for different pre-compression levels: (a) 0.2 (b) 0.4 and 

(c) 0.6 MPa. 

Figure 5.18. Relationship between shear strength and pre-compression stress obtained by 

testing the triplets with mortar and mortar-rubber joints under monotonic loading. 

Figure 5.19. (a) FE model with refined mesh (b) plastic strain distributions for mortar 

triplets. 

Figure 5.20. (a, b, c) Comparison of experimental and numerical response of the mortar 

triplets under monotonic loading at (a) 0.2 MPa (b) 0.4 MPa (c) 0.6 MPa pre-compression 

(d) Comparison of numerical responses only (e, f) sensitivity analysis for the selected 

tensile strength and fracture energy of mortar. 

Figure 5.21. Comparison of experimental and numerical shear responses of quadruplet 

rubber specimen: cyclic constant rate loading with maximum amplitude of (a)  =0.67, (b) 

 =1, (c) cyclic sinusoidal input with amplitude  =0.67, and (d) relaxation test at  =0.5. 

Figure 5.22. (a) FE model of the masonry triplets with mortar-rubber joints, (b) nominal 

strain distributions for mortar-rubber triplets subjected to the maximum level of pre-

compression in combination with 20 mm lateral displacement. 

Figure 5.23. Comparison of experimental and numerical cyclic shear response of the 

masonry triplet at 10 mm amplitude and pre-compression (a) 0.2 MPa, (b) 0.4 MPa, and 

(b) 0.6 MPa. 



 

xvii 

Figure 5.24. Comparison of experimental and numerical cyclic shear response of the 

masonry triplet at 15 mm amplitude and pre-compression (a) 0.2 MPa, (b) 0.4 MPa, and 

(b) 0.6 MPa.  



 

xviii 

List of Tables 

Table 3.1. Mechanical properties of the frame components and brick units. 

Table 3.2. Properties of the contact interfaces describing the mortar joints. 

Table 3.3. Interaction properties of the mortar-rubber joints. 

Table 3.4. Mechanical properties of concrete for frame components and brick units. 

Table 3.5. Properties of the contact interfaces describing the mortar joints. 

Table 3.6. Interaction properties of the mortar-rubber joints. 

Table 4.1. Mechanical parameters of the normal response of the equivalent spring 

representing the masonry panel (after Pantò and Rossi 2019). 

Table 4.2. Mechanical parameters of the response envelope of the diagonal link (Pantò and 

Rossi 2019). 

Table 4.3. Mechanical properties of concrete and reinforcing steel. 

Table 4.4. Mechanical parameters of the masonry for defining the contact normal links. 

Table 4.5. Mechanical parameters of the contact links in shear describing the frame-infill 

interaction. 

Table 4.6. Mechanical parameters of the masonry for defining the response envelope of 

the diagonal link. 

Table 4.7. Mechanical parameters of the masonry for defining the contact normal links. 

Table 4.8. Mechanical parameters of the contact links in shear describing the frame-infill 

interaction. 

Table 4.9. Mechanical parameters for defining the response envelope of the diagonal link. 

Table 4.10. Mechanical parameters of the masonry for defining the contact normal links. 

Table 4.11. Mechanical parameters of contact links in shear describing the frame-infill 

interaction. 

Table 4.12. Mechanical properties of concrete and reinforcing steel. 

Table 4.13. Mechanical parameters of the masonry for defining the contact normal links. 



 

xix 

Table 4.14. Mechanical parameters of the contact shear links describing the masonry 

sliding behaviour and the frame-infill interaction. 

Table 4.15. Mechanical parameters of the response envelope of the diagonal link. 

Table 4.16. Mechanical parameters of the masonry for defining the contact normal links. 

Table 4.17. Mechanical parameters of contact links in shear for the various interfaces. 

Table 5.1. Mechanical properties of clay brick specimens. 

Table 5.2. Mechanical properties of mortar specimens. 

Table 5.3. Peak load of masonry triplets obtained from monotonic and cyclic shear tests. 

Table 5.4. Mechanical properties of the triplet components (brick and mortar units). 

Table 5.5. Properties of the contact interfaces describing the brick-mortar joints. 

Table 5.6 Material parameters of Yeoh model (MPa) and Bergstrom-Boyce model. 

  



 

xx 

Symbols 

pA   cross-section area tributary volume of the subpanel 

pb   width of the subpanel 

w wb t   nominal cross-section area 

c   cohesion 

jc   cohesion at the joint  

0iC   material parameters 

cmd   ultimate displacement in compression  

tmd   ultimate tensile displacement 

nd   normal deformations of the 2D links 

sd   tangential deformations of the 2D links 

dd   diagonal spring elongation 

2dd   yielding displacement 

3dd   peak-force displacement 

4dd   residual-force displacement 

,k rD D  damage indexes 

E   young’s modulus 

monE   ultimate cumulative energy  

cumE   cumulative energy at the current step of the analysis 

cmf   compression strengths of masonry 

tmf   tensile strengths of masonry 

rmf   residual compressive strength of the masonry 

cjf   compressive strength of the joint 

rmF   residual compressive force 

dF   diagonal spring force 

1dF   cracking force of the masonry panel 

2dF   yielding force 



 

xxi 

3dF   peak force 

4dF   residual force 

nF   internal panel forces in normal direction 

sF   internal panel forces in shear direction  

cF   maximum compressive force  

tF   maximum tensile force 

RF   the residual compressive strength  

cmF   maximum compressive force of the masonry panel  

tmF   maximum tensile force of the masonry panel 

cr   diagonal shear drift of the masonry panel 

I

fG   mode-I fracture energy 

II

fG   mode-II fracture energy 

effG   secant shear modulus of the rubber 

rG   shear modulus of the rubber joint 

ph   panel width of the macro-element 

1I   first invariant of strain tensor 

cIP   in-plane capacity  

dIP   in-plane demand  

OP   out-of-plane capacity 

dOP   out-of-plane demand 

nk   normal stiffness 

, ,

mr

n s tk  stiffness of the mortar-rubber joint in the normal and shear directions 

,s tk   in-plane stiffness along two orthogonal shear directions  

njk   initial normal stiffness per unit area of the joint 

m

sk   in-plane (s) shear stiffness of the mortar joint 

r

sk   in-plane (s) shear stiffness of the rubber joint  

m

nk   normal stiffness of the mortar joint 

r

nk   normal stiffness of the rubber joint  



 

xxii 

m

tk   out-of-plane (t) shear stiffness of the mortar joint 

r

tk   out-of-plane (t) shear stiffness of the rubber joint  

tjk   tensile strength of the joint 

sK   shear stiffness of the 2D link  

nK   tangent stiffnesses of the link in the normal directions 

nmK   normal stiffness of the contact link 

sjK   stiffness of the joint 

0dK   initial stiffness of the masonry panel 

0nK   initial elastic stiffness  

njK   normal stiffness of the joint  

l   length between the two supports 

pl   length of the tributary volume of the subpanel associated with the link 

fR   failure load 

S   shape factor 

rt   thickness of the rubber joint 

mt   thickness of mortar joint 

iV   vertexes of the macro-element 

pw   thickness of the subpanel 

W   strain energy  

0   peak force 

0   peak shear drift  

r   residual force 

r   residual shear drift 

   peak shear strength  

y   yield shear drift 

y   yielding sterss 

1B −   nominal creep strain 

   angle between the diagonal and the first edge of the panel 

   coefficient of friction 



 

xxiii 

c   compressive strength, 

cr   cracking stress 

eq   damping ratio 

B   effective stress.  

   friction angle 

B   effective creep strain rate 

   nominal shear stress 

i   length of rigid offsets 

max

,s t   maximum shear stresses along two orthogonal shear directions 

in   nodes of the of the macro-element 

   nominal tensile stress 

n   normal strength 

t   tensile strength 

   poison’s ratio 

p   shear strength 

,s t   shear stresses along two orthogonal shear directions 

eq   equivalent damping ratio 

j   friction coefficient  of the joint 

   nominal shear strain 

   ratio of unloading stiffness and the initial stiffness  

cu   ultimate strains in compression  

tu   ultimate strains in tension  

,i iu v   translations of nodes of the macro-element 

i   rotations of nodes of the macro-element 

     nominal tensile strain  



 

xxiv 

Abbreviations 

2D  Two dimensional 

3D  Three dimensional 

AAC   Autoclaved aerated concrete 

B31  3D 2-node linear beam element in space. 

BBM   Bottom beam-masonry 

BF   Bare frame 

BF_CY Bare frame tested for cyclic loading 

BF_MO Bare frame tested for monotonic loading 

C3D20R 3D 20-node quadratic element with reduced integration. 

C3D8R 8-node linear element with reduced integration and hourglass control. 

CDP   Concrete damage plasticity 

CLC   Cellular lightweight concrete 

CM   Column-masonry 

CoV  Coefficient of Variation 

DMEM  Discrete macro-element method 

DRES  Damage reduction enclosure system 

FC. MJ Plain masonry fully infilled frame 

FE   Finite element 

FEAP   Finite element analysis program 

HDNR  High-damping natural rubber 

IDA   Incremental dynamic analysis 

IFSJ   Infilled frame with sliding joints 

IFSJ_CY  Infilled frame with sliding joints tested for cyclic loading 

IFSJ_MO Infilled frame with sliding joints tested for monotonic loading 



 

xxv 

INSYSME INnovative SYStems for earthquake-resistant Masonry Enclosures 

J3.LB   Lateral boards and three joints 

OpenSees Open System for earthquake engineering simulation 

PPH   Panel-panel interface in horizontal direction 

PPV   Panel-panel interface in vertical direction 

RAM  Random access memory 

RC  Reinforced concrete 

RJ_H  Rubber joint with horizontal joint 

RJ_HV Rubber joint with horizontal and vertical joint 

RJ_HVH Rubber joint with high stiffness vertical rubber 

RJ_HVL Rubber joint with low stiffness vertical rubber 

SIWIS   Seismic infill wall isolator sub frame 

SJ   Sliding joints 

SP_1,2,3,4 Sub-panels numbered from bottom to top 

TARRC  Tun abdul razak research centre 

TBM   Top beam-masonry 

TIF   Frame with traditional infills 

TIF_CY Traditional infilled frame tested for cyclic loading 

TIF_MO Traditional infilled frame tested for monotonic loading 

URM   Unreinforced masonry 

 



Chapter 1: Introduction 

1 

1 Introduction  

1.1 Problem statement 

Enclosures along the perimeter of building constructions are needed to form a separation 

between the internal space and the external environment. Infill walls represent the most 

traditional enclosure system for reinforced concrete (RC) building frame structures in many 

countries worldwide, exhibiting a reasonable performance and durability against fire, noise, 

moisture and temperature hazard (Santos 2006 2014; Vicente et al. 2010, 2012; Silva et al. 

2016, 2019; Martins et al. 2017). 

Infill walls have the unique static function to bear their own weight. However, they are 

also subjected to other type of loadings, such as wind loading and earthquake-induced loadings. 

Seismic events throughout the world (Duzce (Turkey 1999), L’Aquila (Italy 2009), Lorca 

(Spain 2011), Christchurch (New Zealand 2011), Emilia Romagna (Italy 2012). 2015 Nepal 

earthquake (Nepal 2015), Sulawesi earthquake and tsunami (Indonesia 2018), Haiti earthquake 

(Haiti 2021) have shown the high vulnerability associated with the masonry infills in RC 

building frames. This is because the masonry infills are treated as non-structural components 

and often ignored in the design calculations. 

A significant number of numerical and experimental studies and post-earthquake 

reconnaissance reports have analysed and discussed the importance of infills in the seismic 

performance of RC framed buildings (Di Trapani et al. 2015). An irregular distribution in plan 

and/or elevation of infills can also trigger torsional responses in the building and undesired 

collapse mechanisms (Karami and Ahmadi 2021). Moreover, infill walls interact significantly 

with the RC frame members surrounding them, inducing local failures. The failure experiences 

in the walls can be characterised by sudden reduction of resistance, accompanied by severe 

damage, partial collapse or disintegration.  

Infill wall damage can cause injuries or even casualties, even under moderate earthquakes 

that not able to induce structural collapse. The direct and indirect losses associated to infill wall 

damage can be significant, with some studies (Villaverde 1997; Filiatrault and Sullivan 2014; 

Cardone and Perrone 2017; Del Vecchio et al. 2018; De Risi et al. 2019) showing the cost of 

repair for masonry infills can be significantly higher than the structural components. This 

problem of infill walls has been known for decades. For example, 34 years ago (Rojahn et al. 
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1988) RC framed buildings with unreinforced masonry infill were assigned the worst “Basic 

Structural Hazard” score and studies (Boussabah and Brunea 1992; Bruneau 1994; Bothara et 

al. 2010) also have shown the low performance of URM infills even under moderate 

earthquakes. However, damage of masonry infills continues to be recorded even in the more 

recent constructions (Hermanns et al. 2012). This highlights the need of improved infill 

construction techniques and design approaches for these components. 

An EU-funded project, INnovative SYStems for earthquake-resistant Masonry 

Enclosures in reinforced concrete buildings (INSYSME 2016), was run in 2016-2021 with the 

principal objective of identifying and developing optimised new masonry enclosure solutions 

for enhanced earthquake resistance, respecting local materials and construction practice, and 

providing clear design rules, so that the proposed systems could be used effectively. Among 

the various technical solutions proposed within the project for this purpose, one of the most 

promising one involved the use of rubber joints within the panel and between the panel and the 

frame (Figure 1.1). 

 

Figure 1.1. Masonry infilled walls with horizontal and vertical joints. 

The effectiveness of the rubber joints was tested by in-plane and out-of-plane quasi-static 

tests carried out at the University of Padova (Verlato 2017) on an infilled RC frame with and 

without rubber joints. The tests demonstrated the “proof of concept” of the technology and 

showed that the introduction of the rubber joints considerably reduces the masonry infill 

damage and provides a satisfactory out-of-plane performance in terms of stiffness and strength. 

Moreover, they showed that the rubber joints may contribute to increase the energy dissipation 

capabilities of the system, although this potential contribution was not investigated in depth. 

However, these tests demonstrated only the “proof of concept” of the rubber joint technology, 

and they were not accompanied by the development of modelling strategies that could be 
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employed for designing the joints and/or evaluating the complex performance of infilled RC 

frames with added rubber joints. Thus, further numerical and experimental analyses are needed 

to advance the technology and develop it further, so that rubber joints can be effectively 

employed in RC frame construction practice to protect infill walls and enhance the performance 

of infilled systems. 

1.2 Aims and objectives 

This thesis aims to further advance the knowledge of the behaviour of rubber joints and 

of masonry-infilled RC frames equipped with them. In particular, the main objectives of the 

study are  

• To conduct an extensive literature study on the available techniques on infill 

protection and highlight their merits and limitations. 

• To develop a numerical modelling strategy for the assessment of RC frames with 

masonry infill and rubber joints under in-plane loading. 

• To develop simplified models suitable for investigating large scale structural systems 

with infills and flexible/sliding joints. 

• To characterise the cyclic performance of masonry walls with rubber joints, both 

experimentally and numerically. 

1.3 Thesis outline 

The thesis is structured as follows. This Chapter provides a general overview of the 

motivations and objectives of the research. Chapter 2 contains an extensive review of the 

current state-of-the-art of modelling strategies available for infill safety. 

Chapter 3 presents a meso-scale modelling strategy using Abaqus to investigate the 

performance of infilled RC frames with the introduction of rubber joints against in-plane 

loading. Validation studies are carried out against two past experimental campaigns 

considering the cases of RC infilled frame with traditional infill as well as infill with rubber 

joints. The study results show that the proposed modelling strategy is capable to accurately 

describe the main features of the response of RC frames with masonry infills and rubber joints: 

the minimisation of the in-plane damage of the infill thanks to the localisation of deformations 

in the rubber joints, and the significant reduction of the overall stiffness of the infilled system. 
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Chapter 4 proposes a two-dimensional discrete macro-element model for describing the 

in-plane behaviour of RC infilled frames with flexible or sliding joints. The proposed 

modelling approach, implemented in OpenSees, is an extension of a discrete macro-element 

previously developed for the case of traditional infill panels. The study results show the 

capabilities of the proposed modelling approach, allowing to describe the behaviour of RC 

frames with masonry infills and rubber joint at a fraction of the computational cost required by 

the meso-scale approach. 

Chapter 5 presents the outcomes of an extensive experimental campaign and of numerical 

analyses aimed at characterising the cyclic shear behaviour of masonry triplets with mortar-

rubber joints under both monotonic and cyclic loading. The hysteretic responses of the triplets 

obtained from the experiments are simulated using a micro-modelling strategy developed in 

Abaqus. The study results are useful for informing modelling strategies for the design and 

analysis of rubber joints, and for the selection of the most suitable mechanical and geometrical 

properties of these seismic protection devices. 

Chapter 6 summarises the major findings of this doctoral dissertation, discusses the 

outcome of the research project and outlines future research work. 

1.4 List of publications 

The following is the full list of peer reviewed journal papers, conference papers and 

reports that resulted and/or are related with this content of this thesis. 

1 Dhir, P.K., Tubaldi, E., Ahmadi, H. and Gough, J., 2021. Numerical modelling of 

reinforced concrete frames with masonry infills and rubber joints. Engineering Structures, 

246, p.112833. Chapter 3 is based on this article. 

2 Dhir, P.K., Tubaldi, E., Panto, B. and Calio, I., 2022. A macro-model for describing the in-

plane seismic response of masonry-infilled frames with sliding/flexible joints. Earthquake 

Engineering & Structural Dynamics. Chapter 4 is based on this article. 

3 Dhir, P., Tubaldi, E., Orfeo, A. and Ahmadi, H., 2022. Cyclic shear behaviour of masonry 

triplets with rubber joints. Construction and Building Materials. Chapter 5 is based on this 

article. 

4 Dhir, P. K., Tubaldi, E., Ahmadi. H., and Gough, J. Modelling of masonry infill walls with 

rubber joints. In SECED 2019 Conference: Earthquake Risk and Engineering towards a 
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Resilient World. 9-10 September 2019, Greenwich, London. Chapter 3 is based on this 

article. 

5 Dhir, P. K., Tubaldi, E. Introduction of rubber joints within traditional masonry infill walls: 

A numerical modelling approach, 1st Doctoral School Multidisciplinary Symposium 

(DSMS19), the University of Strathclyde, Glasgow, UK, 19 June 2019, ISBN: 978-1-

909522-53-4. Chapter 3 is based on this article. 

6 Tubaldi, E., Dhir, P. K., & Orfeo, A. (2021). Optimal design of rubber joints for seismic 

protection of masonry-infilled frame structures. A report from a project funded by a 2019 

EEFIT Research Grant winner. Available at: 

https://www.istructe.org/resources/report/optimal-design-of-rubber-joints-for-seismic-

protec/. Chapter 3,4, and 5 are based on this report. 

  

https://www.istructe.org/resources/report/optimal-design-of-rubber-joints-for-seismic-protec/
https://www.istructe.org/resources/report/optimal-design-of-rubber-joints-for-seismic-protec/
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2 Literature Review 

2.1 Introduction 

Masonry infill walls used as enclosure in RC or steel frame structures are in some 

way an evolution of traditional masonry whose main function is to delimit the architectural 

space and to thermally and acoustically insulate buildings rather than to carry any load 

(Santos 2006 2014; Vicente et al. 2010, 2012; Dias et al. 2014; Tran et al. 2014; Silva et al. 

2016, 2019; Martins et al. 2017). RC and steel framed structures use masonry infills, which 

are very usual around the world. Although, investigating the response of infilled frame has 

become an interest of researchers and engineers since last 40 years (Moghaddam and 

Dowling 1987), the interest has increased significantly in recent years (Kaushik et al. 2006; 

Asteris et al. 2013) only. 

The state of the art of masonry infill construction and modelling presented in this 

chapter by drawing the outcomes from the existing literature. In Section 2.2, an overview 

of infill construction techniques throughout the world is provided. Section 2.3 describes the 

seismic performance and failure modes of infill walls under different types of loading. 

Section 2.4 describes the various numerical methods developed for RC infilled frames, 

whereas the analytical solutions available for capacity assessment are detailed in Section 

2.5. The techniques developed for improving the seismic performance of infill walls are 

presented in Section 2.6, followed by a summary of the chapter. 

2.2 Overview of masonry infill construction 

techniques  

Masonry infills can be classified based on the construction topology, and the 

properties of the masonry bricks and blocks. These are reviewed and analysed in the 

following subsections. 
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2.2.1 Construction typology 

Masonry infills can be classified based on the construction topology, the material 

properties of the masonry components (bricks and mortar), and their geometry. 

• Single leaf masonry (Figure 2.1a). The simplest type of wall, where the wall 

thickness is the thickness of the masonry unit. 

• Double leaf masonry (Figure 2.1b). Two parallel leaves joined together either by 

mortar or tie arrangements.  

• Cavity wall (Figure 2.1c). Two parallel single-leaf walls separated by a hollow 

space. This space can be unfilled, filled, or partially filled with non-loadbearing 

thermal insulating material. The two walls could be tied together with wall ties.  

• Veneer walls (Figure 2.1d). They consist of one leaf confined in the reinforced 

concrete frame and of an external leaf (veneer). The internal leaf interacts with 

the structure, whereas the external one protects the building from penetration of 

moisture.  

  
  

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

Figure 2.1. Construction typology of popular masonry walls. Figure taken from 

Santos (2006) and INSYSME project (INSYSME 2015). 

2.2.2 Brick/block typology 

The masonry bricks/blocks can be made of burnt (fired) clay (Figure 2.2a,b), unburnt 

(i.e., unfired) clay (Figure 2.2c), Fly-ash clay (Figure 2.2d), Fly ash-lime-gypsum (Figure 

2.2e), Autoclaved Aerated Concrete (Figure 2.2f), Cellular light-weight concrete (Figure 

2.2g) and aggregate concrete (Figure 2.2h, Figure 2.2i). Stone can also be used in some 

situations.  
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a) Solid fired clay bricks b) Fired hollow clay bricks a) Unburnt solid clay 

(Adobe) Bricks 

   

d) Fly ash clay bricks e) Fly ash-lime-gypsum brick f) Autoclaved Aerated 

Concrete (AAC) 

blocks 

   

g) Cellular light concrete 

(CLC) blocks 

h) Solid Concrete bricks i) Hollow concrete 

blocks 

Figure 2.2. Types of bricks used for masonry infill wall construction. 

Solid fired clay bricks were widely used in the past in many countries such as Italy, 

but they were then replaced with hollow fired clay bricks. Nowadays, solid masonry units 

are the most used in the construction of external veneers (INSYSME 2016).  

The adobe infill walls exhibit low strength and stiffness causing larger deformation 

capacity and lower in-plane resistance in lateral directions. This provides good thermal-

hygrometric performances during hot weather. It is getting attentions due to its contributions 

towards sustainable building construction (Preti et al. 2012). 
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Fly ash brick masonry exhibits weaker, more flexible, and more deformable 

behaviour under compression in comparison with burnt clay brick masonry (Basha and 

Kaushik 2016). Moreover, the use of fly ash bricks is limited in the countries like India due 

to its lower density, higher water absorption and porosity as compared to that of burnt clay 

bricks.  

Autoclaved Aerated Concrete (AAC) is prepared from a mixture of cement, lime, 

sand and that expands with the addition of aluminium powder (Penna et al. 2008). The 

reaction between the concrete and the aluminium forms microscopic hydrogen bubbles 

expanding the concrete to about five times its original volume. This product is a non-toxic 

and air-tight material having fine cellular structure and a high strength/weight ratio. No 

hazardous solid waste or air pollutant is released during its manufacturing process. The use 

of lightweight AAC significantly reduces imposed dead load on the system causing reduced 

seismic inertia forces. It also shows additional properties like non-combustible and fire-

resisting nature that makes it popular in the construction industry.  

Cellular lightweight concrete (CLC) having low strength and low density is used as 

partition walls, thermal insulation material on roofing systems and also as infill in RC and 

steel frames buildings. Functional properties like low density, thermal insulation and good 

acoustic insulation makes it a viable alternative against conventional clay brick masonry 

(Rasheed and Prakash 2018). 

The dimensions of brick or block units can vary from case to case. Moreover, units 

can be classified based on the extent of voids (void ratio).  

• Massive blocks (Figure 2.3a). This typology is mostly used for structural masonry 

to form load-bearing walls or eternal veneers rather than infill walls.  

• Hollow blocks with vertical perforations (Figure 2.3b). Typical values of the void 

ratio range from 25% to 65%. 

• Hollow blocks with horizontal perforations (Figure 2.3c).  
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(a) 

 

(b) 

 

(c) 

Figure 2.3. Types of blocks used in masonry infill constructions as per their shapes. 

The mortar used to lay bricks and blocks is usually composed of a water, sand, and 

binder (lime or cement) in variable proportions (e.g., 1:1.5:5). It is usually classified 

according to its compressive strength (usually M2.5 to M10 according to Eurocode 6). The 

horizontal mortar joints have a thickness between 5 mm and 15 mm. The vertical joints 

between bricks and blocks can also be conventional mortar joint with a thickness of 5 mm 

to 15 mm or can be dry joints (INSYSME 2016). 

2.2.3 Typical masonry infills in seismic countries 

In this subsection, the most diffused typologies of infill walls in seismic countries in 

Europe and worldwide are reviewed: 

Europe: A report from INSYSME project (INSYSME 2016) provides a very 

exhaustive review of the construction typologies of masonry infill walls in Europe. In most 

parts of Europe, single leaf and cavity walls are used except for Portugal where veneer walls 

are more common. Again, the characterisation of enclosure wall systems in Europe is based 

on the masonry properties like material properties, existence, and orientation of holes, the 

shape of the holes, the existence of interlocking, etc. 

According to the INSYSME project (INSYSME 2016), In Italy, single-leaf walls are 

mostly used for RC framed buildings. Other alternatives are double leaf and cavity walls. 
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Greece uses single-leaf walls and cavity walls. In Romania, single-leaf walls are the most 

common ones. Single leaf and cavity walls are the common types in Turkey. Hollow clay 

tile and gas–concrete masonry infill walls are widely used in the Kokaeli epicentral region 

(Sezen et al. 2003) where single and double-leaf walls are very frequent. Similarly, single 

leaf and cavity walls are mostly used in Germany.  

In Italy, other than fired clay, aggregate concrete (dense and lightweight), and 

autoclaved aerated concrete are also quite popular in Italy, Romania, Turkey, and Germany. 

Aggregate concrete is the only type used in Portugal and Greece. Although the use of stone 

masonry is quite uncommon in Europe, Greece reports some use of stone walls as decorative 

materials. Lastly, another material rarely employed for the masonry units is calcium silicate, 

with Germany being the only one to mention its use. 

Considering the direction of the holes in the masonry block, Italy mostly uses 

masonry units with vertical holes for either single leaf or cavity walls. In Greece, masonry 

units with horizontal holes and vertical holes are the two mainly used types of bricks for the 

construction of cavity walls and partition walls. Single leaf and partition walls with vertical 

holes are the common types in Romania. In Portugal, masonry units with horizontal holes 

are the most common types and used for cavity walls and partitions whereas masonry units 

with vertical holes and solid bricks are rare. Units with horizontal holes are mostly used in 

Turkey for the construction of single leaf, cavity walls, or partitions walls. The use of 

masonry unit with vertical holes are rare. Lastly, the situation is a bit opposite in Germany. 

The most used masonry unit types are with vertical holes or are solid units. Units with 

horizontal holes are rare to find. 

Interlocking bricks aren’t that common in Europe. Only in Italy, Germany, and 

Portugal vertical interlocking units are used for the construction of internal leaf and partition 

walls. In Romania, horizontal interlocking units are used for partition walls and veneers, but 

recourse to this type of interlocking is rare. 

With reference to the characterisation of the mortars used in enclosures systems in 

Europe, in Italy the most used mortar is of class M2.5, and more rarely M5. Mortar joints 

have a thickness in the range between 5- 15 mm. In the case of the vertical joints, the two 

most used options, are ordinary joints, with a thickness of 5 to 15 mm, or dry joints. The 

Greek case is similar to the Italian, with some differences in the class of mortar. In Greece, 

M4 and M10 classes are the most employed, with the use of lime instead/or in addition to 
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cement. In Romania, M1; M2.5; M5, and M10 mortars are used. Germany mostly uses M5 

class mortars for general joints, and M10 class in the case of thin layer joints.  

India and Nepal: cladding and partition walls are usually constructed using concrete 

blocks, clay brick, or stone masonry, with solid clay bricks and cement mortar being the 

most diffused materials (Dizhur et al. 2016; Rai et al. 2016). Solid bricks with a double-leaf 

arrangement (alternative disposition) are used for exterior walls (Varum et al. 2017). These 

types of infills are very stiff and provide a significant increase in global stiffness (Brando et 

al. 2015). 

Pakistan: burnt clay bricks are the most used infill elements (Khan and Raza 2015). 

The thickness of brick infills is 230mm for external walls and 115 mm for the internal or 

partition walls. Concrete solid and hollow blocks are also being increasingly used as infill 

materials, and their thickness varies from 150 to 200 mm. Brick prisms consisting of solid 

brick units, commonly employed for masonry infill wall construction in Pakistan, were 

tested by Ali et al. (2017). Brick prisms, made of solid units of size 225 × 110 × 260 mm3 

each, laid with mortar joints 10 to 12 mm thick, were tested under compression. The average 

compressive strength obtained was 5 MPa. 

Iran: Solid bricks (25cm thick) were used for the infill walls in Bam Telephone 

Center, whose performance during Bam Earthquake was analysed by Hossein and Toshimi 

2004). Hollow bricks were also used for the partitions. Damage to masonry infill walls made 

with hollow clay brick has been reported following the Ezgeleh earthquake (DRES 2017). 

Thin unreinforced hollow or solid brick walls are the most diffused typology in Iran 

(Sherafati and Sohrabi 2016). 

Jordan: RC structures are widely used in Jordan, with the exterior infill walls 

composed usually of three layers; stone facing, plain concrete, and hollow concrete blocks. 

The total thickness ranges from 300 to 350 mm. The walls are bounded by slender RC 

columns. For the partition walls inside the building, hollow concrete blocks of thickness 

≈100mm are used (Alwashali and Maeda 2013). 

China: Masonry walls are built with shale hollow bricks, concrete hollow bricks, 

aerated concrete blocks, or fly ash bricks (Feng et al. 2014). Solid bricks are also employed 

(Cai and Su 2019). In Zhai et al. (2016), concrete hollow block units with dimensions 190 

× 190 × 390 mm3 were utilised to build masonry infill walls to be tested in the lab. These 
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units are typical in infill construction in China. Recently, aerated, and hollow concrete 

blocks are the most common types of masonry used in China (Huang et al. 2016). 

2.3 Seismic performance of infill walls 

The performance of infills subjected to in-plane and out-of-plane loads is discussed 

in this section. 

2.3.1 In-plane behaviour 

Several experimental and numerical investigations (Mehrabi et al. 1996; Mehrabi 

and Shing 1997; Al-Chaar et al. 2002; Shing and Mehrabi 2002; Stylianidis 2012; Anić et 

al. 2021) have been performed which have shed light on the effect of different geometrical 

and mechanical parameters of the infill and the frame on the response and collapse modes. 

Studies (Paulay and Priestley 1992; Crisafulli 1997; El-Dakhakhni et al. 2003) have 

identified four main failure modes of the infill panel shown in Figure 2.4:  

 

Figure 2.4. Compression failure at (a) corners (b) centre of the infill (c) shear failure 

at the centre of the infill along a mortar joint, (d) diagonal tensile failure (El-Dakhakhni et 

al. 2003). 

Additionally, the infilled frame may fail due to the formation of plastic hinges in the 

beams and columns or in the beam-column joints due to increased bending and shear forces 

caused by the interaction with the masonry infills (Liauw and Kwan 1984a, 1984b; Mehrabi 

and Shing 1997; Milanesi et al. 2018). This mode is characteristic of weak frames equipped 

with strong infills. The formation of a gap between the frame and infill may not be called a 

failure but this influences the performance of the system. 

The occurrence of various modes of failure is dependent on the frame geometry, 

infill thickness, and the material properties of both infill and the frame. As observed by (El-

Dakhakhni et al. 2003), compression failure occurred in the corner regions and the sliding 

shear at the bed joints are the most significant ones. The diagonal cracking is not regarded 
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as a failure mode since after cracking, the resistance of the infill and of the infilled frame 

continues to increase. 

2.3.2 Out-of-plane behaviour 

The bending in the out-of-plane direction of masonry infill panels is induced by the 

inertia forces acting on the panels as well as the differential motion of floors. Several studies 

have investigated the behaviour of infills against the out-of-plane load. Figure 2.5a show 

one of the failure modes where the entire panel tilt out of the frame due to gaps or weak 

connections of the panel to the surrounding frame. Other failure modes can be individuated 

depending on the type of boundary conditions. Mode of failures for infill supported at two 

sides (horizontal direction, vertical direction) and all four sides are shown in Figure 2.5 (b-

d). 

 

Figure 2.5. Failure modes of infill against out-of-plane load (Kubalski et al. 2017) 

During a seismic event, the failure of infill in the out-of-plane direction can be 

caused by the following three factors: 

- previously acting or already existing in-plane load. 

- inertia forces developed by earthquakes. 

- relative displacements between top and bottom levels of wall. 

This subsection focuses on the studies assuming no infill damage has occurred 

previously. It is also noteworthy that the out-of-plane capacity of the infill can be largely 

reduced by the previous in-plane damage that weakens the connection between infill joints 

and frame (Manfredi and Masi 2014) or by the shrinkage of the mortar.  

As observed by Dawe and Seah (1989), the out-of-plane behaviour can be 

categorised into four stages based on the application of load as well as the selected drift 

limit. In the initial phase, until the generation of the first crack, a linear elastic behaviour is 
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observed. The second phase characterises the formation and propagation of initial cracks. 

The third phase demonstrated the arching effect initiation, and the final phase continues with 

the crushing of the masonry, and it ends when the collapse load is attained. 

The out-of-plane action of infill is greatly influenced by the infill-frame interaction. 

When the infill is fully connected with the frame, an arching mechanism can be observed. 

This arching effect is dependent on factors like wall compressive strength, thickness of wall, 

dimensions of the panel and most importantly the boundary condition of infill-frame 

interaction surface (Figure 2.6). This arching action significantly increases the out-of-plane 

resistance of the masonry infill (Braga et al. 2011). 

 

Figure 2.6. Mechanism showing (a) arching action (b) rigid-body effect of infill 

wall. 

Asteris et al. (2017) performed an extensive study on the existing capacity models 

available for out-of-plane actions and the typical crack patterns developed during the 

experimental campaigns against out-of-plane load. This study confirms the performance of 

the masonry infilled frame in both horizontal and vertical directions based on the stiffness 

of the infill-frame stiffness. Again, the failure in the masonry infill may be caused when it 

reaches its peak compressive strength, or the surrounding frame is incapable of providing 

the desired confinement. 

2.3.3 Behaviour of infill under sequential loading 

Paulay and Priestley (1992) first observed the significant influence of in-plane 

stresses on the out-of-plane resistance of the infill. The in-plane behaviour is responsible for 

the reduction in the out-of-plane resistance due to the decrease in stiffness at the infill-frame 
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interaction surfaces. Again, the gaps formed between the frame and masonry panel are quite 

common and may be caused either by in-plane stress or due to the shrinkage also responsible 

for influencing the resistance to out-of-plane loading.  

L’Aquila earthquake in 2009 demonstrated that most of the out-of-plane overturning 

collapses occurred in the lower storeys (Braga et al. 2011). This can be explained by the fact 

that the overturning effects caused by the out-of-plane action are exacerbated by the in-plane 

deformation, which develops an infill-top beam detachment (Hanounet al. 2017). A typical 

X-pattern crack can be formed weakening the infill and making the structure more 

vulnerable. Other researchers (Al-Chaar et al. 2002; Morandi et al. 2013; Donà et al. 2017; 

Asteris et al. 2017; DiTrapani et al. 2018) have also observed that prior in-plane damage 

may be responsible for influencing the collapse of infills against out-of-plane loading. 

The combined in-plane and out-of-plane behavior of infill at various levels of out-

of-plane pressure were studied by Kuang and Yuen (2010) and the significant influence of 

the secondary moment generated by the diagonal compressive force on the out-of-plane 

deformation was observed. Recently, several studies were carried out (Yuen and Kuang 

2013, 2014, 2015; Yuen et al. 2016) on modeling of masonry infilled RC frames against bi-

directional loading and highlighted the importance of interaction effects against the in-plane 

and out- of-plane load. 

A simplified macro-model developed by Furtado et al. (2014, 2015) considered the 

out-of-plane response as well as in-plane and out-of-plane interaction of infill. OpenSees, 

was used to study the combined influence of in-plane and out-of-plane loads on infill. 

Incremental Dynamic Analysis (IDA) was performed responses evaluated considering 

separately the in-plane and out-of-plane loading and the one where in-plane and out-of-

plane loading are considered together were significant. 

Longo et al. (2016) performed a numerical study considering the macro-model 

developed by Mosalam and Günay (2015) and implemented in OpenSees (McKenna et al. 

2010). This model calibrated the previous experimental tests (Calvi and Bolognini 2001; Da 

Porto et al. 2013) under bi-directional ground acceleration confirming Eurocode 8 (EN 

1998-1 2004). The analysis outcomes demonstrate that, until the first cracks occur in the 

panels due to in-plane loading, negligible out-of-plane displacement was observed. 

However, the formation of the first crack increases the out-of-plane displacement 
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significantly. The numerical results were found to be consistent with the damage that 

occurred to the buildings in recent seismic events.  

2.3.4 Behaviour of infills with openings 

Infills with openings (e.g., doors, windows) are often disregarded in numerical 

models of infilled frames, by assuming that their contribution to the lateral stiffness and 

strength is negligible compared to that of infills with no openings. However, this is not 

always the case. Nevertheless, it is important to study the interaction between infills with 

openings and the surrounding frame and how the openings affect the strength of the infills 

under in-plane and out-of-plane loading.  

Fiorato et al. (1970) and Mallick and Garg (1971) found an 85-90% reduction of 

lateral stiffness and a 75% reduction of lateral strength due to the presence of openings. 

Studies (Liauw 1972; Dawe and Seah 1989), have shown that infilled frames with more than 

50% infill panel opening area may possess almost the same stiffness as of bare frame. Again, 

the presence of door openings, especially the central doors lower the initial stiffness of the 

system. Kakaletsis and Karayannis (2009) stated that the presence of door openings is more 

vulnerable than the window openings. Mansouri et al. (2011) studied on various shapes, 

sizes, and locations of openings (windows and doors) and found that the openings are 

responsible for a significant reduction in the strength, ductility, and stiffness of the infilled 

frame system. 

In the experimental test carried out by Zhai et al. (2016), the central window opening 

was found to be responsible for the reduction of lateral strength and stiffness and resulted 

in the improved global performance of the infill as compared to the case of solid infill wall. 

Similarly, a full-scale RC infilled frame with a door opening was tested by Tu et al. (2016) 

under cyclic loading and it was observed that, with the addition of loading, the frame and 

panel start to separate.  

Drougkas et al. (2021) developed a method based on analytical modelling for the 

prediction of the damage initiation mode and capacity of stand-alone masonry piers against 

in-plane loading. The model for walls with openings can be applied to simple buildings 

however can likewise be reached out to additional intricate designs with straightforward 

alterations. 
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2.4 Numerical modelling of masonry infill 

The need to understand and simulate the infill response has motivated the 

development of numerical and analytical models for the last four decades (Moghaddam and 

Dowling 1987). Experimental tests are expensive and time-consuming, whereas the 

numerical models are economical and efficient once validated while investigating the 

influence of parameters in a problem. Various approaches, with different degree of 

complexity, are available for modelling masonry infills. These are briefly presented here, 

and then described more in detail in the next sections.  

Micro-modelling: This approach involves accurately modelling the masonry units, 

the mortar, the mortar-unit interface as well as masonry-frame interface. Figure 2.7 (a) 

shows that the masonry unit and the mortar joints are considered as continuum elements 

whereas the interface between the unit and mortar are considered as discontinues. The high 

nonlinearity associated with the masonry including the mortar and bricks make it 

challenging to model the infill wall behaviour. Although the micro-modelling approach is 

computationally expensive, it is the most accurate in predicting the infill wall behaviour. 

Meso-scale modelling (Simplified Micro-modelling): Due the large computational 

cost involved with the micro-modelling; global analysis of infilled frames becomes 

impractical. The micro-modelling approach can be simplified by merging the mortar joint 

and the interface in to a zero-thickness element (Figure 2.7b). Thus, the dimensions of the 

units are extended by half of the thickness of mortar joint at all of its sides and interface 

element was assigned between the mortar and contact surface. This approach is potentially 

less accurate than the micro-modelling one, but it is more efficient in terms of computational 

cost.  

Smeared homogeneous modelling approach: This method considers the masonry 

unit, mortar and the brick-mortar interfaces as a homogeneous part (Figure 2.7c), which is 

assigned one single material. Masonry is considered as a homogeneous unit with anisotropic 

properties. This approach can be very useful for investigating large walls or multi-span 

multi-storey frames without an impractical computational cost.  

Macro-modelling approach: This considers the global behaviour of infilled framed 

system and ignores the local failures occurring in the masonry panel shown by diagonal 

structs (Figure 2.7d). Due to its simplicity and easy applicability, macro-modelling is of 

great interest for engineers and designers.  
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Figure 2.7. (a) Micro-modelling (b) meso-scale modelling (c) smeared homogeneous 

modelling (d) macro-modelling approaches for masonry infill (Lourenço 1997). 

Different approaches are also available for describing the behaviour of the frame 

surrounding the infill and the interaction between the infill and the frame elements. For 

example, the frame can be modelled using beam element or more complex three-

dimensional elements. These approaches are not analysed further in the next subsections, 

which focus on the masonry infill modelling.  

2.4.1 Micro-modelling 

Micro-modelling of infills entails the full representation of units, mortar, and the 

units-mortar and infill-frame interfaces, with the geometrical and mechanical properties of 

each constituent individually taken into account. Although this modelling approach provides 

a realistic prediction of local and global failure modes of masonry infill walls, its use is 

restricted by its high computational cost, which makes it impossible to apply it to investigate 

large-scale structures. 

The first attempt to study the behaviour of infill using the finite element method 

(FEM) was made by Mallick and Severn (1967) where special attention was given to model 

the frame-infill interaction. Page (1978) and Rots (1991) used continuum elements to model 

the masonry units and interface elements for mortar joints.  

An elastic interface model was developed by Lourenço and Rots (1997) combining 

the plasticity for compression, tension, and shear. This model was further expanded by 

Oliveira and Lourenço (2004) by incorporating nonlinear unloading/reloading behaviour to 

describe the response under cyclic loading. On the other side, instead of using interface 

elements for defining the infill-frame interaction, Asteris (2003) developed a step-by-step 

strategy that used the concept of contact length and a separation criterion.  

The combination of smeared and discrete crack approaches to visualise the various 

failure modes infilled frame system was proposed by Stavridis (2009) and Stavridis and 
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Shing (2010). Both the frame and the masonry units were modelled using a smeared-crack 

element. Interface elements were assigned to the mortar element and also to the middle of 

the bricks to capture the formation of crack within it. Koutromanos et al. (2011) expanded 

the modelling strategy by introducing a smeared-crack model that also allows the 

consideration of cyclic behaviour with cohesive crack elements. A detailed 3-D modelling 

approach was proposed by D'Altri et al. (2018) to investigate the in-plane and out-of-plane 

response of the masonry panel. This This novel approach can be fully characterised by the 

properties obtained on small-scale experimental tests on brick and mortar and on small 

masonry assemblages.  

2.4.2 Meso-modelling 

The meso-scale approach (Lourenço and Rots 1997; Lourenço 1997; Dolatshahi and 

Aref 2011; Macorini and Izzuddin 2011, 2013, 2014; Nasiri and Liu 2017) uses a zero-

thickness interface to simulate the behaviour of the mortar joints. This approach provides 

an accurate description of the development of cracks in the bricks and at the mortar 

interfaces. Compared to macro-modelling approaches it allows for a better evaluation of the 

effects of the on the in-plane behaviour of the infill and frame. Sarhosis et al. (2014) 

developed a computational model using the Discrete Element Method (DEM) and the 

software UDEC to investigate the behaviour of masonry infilled steel frames with openings 

and their interactions subjected to in-plane monotonic loading. It was found that the 

inclusion of multiple openings significantly reduces the strength and stiffness of the system. 

In particular, placing an opening close to the point of application of the lateral load will 

result in further reduction of masonry infill's stiffness. 

Expanded units, representing the brick units plus half mortar joint thickness per side 

(Figure 2.8a), are modelled as a series of continuum elements and the interaction between 

the expanded units along the bed and head joints is modelled through surface-to-surface 

contact behaviour (Dhir et al. 2021). The initial response of the cohesive interfaces is linear 

elastic, followed by a cracking behaviour that describes the most critical failure modes of 

masonry joints, namely, tensile cracking and shear sliding. The inelastic behaviour of the 

masonry units is also considered in a simplified way by employing the concrete damage 

plasticity (CDP) model. Each brick unit is modelled with 16 8-noded elements (C3D8R) as 

shown in Figure 2.8b. 
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Figure 2.8. (a) Masonry portion describing meso-scale model for masonry 

components (b) element model for brick units (Dhir et al. 2021). 

It is noteworthy that the interfaces cannot fail under compressive loads, but failure 

in compression of masonry can be taken indirectly into account through the CDP model 

employed for the bricks. Further details about the interface model can be found in Abdulla 

et al. (2017). 

Lemos and Sarhosis (2022) proposed a detailed meso-scale modelling approach 

based on the discrete element method, considering the nonlinear behaviour of the joints and 

the units. The failure of units is addressed by the bonded-block concept, in which a random 

network of potential cracks is made, allowing progressive collapse mechanisms. Uniaxial 

compression tests are dissected exhaustively. The re-enactment of a remarkable 

investigation of a block board under shear shows the great exhibition of the proposed 

approach. The examination results exhibit the model's capacities and guidelines for its 

application. 

2.4.3 Smeared homogeneous models 

In this method, the masonry is considered as anisotropic or orthotropic homogeneous 

equivalent material in which the mechanical characteristic of units and mortar are smeared 

over the infill domain. Dhanasekar and Page (1986) performed a parametric study that has 

shown that it resulted that the load-displacement response, ultimate strength, and failure 

modes are greatly influenced by the tensile and shear strengths of masonry infill. 

A smeared FE model was proposed by Lotfi, and Shing (1991) based on the 

plasticity theory of brittle materials, isotropic properties of uncracked infill, and orthotropic 
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property of cracked infill. But this approach fails to provide a realistic representation of the 

brittle-shear response of the masonry infill. Lourenço (1997) used a continuum model 

combining the anisotropic and plastic behaviour by considering the Hill-type yield criteria 

in compression and Rankine-type criterion in tension. 

Again, a smeared crack model was used by Mosalam et al. (1997) for a homogeneous 

and continuum material obtained from a homogenisation process to simulate the 

experimental test performed on the infilled frame system. Asteris (2003) used anisotropic 

materials for analysing the performance of infilled frames with openings where infill-frame 

interaction was considered in compression zones only. More recently, Mohyeddin et al. 

(2013) proposed a homogeneous 3D discrete FE model for analysing the performance study 

of masonry walls. Similar studies (Pela et al. 2013; Milani and Bertolesi 2017) have also 

been proposed to analyse the infill performance using homogenisation theory. 

2.4.4 Macro-modelling 

Different approaches have been proposed in the last decades that fall into the 

category of macro-modelling approaches. Among these, the “equivalent strut” is found to 

be the most popular approach. However, other approaches have also been proposed by 

several researchers to study the infill wall behaviour. Sachanski (1960) proposed an FE 

approach for analysing the infilled frame. This approach was further updated by Barua and 

Mallick (1977) with that allows the consideration of infill-frame gap and also the effect of 

slip. A FE approach was proposed by Dawe and Charalambous (1983) that employed beam 

and membrane elements for describing the frame and infill respectively. Rigid links were 

considered to model the interface between the frame and the infill.  

2.4.4.1 Strut approach 

The reduced computational simplicity and efficiency in the analyses make the 

diagonal struct approach attractive for engineers and researchers. Polyakov (1960) studied 

the behaviour of infill by replacing it with one or few beam elements. Several models have 

been proposed over the last years aiming at improving the modelling schemes and estimate 

the important mechanical properties of infill like stiffness, strength, failure mechanism, and 

hysteresis response. 

Holmes (1961) first introduced the concept of equivalent diagonal strut. As shown 

in Figure 2.9, the infill wall acts as diagonal compression struct of same thickness and 
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young’s modulus equal to 1/3rd of the diagonal length. Smith and Carter (1970) statistically 

estimated the lateral stiffness of the infilled system. Later, Liauw and Kwan (1984a) 

confirmed that, under lateral load, the stresses developed at the tensile corners are quite low 

and bracing action is effective only in diagonal region. 

Paulay and Priestley (1992) also used diagonal bracings connected by pins to the 

frame elements to represent the infill wall. Then, Saneinejad and Hobbs (1995) performed 

an experimental study followed by a nonlinear finite element analysis and observed that the 

infill system can be represented with pin-jointed diagonal struts (equivalent) with significant 

accuracy if the mechanical properties are known correctly. 

 

Figure 2.9. Infill with (a) diagonal strut in compression (b) equivalent strut 

(Liberatore and Mollaioli 2015). 

Many simplified models for masonry infilled frames rely on the concept of 

equivalent single (or multiple) struts (Smith and Carter 1970; El-Dakhakhni et al. 2003; Di 

Trapani et al. 2018). Al-chaar (2002) proposed a strut model where pins are eccentrically 

connected to the columns at a distance from the face of the beam. Although the equivalent 

diagonal strut models are efficient in predicting the global stiffness of the infilled frame, 

still, analysing the model with just one diagonal strut element can't provide enough justice 

to the results while considering shear force and bending moment diagrams along the length 

of the column due to the influence of infill. Asteris (2008) reported the ineffectiveness of 

this approach in capturing the complex response of infilled frames. Figure 2.10a shows five 

parallel compressive struts employed in each direction (Syrmakezis and Vratsanou 1986) 

that is capable of predicting the influence of contact length between the infill and frame on 

moment distribution capacity.  
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A series of cyclic tests were conducted by Zarnic and Tomazevic (1988) a model 

was proposed where equivalent compression structs were used that are not associated with 

the node connecting the upper beam and the column (Figure 2.10b). Schmidt (1989) 

proposed a model with increased number of struts with offsets at both the ends (see  Figure 

2.10c). Chrysostomou (1991) and Chrysostomou et al. (2002) used a strut model with one 

diagonal and two off diagonal compressive struts arrange parallelly in each direction (Figure 

2.10d). The off-diagonal struts are placed at the critical locations (position of the formation 

of a plastic hinge) along the frame members.  

 

Figure 2.10. Macro-models with various structs and orientations (Sattar 2013). 

The strut models presented above have suffered could not predict the horizontal 

shear sliding in a direct way rather, indirectly estimated the relation between shear and 

diagonal force. So, there was a need to improve the equivalent strut modelling to further 

level. Crisafulli and Carr (2007) developed an improved model (Figure 2.11) with four 

nodded panels connected to the frame at beam-column joints. This model considers the 

panel element from Crisafulli (1997) that consists of a shear spring and two parallel struts 

and in each direction. Still, it suffered from the limitation that, the shear force and the 

bending moments in the surrounding frames couldn’t be correctly predicted. 

 

Figure 2.11. (a) Compression/tension structs (b) shear spring (Crisafulli and Carr 

2007). 
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Rodrigues et al. (2010) modelled each masonry panel represented by four rigid struts 

and a central shear element. This approach was further improved by Furtado et al. (2015) 

that investigates the in-plane and out-of-plane interactions of the infilled frame. The 

limitations associated with the model were the load-displacement relationship of the 

masonry wall must have been known in advance of modelling and it couldn’t capture the 

failure of infill with openings. 

Cavaleri et al. 2017 assessed the seismic performance of the RC school building by 

involving concentric equivalent struts for modelling infills. The qualities of the new 

methodology, first time applied to a real case. The improved assessment of the extra shear 

demand delivered by infills only for the base columns is adequate to caution that a simplified 

model ignoring infills or considering the use of concentric struts for the infills may 

extensively overestimate the structural capacity.  

2.4.4.2 Macro-elements 

More recently, macro-models with improved capabilities with respect to the 

equivalent strut models have been introduced. Figure 2.12a presents a single strut model at 

each diagonal and multilinear plastic link elements and rigid link elements near to beam-

column connections (Cavaleri and Di Trapani 2014). In the same year, the more complex 

model was proposed by Caliò and Pantò (2014) that considers infill-frame interface 

elements, and the in-plane nonlinear masonry response was captured by the equivalent 

discrete quadrilateral elements of four edges connected by four hinges and two diagonal 

nonlinear springs. This model showed significant accuracy and was later improved by Panto 

et al. (2017) to study the out-of-plane performance. 
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Figure 2.12. Macro-models proposed by (a) Cavaleri and Di Trapani (2014) and (b) 

Caliò and Pantò (2014). 

Mosalam and Günay (2015) introduced a model in OpenSees capable of removing 

the macro-element representing an infill panel when it exceeds the interaction curve. It 

suffered from a limitation of not accounting for the arching action of the masonry wall. This 

limitation was eliminated by Donà et al. (2017) by considering two similar equivalent struts 

but with half of the resistance. Asteris et al. (2017) developed a 2-D equivalent strut model 

of nonlinear fiber-section elements where concrete-type constitutive law was assigned to 

the diagonal elements. Although this model could account for the arching mechanism, the 

potential local shear failure of columns due to the local increase of shear forces couldn’t be 

predicted. This approach was further developed by Di Trapani et al. (2018) by defining a 

four-strut macro-element that can account for both in and out-of-plane resistance.  

Anic et al. (2021) investigated the contribution of openings inside the infill walls 

that are confined by an RC frame and subjected to seismic events in both in-plane and out-

of-plane directions. It was seen that the micro-models were sensitive and insensitive toward 

several parameters, in regard to the model's way of performance and computational stability. 

The in-plane behaviour of infilled frames was found to be greatly influenced by the interface 

material model. 

2.5 Infill wall capacity models 

This section summarizes the discussions from different authors for evaluating the 

capacity of infill walls under in-plane loading, out-of-plane loading, and combined loading. 
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2.5.1 In-plane capacity 

Holmes (1963) proposed a semi-empirical method based on the experimental test 

results to study the infilled frame behavior against vertical and horizontal loading. Wood 

(1978) predicted the failure load of the infilled frame using plastic analysis whereas Liauw 

and Kwan (1983, 1984b, 1985) considered the effect of infill-frame interaction and proposed 

analytical expressions to calculate the peak shear force. Four types of failure mechanisms 

were proposed that allowed to analyze the multi-storey infilled frames using simplified 

techniques. Mehrabi and Shing (1994) considered five failure mechanisms and proposed 

equations that can calculate the resistance force of the system. Despite of the usefulness of 

these approaches, the approaches are limited in use as they considered limited h/l ratios, 

geometries, infilling brick types, etc. Therefore, there are not used much in practice. 

2.5.2 Out-of-plane capacity 

Although earthquakes are dynamic forces, during analysis, it’s a common practice 

to use equivalent static forces while analyzing the buildings. Therefore, while estimating 

the out-of-plane capacity of masonry infill, the maximum uniform lateral pressure 

responsible for the failure of the infill panel is usually taken into consideration.  

The initially proposed methods for analyzing the infill walls against out-of-plane 

loads were based on elastic model approaches (Lawrence 1979). As the elastic model 

overestimate the stiffness of the system, several studies (Hendry 1973; Hendry and Kheir 

1976; Drysdale and Essawy 1988) were conducted that consider two-way action by using 

yield line analysis. The major limitation associated with this approach was, flexural or 

tensile strength is considered as the governing parameter, but this is significant only until 

the cracking of the masonry.  

Studies (Anderson 1984; Dawe and Seah 1989) in their experimental campaign 

found that, after the initiation of crack, the wall tries to deform and leading the generation 

of in-plane membrane forces occur in the wall as shown in (Figure 2.13a). The infill panel 

exhibiting predominant resisting mechanism is due to the arching action (Flanagan and 

Bennett 1999) and the expression on arching action was developed by McDowell et al. 

(1956, 1957). This is referred as a one-way arching considering masonry compressive 

strength instead of tensile strength. 
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It was observed that, when there is a good connection between the infill wall and the 

frame along all the sides, two-way action should be considered. Dawe and Seah (1989) 

carried out an extensive experimental test program steel infilled frames with hollow concrete 

blocks and the influence of support conditions and the presence of openings was studied. 

Empirical relationships were developed that consider the two-way arc mechanism when the 

bending panel occurs. 

Angel et al. (1994) and Shapiro et al. (1994) added few more improvements to the 

existing models by introducing simplified expressions for predicting the out-of-plane 

strength based not just on the compressive strength of masonry and the slenderness ratio, 

but also on the amount of in-plane damage, and the stiffness of the bounding frame. Al-

chaar (2002) added few extra features like consideration of openings to the model developed 

by Angel et al. (1994) and Shapiro et al. (1994).  

 

Figure 2.13. Development of (a) arching action (b) three-pin arch against out-of-

plane loading (Asteris et al. 2017). 

Flanagan and Bennett (1999) associated the experimental outcome from studies 

(Anderson 1976; Dawe and Seah 1989; Fricke et al. 1992; Angel et al. 1994; Flanagan and 

Bennett 1999) with the analytical equations proposed by Dawe and Seah (1989) and Angel 

et al. (1994). It was concluded that the empirical expressions suggested by Dawe and Seah 

(1989) should be the basis of the evaluation of the out-of-plain strength of infill walls. 

Morandi et al. (2013) followed Eurocode 8 (EN 1998-1 2004) to predict the out-of-

plane demand pressure acting on infill walls under seismic excitations and proposed an 

expression to determine lateral pressure resistance. Marinkovic (2018) in his study 
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mentioned that expression developed for predicting the lateral pressure resistance mayn’t 

be appropriate as the wall could have been previously damaged by the in-plane loading.  

Anic et al 2020 investigated the out-of-plane performance of masonry infilled frames 

and assessed the influence of bi-directional loads, openings, slenderness, boundary 

conditions, etc. It was found that arching action fosters extra compressive strengths that 

resist the traversal ones. Models have shown dispersed results among themselves and the 

outcomes from the experiments. with trial information. Likewise, the governing factors, 

impacts of the frame, its boundary conditions, and other parameters were found. 

Anic et al 2021 performed an experimental investigation to examine the cyclic, out-

of-plane performance of RC infilled frames, using non-contact optical techniques. It was 

found that neither the infill walls nor the openings altogether influenced the overall 

behaviour of the specimens. In any case, the infill walls experienced considerable damage 

within 1.25-2.50% inter-story drift, which represents an endanger to life and jobs. Moreover, 

it was found that masonry walls containing openings, sustained further damage, particularly 

those with eccentrically positioned openings compared with the fully infilled frames. 

2.5.3 Simultaneous in- and out-of-plane loading 

Al-chaar (2002) suggested that the influence of out-of-plane loading cannot be 

ignored while analyzing the in-plane strength a masonry infilled system and vice versa. He 

proposed a formulation that considers the simultaneous effect of in-plane and out-of-plane 

loading with a condition that, the in-plane capacity should not be reduced when the out-of-

plane demand is less than or equal to 20% of the out-of-plane capacity. 
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   Eq. 2.1 

where dIP is the in-plane capacity considering out-of-plane loading, dIP is the in-

plane capacity of infilled frames using pushover analyses, dOP is the out-of-plane demand 

placed on the infilled frame and cOP  is the out-of-plane capacity. 

Anic et al 2021b proposed a 3D micro-model for the assessment of the vulnerability 

of masonry-infilled RC frames. The contributions of openings inside the infill walls 

subjected to both in-plane and out-of-plane loads were investigated. It was found that, even 

inside the similar material model, some parameters had more effects when attributed to 
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concrete rather than to masonry. The in-plane behaviour was largely influenced by the 

interface materials whereas the out-of-plane behaviour was governed by the tensile strength 

of both the interface and masonry material model. 

Pradhan et al 2021a investigated the out-of-plane behaviour of infill walls based on 

various influencing parameters. Further experimental campaigns have been recognized and 

suggested. An empirical equation was proposed by Pradhan et al 2021b for the assessment 

of the infilled frame's OOP capacity, with or without IP damage. The OOP strength was 

greatly affected by compressive strength, slenderness ratio, aspect ratio, and IP damage. The 

proposed equations give reliable predictions of the OOP limit, by firmly showing the 

suitability of the adopted macro-element model in estimating the OOP performance of URM 

infills. 

2.6 Solutions for improving the performance of 

infill walls 

As described in the previous sections, several experiments have been performed and 

numerical models have been developed to understand the seismic behavior of infill walls 

and their effect on the performance of infilled RC frames. At the same time, various 

solutions for improving the behavior and capacity of infill walls are proposed. These are 

categorized, depending on the degree of frame-infill interactions (Figure 2.14). 

The first approach aims to make the infill stronger while ensuring a rigid connection 

to the frame (Figure 2.14a). The second approach aims to increase the flexibility of the infill 

wall and/or of the connection between the infill wall and the frame through alternative 

techniques (Figure 2.14b). The third approach aims to detach the infill the frame so that the 

frame can deflect independently from the infill, without transmitting any force to it (Figure 

2.14c). 
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Figure 2.14. Alternative approaches with (a) mesh reinforcements, (b) sliding joints, 

and (c) gaps for improving the behaviour of infilled frames under earthquake loading. 

Despite the availability of alternative construction techniques, in most of newly built 

RC frames the masonry infills are rigidly attached to the frame. Various solutions available 

till date on infill safety are discussed in the following subsections. 

2.6.1 Strengthening of infill walls rigidly attached to the frame 

Several techniques are available for increasing the strength of infill walls rigidly 

attached to frames. For example, Braga et al. (2011) proposed to add extra reinforced 

concrete elements in the middle of the walls, connected to the columns, with the aim of 

reducing the slenderness of the wall and stabilizing the infill panels. Nevertheless, the costs 

for the implementation of this technique are high. Moretti et al (2014) proposed the idea of 

connecting the wall with the surrounding frame with dowels. Alternatively, an additional 

layer of mortar can be added to the outer surfaces of the infill wall which can also be a quite 

time-consuming and expensive technique (Prawel and Reinhorn 1985; Mander and Nair 

1994; El-Dakhakhni 2002; Korkmaz et al. 2010; Kyriakides 2011; Ozkaynak et al. 2014; 

Valluzzi et al. 2014; da Porto et al. 2015; Akhoundi et al. 2018;) can also be used. 

Reinforcing is popularly used as a solution for strengthening the masonry walls. A 

study by Brokken and Bertero (1981) has shown a significant increase in the resistance force 

as well as an improvement in the infill stiffness as well as the energy dissipation capacity. 

Dawe and Seah (1989) observed that the joint reinforcement in the infill panel has a minor 

contribution towards the ultimate load capacity. Whereas Hendry and Liauw (1994) have 

shown the benefits of horizontal joint reinforcements in decreasing the formation of infill 

crack. Crisafulli (1997) proposed an interesting reinforcement detailing where diagonal 

reinforcements were introduced at the beam-column joints as well as the upper corners of 
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the infill. This arrangement improved the resistance by about 110% as compared to the 

traditional reinforcing approach. 

The benefits of introducing reinforcements in bed mortar joints and the external 

plaster were studied by Calvi and Bolognini (2001) where the out-of-plane damage was 

investigated as a function of previous in-plane damage considering with and without 

reinforcement conditions. In particular, the reinforcing mesh caused the increase in the 

collapse resistance in both in-plane and out-of-plane directions. 

 

Figure 2.15. Specimens tested by Calvi and Bolognini (2001) 

Similar studies (Da Porto et al. 2013; Vintzileou 2014; Silva et al. 2016; Vintzileou 

et al. 2016) also have demonstrated the reduction of the global damage of infill due to the 

presence of embedded reinforcement due to the increase of in-plane drift. Although a large 

number of techniques are available for retrofitting URM, some of them are complex and 

their applicability needs the consideration of the presence of infill while preparing the 

design, which is very complicated due to the complex behavior of infill walls. Again, a 

proper design of the critical section was needed as the stiffened infill wall influence the 

fundamental frequency of vibration of the system leading to increased structural demand. 

2.6.2 Decoupling systems 

This aim to allow the frame to deform independently from the infill. In this way, the 

infills don’t influence the infilled system performance. Having a gap (Figure 2.16) between 

the infill and the frames are the simplest way of separating them. However, this is vulnerable 

against out-of-plane load and there is a need for strengthening of non-structural components. 
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The benefit of such a system is its implementation hardly alters the design of structural 

members. Significant developments have been experienced only in the last few years where 

the insertion of highly deformable materials or introduction of sliding joints can lead to the 

expected in-plane frame-infill detachment without significant lowering in the out-of-plane 

resistance. 

 

Figure 2.16. Introduction of gaps in the infilled frame system (Aliaari and Memari 

2005). 

As mentioned earlier, the decoupling approach originated from the concept of 

preventing the wall during in-plane deflections of the frame and therefore to make it an 

actual non-structural element. Initial attempts were made by considering the infilled frame. 

This may be either due to the formation of shrinkage cracks/poor connection or purposely 

presented to enhance the infill wall performance.  

Riddington (1984) investigated the influence of top and side gap width on the 

performance of infilled systems. The presence of the top gap was responsible for a slight 

decrease in the initial stiffness, whereas a considerable reduction was observed when the 

side gaps are introduced. In the case of frames with both top and side gaps, the development 

of moments in the columns and beams are close to the ones of a bare frame for the same 

drift level. Viscoelastic or similar material can be introduced to overcome the problem 

caused by the presence of unintentional gaps. 

Liauw and Kwan (1984b,1985) compared to the case with no gap, and the studies 

discussed so far considered a gap smaller than 2mm that usually appear due to workmanship 

or shrinkage. Valiasis and Stylianidis (1989) tested RC frames with infills not connected to 
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the surrounding members, showing that at small lateral drifts the infill does not increase the 

strength of the structure. However, at higher drifts, the strength was increased up to 50% 

compared to the bare frame case. Dawe and Seah (1989) showed that a 20 mm gap at the 

top between the infill and frame results in a 50% reduction in the stiffness as compared to 

the bare frame and a reduction of the ultimate strength of 60%. Flanagan (1994) showed 

that a gap of 1inch (=2.54 cm) between the columns and the infill does not cause any further 

lowering of ultimate load, which was however attained for a higher drift level. 

Aliaari and Memari (2005, 2006) investigated the “Seismic infill wall isolator 

subframe” (SIWIS). This isolator system was designed in such a way that, after reaching 

the load limit it fails and behaves like the bare frame. This allows the infill wall to contribute 

towards the in-plane stiffness of the system at lower drift levels and protect the infill by 

isolating it from the frame. Although the fuse mechanism could manage to isolate the infill 

wall from the frame preventing the infill damage, the fuses are designed to yield in case of 

a seismic event, and thus replacing them is costly and time-consuming. Aliaari and Memari 

(2006) form experimental tests found that the SIWIS added a very brittle nature to the global 

behavior which was undesirable, and the system was not convincing for practical 

applications. Charleson (2012) pointed out the problem of a short column which can appear 

in the case of masonry infills extending for a portion of the column height which is in rigid 

contact with the columns.  

In the action of out-of-plane forces, the vulnerability of the wall increases by 

separating the infill for in-plane movement. To prevent the out-of-plane failure, Charleson 

(2012) suggested two solutions where the first approach considers the infill wall was built 

as a cantilever wall at its base. The limitations associated with these solutions were, the first 

one needed L-shaped steel to be used which increased the cost and made the plastering 

process difficult. The shortcoming associated with the second method was this can’t be used 

for hollow bricks and the gap between the beam and infill causes acoustics and fire 

protection like issues. 

Kuang and Wang (2014) suggested an air gap between the columns and the masonry 

(Figure 2.17) where steel connectors were placed in the bed joints connecting to columns to 

prevent the failure against the out-of-plane failure. Although the test results demonstrated 

the effectiveness of the airgap in isolating the infill from the surrounding frame, the 

connections are costly, time-consuming and thermal isolations of the air gaps also need extra 

efforts. Again, the steel connectors present at the bed joints may cause damage to the infill 
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as it tries to restrain the system in the in-plane direction. Similar issues were studied by 

Jiang et al. (2015), who investigated the behavior of infilled RC frame with a presence of 

20mm horizontal (at top beam-masonry interaction) and vertical gap (at column masonry 

interaction) between the infill and frame. polystyrene plates were introduced between the 

gaps and the steel ties introduced in the column and bed joints caused significant protection 

in the in-plane direction leading to the formation of early damage in the infill. 

 

Figure 2.17. Isolated masonry infill with steel connectors (Kuang and Wang 2014). 

Tasligedik (2014) and Tasligedik and Pampanin (2017) proposed solutions for 

improving the infilled frame performance by dividing the infill vertically into three parts 

which enabled the individual rocking of the panel instead of single shear dominated infill 

wall. The introduction of gaps between the subpanels causes a delay in the formation of a 

strut. Again, the infill panes confined into a steel subframe further attached to the structural 

frame provide a considerable restraining resistance against the out-of-plane action. Still, this 

technique is found to be expensive and complicated to implement. Tsantilis and 

Triantafillou (2018) investigated the response of infilled frame system both experimentally 

where the infill panels were isolated by the introduction of thin layered cellular materials. 

Furtado et al. (2016) suggested the decoupling of infills as a good solution for reducing wall 

damage and improving the performance of infilled frames.  

To conclude this section, the decoupling solutions summarized here are very 

promising, although they have been used rarely in practice. Further developments are 

needed in order to ensure adequate performance under both in-plane and out-of-plane 

loading.  
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2.6.3 Hybrid systems 

A combination of multiple approaches for the seismic protection of infill called as 

hybrid system was recently introduced in USA developed for concrete masonry surrounded 

by steel frames (Biggs 2007; Abrams and Biggs 2012). Type I, Type II and Type III hybrid 

walls were developed as shown in Figure 2.18. Type-I consists of gaps between the top 

beam and masonry as well as the masonry and the columns. Type-II has gap at the masonry-

column interface only whereas the Type-III has gap only at top beam- masonry interface. 

These systems if the masonry is damaged the gravity load can be transferred to the frame 

through the adjacent columns and vice versa. 

 

Figure 2.18. Hybrid Masonry Frames: (a) Type I (b) Type II, and (c) Type III 

(Abrams and Biggs 2012). 

The proposed hybrid systems were developed for the steel frames with concrete 

masonry and it’s difficult to make it compatible with RC frames with hollow clay masonry 

infills. Also, the systems couldn’t provide expected out-of-plane resistance in case of 

simultaneous in-plane and out-of-plane loading. 

2.6.4 Infill walls with sliding/flexible joint 

In recent years, alternative design solutions have been proposed for engineered 

flexible infill walls with enhanced behaviour, exhibiting reduced interaction with the 

building structural components. The idea behind most of the proposed techniques is to 

increase the flexibility of the infill panel and to reduce the interaction with the surrounding 

frame through the introduction of sliding/flexible layers and flexible/soft layers (Mojsilović 

2012; Anglada 2014; Vögeli et al. 2015; Mojsilović et al. 2015; Calabria et al. 2016; 

INSYSME 2016; Verlato et al. 2016; Ahmadi et al. 2017; Petrović et al. 2017; Verlato 2017; 
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Mojsilović et al. 2019). These can be horizontal layers inserted between the bricks or 

horizontal and vertical layers placed between the infill and the frame. 

The improved deformability of the infill by the introduction of a horizontal sliding 

plane was achieved by Mohammadi and Akrami (2010) and Mohammadi et al. (2011). This 

plane consists of two prestressed steel plates which allow maximum wall forces to be 

controlled by friction. Experimental observations show that crushing at the lower boundary 

of the wall can occur if the amount of friction is not properly adjusted. Again, allowing high 

drifts may lead to the introduction of shear failure in the RC columns.  

A notable study was carried out (Preti et al. 2012; Preti et al. 2015; Preti et al. 2016; 

Bolis et al. 2017) who have proposed solutions to infill protection by introducing horizontal 

sliding joints that allows the infill sub-panel to slide over each other in the in-plane direction 

and the out-of-plane resistance is taken care by the lateral shear connectors as shown in 

Figure 2.19. This system confirmed high drift capacity (i.e., up to 2.5%) with negligible 

infill damage by a significant reduction of stiffness and maximum strength. The limitation 

associated with this mechanism is that, at higher drift limits, masonry sub-panels cause high-

stress concentrations in the columns and the openings.  

 

Figure 2.19. (a) Details of the proposed solution and (b) out-of-plane resisting 

mechanism (Preti et al. 2015). 

Preti and Bolis (2017) proposed an approach where vertical sliding surfaces were 

introduced in the infill wall that allows the individual parts of the wall to slide and rotate 

independently. The out-of-plane resistance is offered vertically by the shear connectors. 

Dividing the infill vertically instead into subpanels eliminated the generation of stress 

concentration at the frame-infill interactions which couldn’t be avoided in the horizontally 

divided infill. Although this technique significantly increases the flexibility and ductility, 
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the construction technique is complicated and involves complex stages like installation of 

shear keys.  

Morandi et al. (2016) proposed a similar system with additional shear keys and C-

shaped units to enhance the out-of-plane resistance. this system divides the infill wall into 

horizontal parts that slide on each other. The proposed system demonstrated a significant 

reduction in infill damage as compared to traditional infill. The effectiveness of this system 

against out-of-plane action was limited for the walls with openings. 

The sliding mechanisms developed by researchers (Preti et al. 2012; Preti et al. 2015; 

Preti et al. 2016) have established the basis of more sophisticated systems. Among the 

different materials that can be employed for the soft layers, rubber is one of the most 

promising, because of the wide range of stiffness and dissipation capacity achievable by the 

choice of suitable compound and geometry. The Tun Abdul Razak Research Centre 

(TARRC) has developed an innovative rubber joint (Figure 2.20) made from a high-

damping natural rubber (HDNR) compound. The joint has a non-flat profile whose shape 

has been defined in order to achieve different stiffness in the in-plane and out-of-plane 

direction and improve the out-of-plane capacity of the infills by invoking an arching 

mechanism (Ahmadi et al. 2017). The joint does not require skilled labour to be deployed 

and is available in two versions, DRES-V1 and DRES-V2 (Verlato 2017), which differ only 

for the presence of pins in the second one. These pins are introduced to enhance the bond 

between the rubber and the mortar and avoid sliding. In fact, even if sliding can be 

considered as an excellent mechanism for both reducing infill damage and dissipating 

energy through friction (Morandi et al. 2016), it is not desirable since it does often result in 

residual displacements. 

 

Figure 2.20. Horizontal rubber joints developed by TARRC (Ahmadi et al. 2017). 
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(a)     (b) 

Figure 2.21. (a) TARRC's rubber joint used at SAIE Bologna (SAIE 2015) (b) 

masonry infilled frame with horizontal and vertical rubber joints tested within INSYSME 

project (INSYSME 2016). 

 

Figure 2.22. (a) Masonry infilled frame with rubber joints (b) HDNR joint 

developed by TARRC. 

The effectiveness of the rubber joints was proved during tests carried within the 

European research project INnovative SYStems for earthquake-resistant Masonry 

Enclosures in reinforced concrete buildings (INSYSME 2016) on seismic protection of infill 

walls. In particular, in-plane and out-of-plane quasi-static tests were carried out at 

University of Padova (Verlato 2017) on an infilled reinforced concrete frame with and 



Chapter 2   Literature Review 

40 

without rubber joints. The tests demonstrated the “proof of concept” of the technology and 

showed that the introduction of the rubber joints considerably minimises the masonry infill 

damage and provides excellent out-of-plane performance in terms of stiffness and strength. 

Moreover, they showed that the rubber joints may contribute to increase the energy 

dissipation capabilities of the system, although this potential contribution was not 

investigated in depth.  

The gap in the knowledge of the dynamic behaviour of infilled frames with rubber 

joints can be better investigated by more experiments as the rubber joints introduce 

flexibility and dissipate the seismic energy by deforming in shear. A characterization of the 

cyclic shear behaviour of the HDNR compound and of the rubber-mortar joints is needed. 

Recently, a preliminary study by Dhir et al. (2021) has developed a modelling strategy 

in Abaqus for evaluating the in-plane quasi-static behaviour of RC frames with masonry 

infills and rubber joints, using a meso-scale approach. The test results are simulated in this 

study by using a detailed micro-modelling strategy, with the constitutive properties of the 

constituent materials of the triplets informed by material tests on mortar, brick, and rubber 

samples. The results of the experimental and numerical investigations of this study are 

useful for informing future numerical research on the analysis of the seismic performance 

of masonry infilled frames with rubber joints and on the evaluation of optimal mechanical 

and geometrical properties of the rubber joint properties.  

Very recently, Dhir et a. 2022a proposed a macro-model for describing the in-plane 

seismic response of masonry-infilled frames with sliding/flexible joints. This study aims to 

fill this gap by proposing a two-dimensional macro-element model for describing the in-

plane behaviour of RC infilled frames with flexible or sliding joints. The proposed 

modelling approach, implemented in OpenSees, is an extension of a discrete macro-element 

previously developed for the case of traditional infill panels. It is calibrated and validated in 

this study against quasi-static tests from the literature, carried out on masonry-infilled RC 

frames with sliding and rubber joints. The study results show the capabilities of the proposed 

modelling approach to evaluate the benefits of using flexible joints in terms of minimising 

the negative effects of the interaction between infill and RC frame and limiting the increase 

of global stiffness of the system with respect to the bare frame condition. 

Dhir et al. 2022b performed an extensive experimental campaign and of numerical 

analyses aimed at characterising the cyclic shear behaviour of masonry triplets with mortar-

rubber joints under both monotonic and cyclic loading. These joints consist of rubber strips 
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placed between two mortar layers with the aim of enhancing the flexibility of masonry 

components while providing some auxiliary energy dissipation. The hysteretic responses of 

the triplets obtained from the experiments are simulated using a micro-modelling strategy 

developed in Abaqus. The mortar-rubber joints exhibit very good dissipative properties, 

with an equivalent damping ratio value of the order of 20% or more which is much higher 

than that of the rubber compound (of the order of 6%). The bond between the rubber layers 

and the mortar layers was found to be the weakest component of the composite system. The 

bond between the rubber joints and the mortar layers exhibited higher strengths under cyclic 

loading compared to monotonic loading. 

The solutions presented here definitively present several advantages over other solutions 

involving the strengthening of the infills or the full decoupling of the infills from the frame. 

Furthermore, the use of rubber or of sliding joints is expected to provide higher damping 

levels compared to the traditional infills. However, at high drift levels, premature shear 

failure of the columns occurs due to the punching of the horizontal masonry subpanels. 

Additionally, some issues are related to the out-of-plane capacity and the possibility of the 

arching mechanism to form even when flexible joints are added between the infill and the 

frame. 

2.7 Summary 

The state-of-the-art review on the available solutions to infill safety shows that the 

strengthening of unreinforced masonry walls requires the strengthening of the frame 

members adjacent to the infills, due to the increased forces transmitted to them. Thus, they 

may not be cost-effective. So, alternative design solutions have been proposed for 

engineered infill walls with enhanced behavior, exhibiting minimal interaction with the 

building structural components. The idea behind most of the proposed techniques is to 

increase the flexibility of the infill panel and to isolate it from the surrounding frame through 

the introduction of soft layers. Some finite element studies have been carried out to evaluate 

the behavior of RC frames with masonry infill walls and soft or sliding joints, but the case 

of rubber joints has not been fully investigated yet. Thus, a modelling strategy is needed to 

further study the complex interaction of infilled frames with rubber joints and shed light on 

the potential benefits stemming from the use of rubber joints and on the optimal layout and 

stiffness properties. No numerical study has analyzed yet the problem of the contribution of 

the joints to energy dissipation capabilities of the system, which can be significant. The 
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European research project INSYSME tests demonstrated the “proof of concept” of the 

technology and showed that the introduction of the rubber joints considerably minimizes 

the masonry infill damage and provides excellent out-of-plane performance in terms of 

stiffness and strength. Moreover, they showed that the rubber joints may contribute to 

increase the energy dissipation capabilities of the system, although this potential 

contribution was not investigated in depth.  
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3 Numerical modelling of reinforced 

concrete frames with masonry infills and 

rubber joints 

3.1 Introduction 

Seismic events throughout the world have demonstrated the high vulnerability of 

masonry infills in reinforced concrete (RC) frame structures. While structural members such 

as columns and beams are designed to be earthquake-resistant, masonry infills are often 

disregarded in design calculations, since they are treated as non-structural components. For 

this reason, they often undergo severe damage even under minor earthquakes, which may 

lead to injury and death of occupants as well as hampering the rescue operations.  

Recent experimental and numerical studies have focused on the development of 

technological solutions for protecting infill walls. One way to do this is to increase their 

resistance, and a significant number of techniques is available for this purpose (Elgawady 

et al. 2004) for a state of the art review of strengthening techniques of unreinforced masonry 

walls and Koutas et al. (2015) for recently proposed solutions). However, these techniques 

also require the strengthening of the frame members adjacent to the infills, due to the 

increased forces transmitted to them. Thus, they may not be cost-effective. In the recent 

years, alternative design solutions have been proposed for engineered infill walls with 

enhanced behaviour, exhibiting minimal interaction with the building structural 

components. The idea behind most of the proposed techniques is to increase the flexibility 

of the infill panel and to isolate it from the surrounding frame through the introduction of 

soft layers (Mojsilović et al. 2015; Vögeli et al. 2015; Calabria et al. 2016; Ahmadi et al. 

2017; Petrović et al. 2017). These can be horizontal layers inserted between the bricks or 

horizontal and vertical layers placed between the infill and the frame. Among the different 

materials that can be employed for the soft layers, rubber is one of the most promising, 

because of the wide range of stiffness and dissipation capacity achievable by the choice of 

suitable compound and geometry. The Tun Abdul Razak Research Centre (TARRC) has 

recently developed an innovative rubber layer (Figure 2.20), with different stiffnesses along 
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the three orthogonal directions. This is an essential requisite in order to achieve an optimal 

behaviour in the in-plane and out-of-plane directions. The effectiveness of the rubber joints 

was proved during tests carried out within the European research project INSYSME 

(INSYSME 2016) on seismic protection of infill walls (Figure 3.1). 

In the last decades, significant research effort has been directed towards the 

implementation of finite element (FE) models for simulating the complex interaction 

between infill walls and RC frames (Mehrabi and Shing 1997; El-Dakhakhni et al. 2006; 

Caliò et al. 2012; Caliò and Pantò 2014; Xavier et al. 2015; Zhai et al. 2016; Kubalski et al. 

2016; Okail et al. 2016; Nasiri and Liu 2017; Pantò et al. 2017; Breveglieri et al. 2018; Peng 

et al. 2018). Different modelling approaches have been investigated, including macro-

modelling (Pietruszczak and Niu 1992; El-Dakhakhni et al. 2006; Caliò et al. 2012; Uva et 

al. 2012; Caliò and Pantò 2014; Pantò et al. 2017; Nicoletti et al. 2020; Ruggieri et al. 2020; 

Ruggieri et al. 2021), micro-modelling (Pantò et al. 2017), discrete-element modelling 

(Sarhosis et al. 2014) and meso-scale modelling (Lourenço and Rots 1997; Lourenço 1997; 

Dolatshahi and Aref 2011; Macorini and Izzuddin 2011, 2013, 2014; Nasiri and Liu 2017). 

Some finite element studies have been carried out to evaluate the behaviour of RC frames 

with masonry infill walls and soft or sliding joints (Preti et al. 2012; Mojsilović et al. 2015; 

Vögeli et al. 2015; Petrović et al. 2017; Di Trapani et al. 2020), but the case of rubber joints 

has not been fully investigated yet. Thus, a modelling strategy is needed to further study the 

complex interaction of infilled frames with rubber joints and shed light on the potential 

benefits stemming from the use of rubber joints and on the optimal layout and stiffness 

properties. 

The proposed modelling strategy, developed using Abaqus (Dassault Systèmes 2016), 

is based on the use of three-dimensional solid elements for describing the RC frame, and a 

meso-scale approach for describing the masonry infill, where zero-thickness interfaces 

simulate the behaviour of the mortar joints and the rubber layers. The proposed strategy, 

never used before for studying the problem at hand, provides an accurate description of the 

development of cracks in the bricks and at the mortar interfaces and compared to macro-

modelling approaches it allows for a better evaluation of the effects of the introduction of 

the rubber joints on the in-plane behaviour of the infill and frame.  

After introducing the modelling approach, a validation study is carried out by 

considering the experimental quasi-static tests carried out by Mehrabi et al. (1996) on a RC 

frame with traditional masonry infills made of solid bricks under in-plane loading. The 

rubber layers are added to the model, and a parametric analysis is performed to evaluate the 
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influence of their layout (horizontal layers only, or horizontal and vertical layers) and 

stiffness on the in-plane behaviour. In the second part of the study, the modelling approach 

is validated against the experimental results described in INSYSME project (INSYSME 

2016) on a RC frame with traditional hollow bricks and horizontal rubber joints subjected 

to in-plane load and further numerical analyses are performed by changing the layout and 

stiffness of the rubber layers. 

It is noteworthy that although the present study focuses on the behaviour under in-plane 

quasi-static loading only, the developed three-dimensional models can also be used to 

simulate the out-of-plane behaviour of infills and the contribution of the rubber joints to the 

damping capacity of the system. Several studies have investigated numerically the out-of- 

plane behaviour of traditional infills using different modelling approaches (see e.g., 

Mohyeddin et al. 2013; Pantò et al. 2017, 2019; Pantò et al. 2018), but few (Ahmadi et al. 

2017) have analysed the case of infills with sliding/flexible, using oversimplified models. 

No numerical study has yet analysed the problem of the contribution of the rubber joints to 

the energy dissipation capabilities of the system, which can be significant (Verlato 2017). 

Thus, a detailed numerical investigation of these problems is also warranted, although this 

is out of the scope of this study.  

 

Figure 3.1. Masonry infilled frame with horizontal and vertical rubber joints tested 

within INSYSME project (INSYSME 2016). 

3.2 Modelling strategy  

The proposed modelling strategy employs material models and elements already 

available in the commercial FE software Abaqus (Dassault Systèmes 2016) as shown in 

Figure 3.2. The RC members of the frame are described with a continuum approach and 
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discretised using 3D 20-noded solid elements (C3D20R), whereas 3D linear beam elements 

(B31) are used for the reinforcing bars. The concrete behaviour is initially linear elastic, and 

then it follows the Concrete Damage Plasticity (CDP) model once cracking of the concrete 

in tension or crushing in compression occur. A damage model with linear loss of strength 

after cracking and a plasticity model are considered respectively for tension and 

compression. The constitutive behaviour of the steel reinforcing bars is assumed to be 

elasto-plastic with kinematic hardening (with constant post-yield stiffness) and the Von-

Mises criterion defines the yielding condition. The longitudinal and transverse 

reinforcement are rigidly embedded within the concrete through the “embedded element 

technique” (Dassault Systèmes 2016). Bond-slip effects are disregarded, assuming perfect 

adherence at the rebar-concrete interface. It is noteworthy that this approach may lead to a 

slight overestimation of the stiffness of the RC frame, but this can be acceptable since the 

overall behaviour in terms of strength and stiffness of the system is significantly influenced 

by the infills.  

 

Figure 3.2. Schematic diagram of meso-modelling strategy. 

The masonry infill walls are described employing a meso-scale approach (Lourenço 

and Rots 1997; Lourenço 1997). Expanded units, representing the brick units plus half 

mortar joint thickness per side (Figure 2.8a), are modelled as a series of continuum elements 

and the interaction between the expanded units along the bed and head joints is modelled 

through surface-to-surface contact behaviour. The initial response of the cohesive interfaces 
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is linear elastic, followed by a cracking behaviour that describes the most critical failure 

modes of masonry joints, namely, tensile cracking and shear sliding. This approach models 

the actual arrangement of masonry in the infill walls and the development of cracks in the 

mortar joints. The inelastic behaviour of the masonry units is also considered in a simplified 

way by employing the CDP model. Each brick unit is modelled with 16 8-noded elements 

(C3D8R) as shown in Figure 2.8 (b). 

The mortar joints and rubber-mortar interfaces can be assigned different behaviour 

along the three orthogonal directions, which is useful to account for the particular shape of 

the rubber layers, resulting in orthotropic behaviour. The surface-to-surface contact is 

described by a linear elastic traction separation relationship for the condition prior to 

damage. Assuming uncoupled behaviour, this is controlled by the stiffness along the 

direction normal to the joint, nk , and along two orthogonal shear directions in the plane of 

the joint, sk and tk . The values of the joint stiffnesses depend on the elastic properties of the 

components and on the geometry of the joints (Lourenço 1997). 

A damage model is used to describe the crack formation and separation, with cracks 

that can form under tensile stresses, shear stresses, or a combination of the two. The damage 

criterion under uniaxial tensile stress is defined by the tensile strength t . The critical shear 

stress at onset of damage is defined by a Mohr-Coulomb criterion (Lourenço 1997): 

max

,s t nc = +     Eq. 3.1 

where c is the cohesion between the masonry joints interfaces,  is the coefficient 

of friction between the masonry joints interfaces, and n  is the normal contact pressure. 

A quadratic stress criterion is used to define the damage initiation under combined 

stresses. 

2 2 2

max max
1

n s t

t s t

  

  

     
+ + =     

    

  Eq. 3.2 

where 
n n =  if n  is tensile (positive), and 0n =  if it is compressive (negative) 

(Abaqus manual; 2017; Abdulla et al. 2017), ,s t  = shear stresses along the first and second 

shear direction, respectively. 
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The post-elastic behaviour is controlled by the Mode I and Mode II fracture energies, 

namely I

fG  and II

fG  (Lourenço 1997). It is noteworthy that the interfaces cannot fail under 

compressive loads, but failure in compression of masonry can be taken indirectly into 

account through the CDP model employed for the bricks. Further details about the interface 

model can be found in Abdulla et al. (2017). 

Figure 3.3 illustrates schematically a rubber-mortar joint. The properties of the 

interfaces describing these joints are derived hereinafter. 

For the normal direction, the rubber joint stiffness (force per unit area per unit 

displacement) r

nk  can be evaluated as (Gent and Lindley 1959): 

( )24
1r r

n

r

G
k S

t
= +    Eq. 3.3 

where Gr is the shear modulus of the rubber, tr is the thickness of the layer, and S is 

the shape factor. Its expression for rectangular layers is: 

2 ( )r

BL
S

t B L
=

+
   Eq. 3.4 

where B is the width of the rubber layer, which coincides with the thickness of the 

wall.  

In the case of plane stain, this expression reduces to: 

2 r

B
S

t
=     Eq. 3.5 

For the shear direction along the plane of the wall (s), the rubber stiffness can be 

evaluated as: 

r r
s

r

G
k

t
=     Eq. 3.6 

In the out-of-plane shear direction (t), Eq. 3.6 provides only an approximation of the 

rubber stiffness r

tk  in the case of specially shaped rubber joints such as those of Figure 3.3. 

In fact, the shape of these joint results in a higher value of the transverse stiffness, allowing 

the formation of an arching mechanism under out-of-plane conditions (Ahmadi et al. 2017). 

In the case of simple rectangular rubber joints r r

t sk k= . 
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Figure 3.3. Schematic diagrams for a rubber-mortar joint (all dimensions are in mm 

units). 

As per Figure 3.3, the rubber joint is sandwiched between two layers of mortar joints 

i.e., the mortar-rubber-mortar joints work, from a mechanical point of view, as a series 

system. Thus, if m

nk , m

sk , and m

tk denote the stiffness of each mortar joint in the normal and 

shear directions respectively, then the composite stiffness of the mortar-rubber-mortar joint 

in the normal and shear directions can be approximated as follows: 

1 1 1 1
      , ,

mr m r m

i i i i

i n s t
k k k k

= + + =     Eq. 3.7 

Eq. 3.7 can be simplified and rewritten as; 

1
       , ,

1 2
mr

i

r m

i i

k i n s t

k k

= =

+     Eq. 3.8

 

The values of mr

nk  are controlled by the compliance of the rubber, which is much 

higher than of the mortar in order to accommodate large displacements of the in-plane 

motion of the frame and the wall. It is also noteworthy that these stiffness values should be 

adjusted to account for the fact that the joint has zero thickness and each brick unit in contact 

with the joint has to be expanded by the half joint thickness (Lourenço 1997). 

With regards to the maximum allowable stresses in the mortar-rubber-mortar joints, 

under the series system approximation they can be assumed to coincide with the lowest 
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among the values of the strengths of the constitutive components and the values of the bond 

resistance. A failure either in unit brick or mortar or rubber can lead to the failure of the 

joint. However, rubber is highly deformable in shear which allows the total deformation of 

the system to localise in the rubber only leading to almost no damage to the masonry unit 

or mortar joints. In fact, failure could also occur in the bonds between the mortar and the 

rubber or in the bonds between the mortar and the bricks. It is noteworthy that the joint of 

Figure 3.3 is equipped with studs that increase the bond between the rubber and the mortar, 

thus providing an increased bond resistance in shear with respect to the case of smooth 

rubber joints (Verlato 2017). 

Although the proposed model is valid for all types of structural configurations of RC 

infilled frames, it suffers from some limitations, among which the most important ones are 

the simplification of the stress field of the mortar and mortar/rubber joints, the use of an 

isotropic behaviour for the bricks, and the high computational cost. While the first two 

limitations could be eliminated by using a micro-modelling strategy with an orthotropic 

constitutive model for the bricks, at the cost of an increased computational burden, the latter 

limitation could be overcome by resorting to macro-models for describing the infills (e.g. 

Panto and Rossi 2019). This would allow to investigate the seismic performance of a full 

building with infills and rubber joints. Nevertheless, the proposed strategy can still be useful 

for simulating and interpreting experimental results, and for calibrating/validating 

simplified modelling approaches when experimental tests are not possible. 

3.3 Validation study 

The differences in the frame sizes, brick types used, the mortar joint type/position, 

and the frame-infill interaction may influence the modelling strategies significantly. So, in 

order to develop an efficient model with the objective of attending to diverse conditions two 

case studies are considered for simulating the behaviour of RC frames with traditional and 

innovative masonry infill walls. The first one is RC frame with traditional infill walls made 

with solid blocks, experimentally tested by Mehrabi et al. (1996). This case study has been 

selected because it is widely employed by other authors (Flanagan and Bennett 2001; 

Stavridis and Shing 2010; Mohyeddin et al. 2013; Caliò and Pantò 2014; Filiatrault and 

Sullivan 2014), including also Mehrabi et al. (1997) to validate their modelling strategy for 

RC frames with masonry infills. Moreover, together with the results of the tests of the 

infilled frame, various data from material and component tests were made available. These 
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latter data have been used to calibrate the model parameters, whereas the experimental test 

results on the structural systems (i.e., bare frame and infilled frames) have been used for 

model validation. After validating the proposed approach, the infilled frame is studied 

numerically by performing pushover analyses for different layouts and stiffnesses of the 

rubber joints. The second case study is a RC frame that has been experimentally studied in 

three configurations: with no infills, with traditional infills made of hollow masonry blocks, 

and with these infills and rubber joints. The results of the tests, available in INSYSME 

project (INSYSME 2016), are very detailed and useful for validating the proposed 

modelling strategy for RC frames with masonry infills and rubber joints.  

3.3.1 Case study I 

In the first case, reference is made to the experimental tests of Mehrabi et al. (1996), 

and to the ensuing numerical study (Mehrabi and Shing, 1997). Specimen 1 (bare frame) 

and specimen 3 (frame infilled with solid concrete masonry blocks) of the experimental 

campaign are considered. The height/length (h/L) ratio of the frames is 2/3. The infill panels 

are made with solid concrete masonry blocks arranged in a running bond pattern (Figure 

3.4). The bed joints are fully filled with mortar, whereas the head joints are only partially 

filled with mortar. The bed and head joints are 9.5 mm thick. Some details regarding the 

frame, including the concrete member sizes, rebar diameter and detailing scheme and 

masonry block dimensions, are given in Figure 3.4. Further details are available in Mehrabi 

et al. (1996). Experimental tests were carried out by Mehrabi et al. (1996) on the bare frame 

as well as on the infilled frame. The tests consisted of the application of vertical loads (146.8 

kN) at the top of each column, simulating the effect of permanent loads acting on the frame, 

followed by in-plane horizontal loads (monotonically increasing) applied at the beam 

extreme, as shown in Figure 3.4. 
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Figure 3.4. Geometric details of the selected infilled frame available in Mehrabi et 

al. (1996) with RC section details and brick dimensions (dimensions in mm). 

The FE models of the bare frame and infilled frame have been developed by 

following the approach outlined in Section 2. The main mechanical properties of the 

concrete material employed for the frame components, brick units, and steel reinforcement 

are reported in Table 3.1. The properties of the zero-thickness interface elements describing 

the mortar joints are reported in Table 3.2. Most of the values reported in Table 3.1 and 

Table 3.2 are based on the results of the experimental tests carried out by Mehrabi et al. 

(1996), e.g. on the concrete and mortar samples, and masonry units and prisms. For some 

parameters where it couldn't be directly measured, they were assumed based on literature 

and/or calibrated to provide the best fit to results (Lourenço 1997) and are marked 

separately. The head joints have been given different properties to account for the fact that 

they were only partially filled with mortar. The wall to frame mortar interfaces have been 

assigned the same properties as the head joints. 
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Table 3.1. Mechanical properties of the frame components and brick units. 

Mechanical properties Concrete Brick 

units 

Steel 

reinforcement 

Young’s modulus, E (MPa) 21930 9520 210000 

Poisson’s ratio,   (-) 0.18 0.15 0.30 

Compressive strength, c  (MPa) 30.90 15.59 - 

Strain at peak compressive stress 0.002 0.002 - 

Ultimate strain (zero residual stress) 0.0035 0.0035 - 

Yield strength (MPa) - - 400 

Peak tensile strength, t  (MPa) 3.29 1.57 - 

Fracture energy in tension, I

fG  

(MPa·mm) 
0.09 0.07 - 

Post-elastic to elastic stiffness ratio - - 0.002 

 

Table 3.2. Properties of the contact interfaces describing the mortar joints. 

Mortar Interaction Properties 
Bed 

joints 

Head 

joints 
Source 

m

nk per unit area (N/mm3) 500 500 Lourenço 1997* 

m

sk , m

tk per unit area (N/mm3) 250 250 Lourenço 1997* 

t  (MPa) 0.14 0.034 Mehrabi et al. 1997 

Cohesion, c (MPa) 0.20 0.07 
Mehrabi et al. 

1997* 

Coefficient of friction,   (-) 0.90 0.70 Mehrabi et al. 1997 

Normal fracture energy per unit area, I

fG  

(MPa·mm) 
0.015 0.005 

Mehrabi et al. 

1997* 

Shear fracture energy per unit area, II

fG  

(MPa·mm) 
0.09 0.07 

Mehrabi et al. 

1997* 

*Not directly measured but assumed based on literature and/or calibrated to provide best fit to 

results 
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3.3.1.1 Bare frame 

After applying the vertical static loads at the top of the columns, an in-plane 

horizontal displacement was applied incrementally to the end of the beam (see Figure 3.5). 

The beam-end was free to deflect in the vertical and out-of-plane horizontal directions. 

Figure 3.5a shows the plastic strain distribution of the bare frame (specimen 1 in Mehrabi 

et al. 1996) for a horizontal displacement of 28.4 mm (corresponding to an inter-storey drift 

of 2.0%) and Figure 3.5b compares the experimental and numerical force-deformation 

curves. The overall agreement is reasonable, although the proposed model overestimates the 

initial stiffness of the system. This is thought to be because the compliance due to the slip 

behaviour between the steel reinforcement and concrete is neglected. In the same figure, the 

numerical curve according to the model developed by Mehrabi et al. (1996) is plotted for 

comparison. 

 

(a)                                                                              (b) 

Figure 3.5. (a) Plastic strain distribution at a deformation of 28.4 mm (2.0% drift) 

(b) load-displacement curves for the bare frame. 

3.3.1.2 Frame with traditional infill  

Figure 3.6a shows the model’s predictions of the deformed shape and cracking 

pattern of the masonry infilled RC frame for a horizontal displacement of 14.2 mm, 

corresponding to a drift of about 1.0%. It can be observed that the horizontal load induces 

the formation of several diagonal cracks in the infill wall. The cracks affect both the bed, 

and the head mortar joints. Figure 3.6b illustrates and compares the experimental and 

numerical force-displacement curves obtained for the infilled frame. Again, the proposed 
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model describes the initial as well as the post-peak behaviour of the wall with good 

accuracy. 

 

(a)                                                                              (b) 

Figure 3.6. (a) Simulated cracking pattern of the masonry infill wall at 14.2 mm 

(1.0% drift) (b) comparison between numerical and experimental load-displacement 

curves. 

Figure 3.7a shows a contour plot of the minimum principal compressive stresses in 

the masonry and concrete components for a horizontal displacement of 14.2 mm (1.0% 

drift). The distribution of these stresses is significantly affected by the cracks forming along 

the main diagonal of the wall, with the highest absolute values observed in the corner 

regions. The plot of the plastic deformations (Figure 3.7b), indicates that the frame and 

many bricks are significantly damaged. 

 

(a)                                                                              (b) 

Figure 3.7. (a) Minimum compressive principal stress distribution (in MPa unit) (b) 

Plastic strain distribution showing cracking of bricks for a horizontal displacement of 14.2 

mm (1.0% drift).  
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3.3.1.3 Frame with infill and rubber joints 

In this section, the effectiveness of rubber joints for the seismic protection of 

masonry infills is investigated by considering different cases, corresponding to the use of 

horizontal mortar-rubber joints only, and no vertical rubber joints present between the 

columns and the wall (RJ_H) or horizontal and vertical joints (RJ_HV). The horizontal 

layers of rubber joints are introduced between three or four courses of bricks and the vertical 

layers are introduced between the masonry infill and the frame, as shown in Figure 3.8. The 

rubber joints are assumed to be flat. 

The horizontal rubber joints are characterised by a relatively high compression 

stiffness in the vertical direction, and low shear stiffness of masonry sub-panels in the in-

plane direction, in order to reduce the displacement demand on the infill. The shear modulus 

of the rubber is equal to Gr= 0.5 MPa and the thickness of the horizontal joints is assumed 

equal to 7.5 mm. This value has been chosen such that each joint can undergo up to a shear 

deformation of approximately 125% (i.e., 9.5 mm), under a peak inter-storey drift of 2.0% 

(i.e., 28.4 mm relative displacement between top and bottom beams), assuming that the 

blocks of masonry between the joints behave rigidly under the horizontal forces. Table 3.3 

reports the properties of the cohesive interfaces representing the mortar-rubber joints. The 

stiffness values evaluated are based on Eqs. 3.3-3.8, assuming mortar layers with thickness 

tm = 10 mm. 

The vertical rubber joints are characterised by a low compression stiffness to 

accommodate the relative displacements between the infill blocks and the frame and thus 

minimise the stresses between the frame columns and the masonry infill itself. Again, the 

idea of introducing vertical rubber joints was also to protect the frame from the infill during 

in-plane sliding. Unlike horizontal rubber joints, the vertical rubber joints are introduced 

between the masonry infill and the frame without any adhesion with the frame or infill. This 

led to the consideration of zero shear stiffness of the vertical joint. This reduced stiffness in 

compression can be achieved by using joints of the same rubber as the horizontal joints, 

with a higher thickness of 30 mm, or by using a softer rubber compound. These joints, 

placed between the wall and the frame, are not bonded with vertical mortar joints. Thus, the 

interfaces used to represent these joints are characterised by zero cohesion and zero tensile 

resistance, and a friction coefficient of 0.31. The values of fracture energies are taken from 

Verlato (2017) which are also consistent with the range of values reported in Lourenco 

(1997). 
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In order to investigate the effect of the stiffness of the vertical rubber layers on the 

system behaviour, two further sub-cases are considered, where the rubber stiffness is 

increased by 10 times (RJ_HVH) and decreased by 10 times (RJ_HVL) with respect to the 

RJ_HV case.  

Table 3.3. Interaction properties of the mortar-rubber joints. 

Interaction properties Horizontal joint 
Vertical joint 

RJ_H RJ_HV RJ_HVH RJ_HVL 

mr

nk  per unit area (N/mm3) 10.0 300 0.87 8.70 0.087 

mr

sk , mr

tk per unit area (N/mm3) 0.067 - - - - 

t  (MPa) 0.15 - 0 0 0 

c (MPa) 0.05 0 0 0 0 

  (-) 0.36 0.4 0.31 0.31 0.31 

I

fG  (MPa·mm) 0.005 - - - - 

II

fG  (MPa·mm) 0.05 - - - - 

 

 

Figure 3.8. Masonry infilled frame with horizontal and vertical rubber joints 

(RJ_HV). 

Figure 3.9a shows the deformed shape of the infilled frame for RJ_H where, no 

mortar joints have been considered between the columns and the wall; the corresponding 

interfaces have only frictional behaviour, with very high stiffness (300 N/mm3) to avoid 

penetration along the normal direction. Figure 3.9b shows the load-deflection curve of the 
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system with horizontal rubber joints, compared to the curves obtained in the bare frame and 

the frame with traditional infills. Figure 3.9 shows the predicted response of the proposed 

numerical model considering the experimentally evaluated mechanical properties of rubber 

joints tested from the INSYSME project (INSYSME 2016). The addition of the rubber joints 

is found to increase the compliance of the infill wall, and it can be observed that most of the 

deformation/sliding is located at these joints, whereas the masonry blocks between the 

rubber joints behave rigidly. From the plots, it is possible to appreciate the remarkable 

flexibility of the system with rubber joints, which is similar to a bare frame. It is noteworthy 

that the reduction of stiffness can also help to reduce the demand of absolute accelerations 

in the infilled frame under seismic excitation, due to increase in natural period. This in turn 

helps to protect acceleration-sensitive components.  

 

(a)                                                                              (b) 

Figure 3.9. (a) Deformed shape of infilled RC frame with horizontal rubber joints 

(RJ_H) (b) numerical responses of the bare frame, infilled frame with traditional infills 

and infilled frame with horizontal rubber joints (RJ_H). 

Figure 3.10 and Figure 3.11 show the principal stress distribution in the concrete and 

masonry components for a horizontal deflection of 14.2 mm (1.0% drift) and 28.4 mm (2.0% 

drift) respectively. These stresses are significantly lower compared to the case of the frame 

with traditional infill (see Figure 3.7a), with the exception of two small regions at the 

interface of the bottom subpanel and the right column, and the top subpanel with the left 

column. The plot of the plastic deformations (Figure 3.12 and Figure 3.13), also confirms 
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the effectiveness of the rubber joints in minimizing the damage to the masonry components, 

with bricks experiencing almost no damage even under a 2.0% drift. 

 

(a) RJ_H    (b) RJ_HV 

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.10. Minimum compressive principal stress (in MPa unit) distribution under 

a horizontal displacement of 14.2 mm (1.0% drift). 

 

(a) RJ_H     (b) RJ_HV 
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(c) RJ_HVH    (d) RJ_HVL 

Figure 3.11. Minimum principal compressive stress (in MPa unit) distribution under 

a horizontal displacement of 28.4 mm (2.0% drift). 

 

(a) RJ_H     (b) RJ_HV 

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.12. Plastic strain distribution under a horizontal displacement of 14.2 mm 

(1.0% drift). 
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(a) RJ_H     (b) RJ_HV 

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.13. Plastic strain distribution under a horizontal displacement of 28.4 mm 

(2.0% drift). 

In order to highlight the effect of the vertical rubber joints on the system behaviour, 

Figure 4.15 shows the plot of the horizontal force-deflection curve for the different cases 

considered. It can be observed that adding the vertical rubber joints does not change 

significantly the global behaviour of the system compared to the case with only horizontal 

rubber joints. The initial stiffness is lower for the case of horizontal and vertical rubber joints 

compared to the case of only horizontal joints, and it reduces by reducing the vertical joint 

stiffness. The maximum forces achieved by the various systems are quite similar. The peak 

force obtained for the system RJ_HV is slightly higher than the one obtained for the system 

RJ_H, and it is attained for a higher displacement. With the systems RJ_HVH and RJ_HVL 

slightly lower peak forces are attained compared to the system denoted to as RJ_HV. 

However, in Figure 3.10 and Figure 3.11, it can be seen that adding the vertical rubber joints 

reduces the compressive stresses in the bricks adjacent to the frame. This reduction is more 

significant for the case of flexible vertical joints (RJ_HVL) compared to the case of ordinary 

or stiff vertical joints (RJ_HV, RJ_HVL). Moreover, comparing the various contour plots 
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of the plastic deformations in Figure 3.12 and Figure 3.13, it can be noted that the solution 

with vertical joints with low stiffness reduces significantly the damage of the frame, 

compared to the other solutions. 

 

Figure 3.14. Comparison of rubber joints with various layouts and stiffnesses. 

3.3.2 Case study II 

The second case study considers a set of prototypes experimentally tested by 

University of Padova within INSYSME project (INSYSME 2016) and described in Verlato 

(Verlato 2017). Experimental results for bare frame, infilled frame with mortar joints (4th 

frame specimen, FC. MJ enclosure) and infilled frame with rubber joints (DRES-V2) are 

considered for the validation of the numerical modelling strategy. Figure 3.15 illustrates the 

infilled frame prototype, whose aspect ratio is of 2/3. The infill panels are made with hollow 

clay masonry blocks (D-type as in Verlato 2017) arranged in a running bond pattern (Figure 

3.15). D-type blocks are characterised by a lower percentage of holes, equal to 50%, and 

“tongue and groove” lateral surfaces that do not require the application of vertical mortar 

joints (Verlato 2017). The transfer of shear stress under in-plane shear loading relies on 

friction. For modelling and computational simplicity, the hollow block behaviour is 

assumed to be isotropic, with properties based on the results of the compression test carried 

out along the direction parallel to the holes. The bed joints are fully filled with mortar, and 

they are 10 mm thick, whereas there are no mortar head joints and the transfer of stresses 

from a brick to the adjacent ones relies on the brick interlocking. Some details regarding the 

frame, including the concrete member sizes, rebar diameter and detailing scheme and 

masonry block dimensions, are given in Figure 3.15. Further details are available in Verlato 
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(2017). The experimental quasi-static tests conducted on the bare frame and the frame 

infilled with traditional mortar joints and TARRC’s innovative mortar-rubber joints, shown 

in Figure 2.20, consisted of the application of vertical loads (200 kN) at the top of each 

column, simulating the effect of permanent loads acting on the frame, followed by in-plane 

horizontal loads (monotonically increasing) applied at the beam extreme, as shown in Figure 

3.15. 

 

Figure 3.15. Geometric details of the selected infilled frame (INSYSME 2016) with 

RC section details and block dimensions (dimensions in mm). 

Table 3.4 reports the main mechanical properties of the concrete material employed 

for the frame components, the brick units, and the steel reinforcement. Table 3.5 reports the 

properties of the zero-thickness interfaces describing the mortar joints. The values reported 

in Table 3.4 and Table 3.5 are based on the results of the experimental tests carried out by 

INSYSME project (INSYSME 2016) and numerical models developed by Verlato et al. 

(2016) to simulate these tests. The head joints have been given different properties to 

account for the fact that they were not filled with mortar. The wall to frame mortar interfaces 

have been assigned the same properties as the head joints. 
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Table 3.4. Mechanical properties of concrete for frame components and brick units. 

Mechanical properties Concrete Brick units Steel reinforcement 

E (MPa) 22000 3693 180000 

  (-) 0.15 0.40 0.30 

c  (MPa) 40 4.25 - 

Strain at peak compressive stress  0.002 0.002 - 

Ultimate strain (zero residual stress) 0.0035 0.0035 - 

Yield strength (MPa) - - 535 

t  (MPa) 3.90 0.22 - 

I

fG  (MPa·mm) 0.075 0.04 - 

Post-elastic to elastic stiffness ratio - - 0.002 

 

Table 3.5. Properties of the contact interfaces describing the mortar joints. 

Mortar Interaction Properties Bed joints Head joints 

m

nk  per unit area (N/mm3) 200 200 

m

sk , m

tk  per unit area (N/mm3) 100 - 

t  (MPa) 0.346 - 

c (MPa) 0.485 - 

  (-) 1.13 0.80 

I

fG  (MPa.mm) 0.005 - 

II

fG  (MPa.mm) 0.05 - 

 

3.3.2.1 Bare frame 

After applying the vertical static loads at the top of the columns, an in-plane 

horizontal displacement was applied incrementally to the end of the beam (see Figure 

3.16a). Figure 3.16 (a) shows the plastic strain distribution of the numerical model of the 

bare frame for a horizontal displacement of 55mm (2.0% drift) and Figure 3.16 (b) compares 

the experimental and numerical force-deformation curves. The overall agreement is good 

although the proposed model slightly overestimates the initial stiffness of the system.  
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(a)                                                                              (b) 

Figure 3.16. (a) Plastic strain distribution at 55 mm (2.0% drift) (b) load-

displacement curves for bare frame. 

3.3.2.2 Frame with traditional infill  

The analysis was run with a computer architecture of 16gb RAM, intel i5-8500 

processor (3GHz clock speed) and 64-bit operating system. With the 3D model with 

traditional infill (12812 nodes), 24.07 hours of analysis are required to reach a displacement 

of 27.5 mm (equivalent to 1.0% of inter-storey drift). Figure 3.16 (a) shows the crack pattern 

of FC. MJ specimen (INSYSME 2016) at 1.2% drift. Figure 3.16 (b) shows the deformed 

shape and cracking pattern of the masonry infilled wall for a horizontal displacement of 27.5 

mm. It can be observed that the horizontal load induces the formation of several diagonal 

cracks in the wall. Figure 3.16 (c) illustrates and compares the experimental and numerical 

force-displacement curves obtained for the infilled frame. Again, the proposed model 

describes the initial as well as the post-peak behaviour of the wall with good accuracy.  
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(c) 

Figure 3.17. (a) Crack pattern of FC. MJ specimen (INSYSME 2016) at 1.2% drift 

(b) simulated cracking pattern of the masonry infill wall (c) comparison between 

numerical and experimental load-displacement curves. 

Figure 3.18 (a) shows a contour plot of the minimum principal compressive stresses 

in the masonry and concrete components for a horizontal displacement of 27.5 mm (1.0% 

drift). The highest values of the compressive stresses are observed at the top right corner 

and at the bottom left corner, where they attain the compressive resistance of the bricks 

(Table 3.4). The principal stresses at the other two corners are tensile ones, as expected. 

Figure 3.18 (b) shows the plastic strain distribution indicating the cracking of the bricks for 

the same horizontal displacement. The cracks are localised in correspondence of diagonal 

bands. Also, the plastic deformations, shown in Figure 3.18(b), are localised along diagonal 

bands with an inclination angle of about 60 degrees with respect to the horizontal plane. 

 

(a)                                                                              (b) 

Figure 3.18. (a) Minimum principal compressive stress (in MPa unit) distribution 

showing cracking of bricks with (b) plastic strain distribution showing cracking of bricks 

with mortar joints for a horizontal displacement of 27.5 mm (1.0% drift).  
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3.3.2.3 Infill frames with rubber joints 

The horizontal layers of rubber joints are placed between four courses of the bricks 

and the vertical layers are introduced between the masonry infill and the frame, as shown in 

Figure 3.19. They have a thickness of 15 mm and are made with a rubber compound with 

shear modulus of 0.5MPa. The mortar layers have a maximum thickness tm2= 20 mm and a 

minimum thickness tm1= 5 mm. The vertical joints are made with a different compound, 

which comprises recycled styrene-butadiene rubber and ethylene propylene monomer 

rubber granules anchored to a support of nonwoven fabric (Verlato 2017). 

Table 3.6 reports the values of the mechanical parameters describing the horizontal 

mortar-rubber joints and the vertical rubber joints. These properties of the cohesive 

interfaces representing the mortar-rubber joints, have been evaluated based on Eqs. 3.3-3.8, 

assuming an average mortar thickness of 10 mm. It is noteworthy that the value assumed 

for the mortar layer thickness does not affect significantly the composite joint properties, 

which are controlled by the rubber layer compliance. The interfaces used to represent these 

vertical joints are characterised by zero cohesion and zero tensile resistance, and a friction 

coefficient of 0.31 evaluated experimentally during tests carried out within INSYSME 

project (INSYSME 2016). 

 

Figure 3.19. Masonry infilled frame with horizontal and vertical rubber joints 

(INSYSME 2016). 
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Table 3.6. Interaction properties of the mortar-rubber joints. 

Interaction 

properties 

Horizontal 

joint 

Vertical joint 
Source 

RJ_H RJ_HV RJ_HVH RJ_HVL 

mr

nk per unit area 

(N/mm3) 
11.7 200 1.0 10.0 0.1 Eq. 3.3 

mr

sk , mr

tk per unit 

area (N/mm3) 
0.033 - 0 0 0 Eq. 3.7 

t  (MPa) 0.15 - 0 0 0 
Verlato 

(2017) * 

c(MPa) 0.05 0 0 0 0 
Verlato 

(2017) * 

  (-) 0.36 0.4 0.31 0.31 0.31 
Verlato 

(2017) 

I

fG  (MPa·mm) 0.005 - - - - 
Verlato 

(2017) * 

II

fG  (MPa·mm) 0.04 - - - - 
Verlato 

(2017) * 

*Not directly measured but assumed based on literature and/or calibrated to provide best fit to 

results 

 

Figure 3.20 (a) shows the deformed shape of the infilled frame with both horizontal 

and vertical rubber joints. Overall, the addition of the rubber joints is found to enhance the 

compliance of the infill wall, and it can be observed that most of the deformation/sliding is 

located at these joints. Some cracks are observed at the top left corner of the lower portion 

of the wall, just below the first rubber layer. Other cracks are found on the right side of the 

top three subpanels. It is noteworthy that all these cracks were also observed experimentally 

(Verlato 2017). Figure 3.20 (b) compares the load-deflection curve of the bare frame, the 

frame with traditional infills, and the frame with infill walls and rubber joints. It can be seen 

that the infilled frame with rubber joints keeps gaining the load up to a displacement of 

55mm and then after the strength drops until complete failure in attended. In contrast to the 

case analysed previously, the frame with the innovative infills is significantly stiffer than 

the bare frame. Nevertheless, using the rubber joints yields significant reduction of stiffness 

compared to the case with traditional infills. The model used for the simulation is found to 
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be quite accurate, with a global force-deflection curve very close to the experimental one 

(Figure 3.21). 

  

(a)                                                                              (b) 

Figure 3.20. (a) Deformed shape for the case RJ_HV at 55 mm (2.0% drift) (b) 

comparison between numerical responses of the bare frame, infilled frame with traditional 

infills and with rubber joints (RJ_HV). 

 

 

 

(a) (b) 

Figure 3.21. (a) Failed infill with DRES-V2 at 2.4% drift (INSYSME 2016) and (b) 

load-deflection curve of the system with horizontal and vertical rubber joints 
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As for the previous case study, a comparison is carried out of the performances 

obtained considering horizontal rubber joint only and vertical rubber joints with higher and 

lower stiffness values compared to the reference model. Figure 3.22 and Figure 3.23 show 

the minimum compressive principal stress distribution for all selected cases, respectively 

under 1% and 2% imposed drift. It is clearly visible that the frame with vertical rubber joint 

of lower stiffness is performing better than the other cases (and the traditional infill, see 

Figure 3.18a) in terms of minimization of the compression stresses in the bricks.  

Figure 3.24 and Figure 3.25 show the distribution of plastic strains at 1% and 2% 

drift limits respectively. The solution with least damage is that corresponding to the lower 

vertical rubber stiffness (RJ_HVL), which performs significantly better than the frame with 

traditional infill (Figure 3.18b) and exhibits less cracking in the masonry at high drift levels 

(Figure 3.25) with larger gaps opening at the interface between the masonry subpanels and 

the frame compared to the other solutions investigated. The plastic deformations in the 

frame are also slightly reduced. It can be seen from Figure 3.26 (b) that the present numerical 

model could successfully predict the failure as seen from the experimental test performed 

by INSYSME 2016 (See Figure 3.21a). During the experimental test, the formation of a 

vertical crack in the brick unit in the bottom-most sub-panel and the stress concentrations in 

the corners of the infill is quite identical to the predicted failure from the present numerical 

model. The force-displacement curves, presented in Figure 3.26, indicate that the use of 

rubber joints with low stiffness (case RJ_HVL) also corresponds to a further decrease of 

global stiffness and strength compared to the reference case (RH_HV).  
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(a) RJ_H     (b) RJ_HV  

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.22. Minimum principal compressive stress (in MPa unit) distribution for 

infilled frame with rubber joints for a horizontal displacement of 27.5 mm (1.0% drift). 

 

(a) RJ_H     (b) RJ_HV  

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.23. Minimum principal compressive stress (in MPa unit) distribution for 

infilled frame with rubber joints for a horizontal displacement of 55 mm (2.0% drift). 
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(a) RJ_H     (b) RJ_HV  

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.24. Plastic strain contour plots for the case infill wall with rubber joints 

under a horizontal displacement of 27.5 mm (1.0% drift). 

 

(a) RJ_H     (b) RJ_HV 

 

(c) RJ_HVH    (d) RJ_HVL 

Figure 3.25. Plastic strain contour plots for the case infill wall with rubber joints 

under a horizontal displacement of 55 mm (2.0% drift). 
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Figure 3.26. Comparison of rubber joints with various layouts and stiffness. 

3.4 Summary 

In this study, a novel meso-scale approach is developed for simulating the response of 

RC frames equipped with masonry infill walls and rubber joints under horizontal loads such 

as those induced by earthquakes. The behaviour of the RC frame is described using solid 

elements and embedded rebars, whereas the mortar-rubber joints are described by means of 

zero-thickness interfaces, whose behaviour is calibrated to simulate the in-series 

arrangement of the components. This approach, employed for the first time to investigate 

the system at hand, illuminates the response at local level of the components of the system, 

such as the bricks or the joints. The proposed strategy is validated against experimental 

results conducted on two case studies; a RC frame with traditional infills and a RC frame 

with both traditional and TARRC’s innovative infills with rubber joints. A good agreement 

is observed between experimental and numerical results, in terms of global force-

displacement response and location of cracks in the bricks. 

The study results show that adding the rubber joints significantly increases the 

compliance of the system, helping to avoid or reduce the damage to the frame and the infills. 

Moreover, using vertical rubber joints with low stiffness in addition to the horizontal ones 

further improves the behaviour in terms of reduction of compressive stresses and cracking 

in the masonry at large displacements, while providing a horizontal force-deflection 

response similar to the case with only horizontal joints. Even the plastic deformations in the 

frame can be reduced by using vertical joints with low stiffness. 
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The proposed modelling strategy can be employed to investigate the optimal 

combination of strength, deformability and dissipation capacity of the rubber joints for 

enhancing the seismic performance for a wide variety of infilled frames. It is also useful for 

calibrating simplified modelling strategies, such as those based on diagonal equivalent 

struts. Further analyses will be carried out, using the same modelling approach developed 

here and simplified ones, to evaluate the combined in-plane and out-of-plane behaviour of 

the system. Moreover, a more complex constitutive model of the joints, describing also the 

energy dissipation capabilities of the rubber, will be developed and calibrated based on 

experimental results to investigate the benefits of introducing the rubber joints in terms of 

enhancement of the global damping capacity of the system. 
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4 A macro-model for describing the in-

plane seismic response of masonry-

infilled frames with sliding/flexible joints 

4.1 Introduction 

Masonry infills are among the most vulnerable components of reinforced concrete (RC) 

building frames. They are often disregarded in the design stage, and because of this, they 

often undergo severe cracking and damage even under moderate earthquakes. Their collapse 

can cause injuries, life losses, and delays in rescue operations and post-earthquake recovery. 

Many studies (e.g., Del Vecchio et al. 2018; De Risi et al. 2019) have highlighted the 

considerable economic losses associated with infill walls’ damage and have shown that the 

repair cost of these can be significantly higher than that of structural components.  

The improvement of the seismic performance of infill walls and RC infilled frames has 

been a subject of considerable research in the last decades, with many technical solutions 

proposed and experimentally evaluated. Some solutions aim at increasing the resistance of 

the infill (Elgawady et al. 2004; Koutas et al. 2015). However, these techniques are often 

not cost effective and require the strengthening of the frame members, due to the 

transmission of increased forces to them from the infills. Alternative solutions have been 

proposed that aim to increase the flexibility of the infill panel and/or to reduce its interaction 

with the surrounding frame, through the introduction of sliding joints (Preti et al. 2012; Preti 

et al. 2015; Morandi et al. 2016; Bolis et al. 2017; Preti and Bolis 2017; Preti et al. 2019; Di 

Trapani et al. 2020) or flexible/soft layers (Mojsilović et al. 2015; Vögeli et al. 2015; 

Calabria et al. 2016; Preti et al. 2016; Ahmadi et al. 2017; Petrović et al. 2017) within the 

panel or between the panel and the surrounding frame. The use of joints, where most of the 

deformations are localised, allows reducing the stresses, and thus the damage, in the infill 

panel as well as minimising the interaction between the panel and the surrounding frame. 

Another benefit brought by the joints is that they permit to control the increase of global 

stiffness of the infilled frame, which can significantly alter the seismic demand with respect 

to the bare frame condition. The joints can also contribute to the energy dissipation, reducing 
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the seismic demand on structural and non-structural components. 

The numerical simulation of the seismic performance of infilled frames is a 

computationally challenging task due to the nonlinearity of the materials involved, the 

complex interaction between the infills and the main frame structure, and the various 

possible failure modes that could occur. Different modelling approaches have been 

proposed, including macro-modelling and micro/meso-scale modelling (Lourenço 1997; 

Asteris et al. 2011; Caliò and Pantò 2014; Pantò et al. 2017), where some of these 

approaches have also been applied to model infilled frames with flexible/sliding joints 

(Mojsilović et al. 2015; Vögeli et al. 2015; Calabria et al. 2016; Preti et al. 2016; Ahmadi et 

al. 2017; Bolis et al. 2017; Petrović et al. 2017; Preti et al. 2019; Di Trapani et al. 2020). 

Detailed numerical analyses involving micro and meso-scale descriptions of masonry 

can be computationally costly and unsuitable for large scale structures. In this case, macro-

models are found to be very appealing due to the reduced number of degrees of freedom and 

parameters that are required to define them. Many of the simplified models for masonry 

infilled frames rely on the concept of equivalent strut (Smith and Carter 1970; El-Dakhakhni 

et al. 2003; Di Trapani et al. 2018). A two-dimensional (2D) discrete macro-element model 

(DMEM) for infill frames was proposed by Caliò and Pantò (Caliò and Pantò 2014) to avoid 

the main limitations of the equivalent strut approach. This macro-model, originally proposed 

for unreinforced masonry buildings (Caliò et al. 2012) has been implemented in the software 

3D-Macro (2009) and validated against experimental tests by Marques and Lourenço 

(2014). More recently, Pantò and Rossi (2019) implemented a simplified version of the 

DMEM model, already proposed in Caliò and Pantò (2014), but characterised by a limited 

number of nonlinear links along the interfaces between elements in order to allow its 

implementation in the FE program OpenSees (Mazzoni et al. 2006).  

In the context of simplified modelling of RC infill frames with sliding joints, Preti et al. 

(2019) developed an analytical formulation for calibrating the properties of an equivalent 

strut based on the geometrical and mechanical properties of the infill panel and of the sliding 

joints. This model was used by Di Trapani et al. (2020) to assess the benefits of using sliding 

joints in improving the seismic performance of masonry-infilled RC frames. To date, no 

study has investigated the use of 2D macro-models for investigating the behaviour of RC 

frames with sliding/flexible joints under in-plane loading.  
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4.2 The proposed modelling strategy 

This section illustrates the modelling strategy developed for describing the hysteretic 

behaviour of a masonry-infilled frame with flexible/sliding joints that are horizontally 

placed between the infill sub-panels and vertically at the column-infill interfaces (see Figure 

4.1). The same modelling strategy can also be used to describe alternative configurations 

(e.g., Preti and Bolis 2017) not explicitly addressed in this study. 

 

Figure 4.1. Reinforced concrete infill frame equipped with horizontal and vertical 

sliding/flexible joints. 

The proposed modelling approach is based on the discrete macro-element method 

(DMEM) originally developed by Caliò and Pantò (2014), subsequently implemented in a 

simplified version in OpenSees by Pantò and Rossi (2019). The proposed model can be 

represented by an equivalent mechanical scheme consisting in an articulated quadrilateral 

(Figure 4.2a). Two uni-directional diagonal links and eight bi-directional perimetral links 

describe the shear and flexural behaviour of the represented masonry portion of masonry, 

respectively. The latter 2D links, also describe the normal and tangential behaviour of the 

infill-frame interfaces. Following the simplified formulation developed in Pantò and Rossi 

(2019), the two 2D links placed on each rigid edge of the panel allow the macro-element to 

interact with adjacent macro-elements or to frame beam/column elements. The 

deformability of the 2D links is concentrated in two zero‐length nonlinear coupled springs 

connected in-series with rigid offsets (Δi), with i=1…4, shown in Figure 4.2a. Each link is 

located at one‐fourth of the panel edge length (bp or hp) from the vertexes (Vi) (i=1… 4), 

which allow for a geometrically consistent description of the interaction between infills and 

beam or column elements (Pantò and Rossi 2019). Each macro-element possesses eight 

nodes (ni), with i=1…8, connecting the macro‐element with the adjacent macro-elements 

and frame elements (Figure 4.2b). Each macro-element is kinematically characterised by 
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twenty-eight degrees of freedom (Figure 4.2a), twenty-four of which are associated with the 

translations and rotations of nodes (ui, vi, ɸi) with i=1…8, and four (wi … w4) describing the 

rigid motion and shear-deformation of the panel. These dofs can be kinematically related to 

17 generalised deformations: 16 deformations related to the normal (dn1… dn8) and 

tangential (ds1… ds8) deformations of the 2D links and the deformation of the internal 

diagonal link (dd), shown in Figure 4.2b. 

In the case of traditional infills, the response of the contact links along the normal 

direction describes the flexural response of the represented portion of the infill. The link 

shear response describes the sliding the infill or between the infills and the surrounding 

frame members. The diagonal link describes the diagonal shear failure of the infill. Being 

the infill built after the surrounding frame, it does not support vertical loads other than its 

self-weight. Therefore, it is assumed that the uniaxial response of the diagonal link depends 

only on the shear deformation of the articulated quadrilateral. At the same time, it is 

independent on the panel, vertical and horizontal, compression. 

In the case of infills with sliding/flexible joints, the macro-element link properties 

depend on the type of discretisation adopted. For example, in Figure 4.2c the number of 

macro-elements is equal to the number of subpanels identified by the horizontal joints 

(Figure 4.1). Thus, each macro-element describes a masonry subpanel surrounded by 

flexible/sliding joints. The normal component of the 2D contact links describes the 

tensile/compressive behaviour of the masonry subpanels and of the sliding/flexible joints, 

working as a series mechanical system, whereas the tangential component of the 2D contact 

links describes the sliding of the low-friction joints or the shear displacement of the 

sliding/flexible joint. The diagonal link simulates the diagonal shear behaviour of the 

masonry subpanels, and its properties are not affected by the sliding/flexible joints. The next 

subsections describe the calibration of the macro-element properties for this type of 

discretisation. It is noteworthy that each subpanel could be discretised into more than one 

macro-element (Figure 4.2d). The properties of the links for the macro-elements used in 

Figure 4.2d can be found by combining the modelling strategy described in the following 

subsections with the ones already developed in Pantò and Rossi (2019) for the case of 

traditional masonry infills. According to the original formulation proposed by Caliò and 

Pantò (2014), a single macro-element could be employed for describing the entire infill-

joint system. However, in presence of sliding/flexible joints, it is necessary to consider a 

mesh of macro-elements, consistent with the distribution of the joints, in order to describe 
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the interaction between adjacent horizontal subpanels and between the subpanels and the 

surrounding frame.  

The simplified hypothesis of connecting each panel edge by two links may introduce an 

approximation in describing the local behaviour of the infill and its interaction with the 

frame members. However, as evidenced in Pantò and Rossi (2019) and confirmed by the 

results presented in this study, the proposed model can describe the global response of 

infilled frames with a reasonable level of accuracy, even employing a coarse mesh of macro-

elements.  

 

Figure 4.2. (a) Degrees of freedom of the macro-element, (b) generalised 

deformations, (c) discretisation of the infill with joints into minimum number of 

subpanels, (d) more refined discretisation. 

4.2.1 The 2D Contact link 

Figure 4.3a shows the equivalent mechanical scheme of the 2D nonlinear link. The 

relative displacements of the link along the normal and tangential direction, collected in the 

vector q = [dn ds], and the dual internal forces, collected in vector Q = [Fn Fs], are related 

through the expression Q = Kq where  denotes the variation operator, and K denotes the 

tangent stiffness matrix of the link, expressed as follows: 
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K    Eq. 4.1 

where Kn and Ks are the tangent stiffnesses of the link in the normal and tangential 

directions, respectively.  

The Concrete02 material model, implemented in OpenSees (Mazzoni et al. 2006), is 

used to describe the normal response of the contact link. The nonlinear elastoplastic model 

employed in Kent and Park (1971) is used to simulate the masonry response in compression, 

whereas a bi-linear constitutive law with linear strength degradation simulates the response 

in tension. These constitutive model’s efficacy allow for cyclic stiffness degradation with 

the increase of the normal strain. The essential parameters to describe the normal response 

envelope of the 2D link Figure 4.2 (b), are: the initial elastic stiffness (Knm), the maximum 

compressive force (Fcm), the maximum tensile force (Ftm), the ultimate displacement in 

compression (dcm), the ultimate displacement in tension (dtm) and the residual compressive 

strength (Frm). The parameter λ represents the ratio between the unloading stiffness and the 

initial stiffness and controls the cyclic material behaviour  

 

Figure 4.3. (a) Equivalent mechanical scheme of 2D contact link, (b) cyclic response 

in normal direction, and (c) tributary masonry area. 
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In general, the values of the parameters of Figure 4.3(b) depend on the geometry of 

the macro‐element and on the mechanical properties of the masonry infill and of the 

flexible/sliding joints, which form a series mechanical system. The properties defining the 

normal behaviour of the sliding/flexible joints, assuming an elastic-perfectly plastic 

constitutive law, the initial normal stiffness per unit area knj, the tensile strength ktj, and the 

compressive strength fcj. The following mechanical parameters are used to characterise the 

constitutive behaviour of the masonry, considered as a homogenised continuous orthotropic 

material characterised along each direction of orthotropy by: Young modulus (Em), 

compression and tensile strengths (fcm, ftm) and the corresponding ultimate strains in tension 

and compression (cu, tu) and a residual compressive strength frm. A tributary panel area 

(see Figure 4.3c) is considered for defining the contribution of the masonry subpanel. Let 

wp, bp and hp denote respectively the thickness, width and height of the subpanel contributing 

to the normal link. In order to define the normal link properties (Figure 4.2b), the continuous 

masonry portion of the subpanel is replaced by an equivalent discrete one, whose properties 

are described in Table 4.1, where Ap and lp represent respectively the cross-section area and 

the length of the tributary volume of the subpanel associated with the link. These are equal 

to respectively / 2p pw b  and / 2ph  in the case of the vertical contact link of Figure 4.3(b). If 

flexible/sliding joints are present at the edge of the panel, then their properties must be 

combined with those of Table 4.1, using a series mechanical model representation.  

Table 4.1. Mechanical parameters of the normal response of the equivalent spring 

representing the masonry panel (after Pantò and Rossi 2019). 

Initial 

stiffness 

Maximum 

compressive 

force 

Maximum 

tensile 

force 

Residual 

compressive 

force 

Ultimate 

compression. 

displacement 

Ultimate 

tensile 

displacement 

m p

nm

p

E A
K

l
=  

cm cm pF f A=  
tm tm pF f A=  

rm rm pF f A=  
cm cu pd l=  

tm tu pd l=  

In the case of a macro-element representing a subpanel interacting with the frame 

through a horizontal or vertical sliding/flexible joint, the normal stiffness of the contact link, 

evaluated combining in series the stiffness representing the masonry panel (Knm), and the 

normal stiffness of the joint (Knj), is obtained as follows: 

nm nj

n

nm nj

K K
K

K K
=

+
   Eq. 4.2
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The stiffness of the joint Knj can be evaluated by multiplying the stiffness per unit area 

knj by the tributary area of the joint Ap. 

In the case of two macro-elements representing two subpanels separated by a sliding 

joint, each panel link is associated to the deformability of masonry and of half joint. Eq. 4.2 

becomes: 

2

2

nm nj

n

nm nj

K K
K

K K
=

+
    Eq. 4.3 

The tensile (compressive) resistance of the series system is equal to the lowest value 

among the tensile (compressive) resistance of the two components.  

The shear response of the contact links of the macro-element is assumed to be controlled 

by the mechanical behaviour of the joints at the edges of the macro-element. In the case of 

rubber joints, the shear stiffness of the 2D link Ks coincides with that of the joint Ksj, which 

can be taken equal to the rubber stiffness assuming that the rubber compliance is much 

higher than that of the mortar joints (see Dhir et al. 2021). The behaviour of rubber in simple 

shear is very complicated, since it is rate-dependent, amplitude-dependent, and 

characterised by the Mullins effect (Tubaldi et al. 2017). In this study, a linearised behaviour 

(constant stiffness) is considered for simplicity. In the case of sliding joints, a very high 

value of Ksj can be assumed until sliding takes place. The tangent shear stiffness can be 

assumed to be zero during sliding.  

The shear capacity of the contact links is described by an elasto‐plastic model with an 

associated Mohr‐Coulomb yield surface characterised by the following parameters: the 

cohesion cj, the friction coefficient μj, the tributary contact area of the link Ap. For simplicity, 

the values of c and μ are assumed to be constant and the unloading/reloading tangential 

stiffness is assumed equal to the initial elastic one. It is noteworthy that also in the case of 

rubber joints sliding may occur following bond failure (usually at the rubber joint-mortar 

interface). 

4.2.2 The Diagonal link 

As already discussed above, it is assumed that the minimum number of macro-elements 

is equal to the number of subpanels identified by the horizontal joints. According to this 

strategy, the diagonal link represents the shear behaviour of the masonry subpanel, since the 

deformability of the flexible/sliding joints is described entirely by the 2D contact links along 

the interfaces. The uniaxial material Pinching4 which is already included in OpenSees 
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(Mazzoni et al. 2006) is used to simulate the axial force-displacement (Fd, dd) response of 

the diagonal link shown in Figure 4.4a (Furtado et al. 2015; Mohammad et al. 2017). The 

constitutive law of the diagonal link is assumed not to depend on the compression forces 

acting on the vertical and horizontal edges of the panel. It only depends on the shear 

deformation of the articulated quadrilateral. This is a simplification that is not expected to 

lead to significant errors in the response assessment. The envelope curve describing this 

response is defined by eight parameters, i.e., F1d, d1d; F2d, d2d; F3d, d3d; F4d, d4d, which are 

indicated in Figure 4.4(b). These parameters are calibrated according to the macroscopic 

shear parameters of masonry, which can be identified by performing laboratory tests on 

masonry panels, and the panel geometry. The calibration procedure consists in imposing an 

equivalence between the discrete model and an equivalent continuous subpanel subjected to 

a pure shear stress state (Pantò and Rossi 2019). The results are summarised in Table 4.2. 

More specifically, the mechanical behaviour of masonry is characterised by the initial shear 

modulus (Gm) and the shear stress corresponding to cracking (τcr); the stress/drift at the yield 

(τy, γy), peak (τ0, γ0) and residual (τR, γr) strengths. Each strength describes a specific 

macroscopic level of damage. In particular, the cracking strength describes the end of the 

elastic response of the infill, corresponding to the activation of microcracks. In addition, the 

yield strength allows a better description of the change of infill shear stiffness due to the 

opening of macrocracks. 

 

Figure 4.4. (a) Mechanical scheme and (b) cyclic response of the diagonal link. 
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Table 4.2. Mechanical parameters of the response envelope of the diagonal link 

(Pantò and Rossi 2019). 

Cracking force 
1

cos

cr p p

d

w b
F




=  Initial stiffness 

0 2cos

m p p

d

p

G w b
K

h 
=  

Yielding force 
2

cos

y p p

d

w b
F




=  Yielding displacement 2 cosd p yd h  =  

Peak force 
0

3
cos

p p

d

w b
F




=  Peak-force displacement 3 0 cosd pd h  =  

Residual force 
4

cos

u p p

d

w b
F




=  Residual-force displacement 4 cosd p rd h  =  

*α = arctan (hp/bp) is the angle between the diagonal and the first edge of the panel 

A cyclic constitutive law with a pinching effect, already implemented in OpenSees 

(Mazzoni et al. 2006) and characterised by a trilinear unload‐reload path (Pantò and Rossi 

2019), is adopted. The model takes into account the degradation of the reloading stiffness 

and strength by means of two damage indexes, Dk and Dr, whose evolution is described by 

the following equation: 

( ) ,lim1 /
h

h h cum h mon hD E E D


 = −    h=k, r  Eq. 4.4 

where the parameters αh, βh and ηh are constitutive parameters of the damage model, Dk, 

lim and Dr, lim the two limit values of damage indexes, Ecum the cumulative energy at the 

current step of the analysis, and Emon is the ultimate cumulative energy corresponding to a 

monotonic process. The parameters of the cyclic and damage models can be adjusted to 

obtain the best fit to the experimental results. 

4.3 Model validation 

In this section, a validation study is conducted in view of the experimental tests 

performed by Calvi and Bolognini (2001) on a RC frame infilled with traditional hollow 

bricks under in-plane load (case study I). A further validation is then performed considering 

the numerical investigation performed with an advanced 2D modelling approach by Bolis 

et al. (2017) (case study II) on the same bare frame, with different infill typology and with 

the addition of sliding joints. Finally, the experimental tests performed within the 

INSYSME project (INSYSME 2016) on an RC frame with traditional masonry infills and 
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masonry infills with mortar-rubber joints under in-plane loading (case study III) are 

considered to further demonstrate the abilities of the proposed modelling approach. 

4.3.1 Case Study I: Traditional Infill (after Calvi and Bolognini 2001) 

The first case study consists in a masonry-infilled RC frame experimentally tested by 

Calvi and Bolognini (2001). Figure 4.5 provides some details of the frame and masonry 

infill, including the concrete member sizes, diameters of the steel rebars and masonry block 

dimensions. Perforated clay blocks were selected (typical of European earthquake-prone 

countries) and laid with holes running horizontally. The bed and head joints are 10 mm 

thick. Further details regarding the prototype are available in Calvi and Bolognini (2001). 

The experimental tests were conducted on the bare frame (BF) and the frame with traditional 

infills (TIF) subjected to in-plane loading. In the tests, vertical loads (400 kN) were initially 

applied at the top of the two columns to simulate the effect of permanent loads acting on the 

frame, followed by an in-plane horizontal load, monotonic or cyclic, applied at the beam’s 

left extremity, as shown in Figure 4.5. Forced-based non-linear beam elements with two 

Legendre integration points are used to describe both the beams and columns, with the cross-

sections discretised into fibres. The discretisation of the frame elements depends on that of 

the infill. In particular, since a single macro-element is used for the infill, each frame 

element of the RC frame is subdivided into three elements to allow the connection of the 

frame elements to the external nodes of the infill macro-element.  

 

Figure 4.5. Geometric details (dimensions in mm) of (a) the tested infilled frame (b) 

the perforated clay block units, (c) top beam (section A-A), (d) column (section B-B), and 

(e) top beam (section C-C). 
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Table 4.3 reports the main mechanical properties of the concrete and steel reinforcement 

used for the RC frame members. Table 4.4 reports the parameters characterising the normal 

behaviour of masonry panel along the horizontal and vertical direction. Table 4.5 reports 

the properties of the frame-infill interfaces, namely column-masonry (CM), bottom beam-

masonry (BBM), top beam-masonry (TBM), panel-panel in horizontal direction (PPH), and 

panel-panel in vertical direction (PPV). Table 4.6 contains the parameters that define the 

diagonal link envelope curve. The values of the properties displayed in Table 4.3- Table 4.6 

are based on the reported material properties of concrete and steel, on the experimental tests 

on masonry panels carried out by Calvi and Bolognini (2001), and on the parameters 

adopted by Bolis et al. (2017) to simulate these tests. The values of the properties displayed 

in Table 4.3-Table 4.6 are based on the reported material properties of concrete and steel, 

on the experimental tests on masonry panels carried out by Calvi and Bolognini (2001), and 

on the parameters adopted by Bolis et al. (2017) to simulate these tests. Gm comes from the 

value of Em assuming a poisson's ratio of 0.2 (Pantò and Rossi 2019). The values of some 

parameters, such as those defining the cracking and yield point, have been chosen among a 

range of possible values to provide the best fit to the experimental results. 

Table 4.3. Mechanical properties of concrete and reinforcing steel. 

Mechanical properties Concrete 
Steel 

reinforcement 
Source 

Young modulus, E 

[MPa] 
22000 210000 

(Calvi and 

Bolognini 2001) 

Poisson ratio, v [-] 0.15 0.3 
(Calvi and 

Bolognini 2001) 

Compressive strength, fc 

[MPa] 

29.32 (column), 

34.56 (beam) 
- 

(Calvi and 

Bolognini 2001) 

Yield strength [MPa] - 557 
(Calvi and 

Bolognini 2001) 

Tensile strength ft [MPa] 3.9 - 
(Calvi and 

Bolognini 2001) 

Post-elastic to elastic 

stiffness ratio 
- 0.002 (Bolis et al 2017) 
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Table 4.4. Mechanical parameters of the masonry for defining the contact normal 

links. 

Direction Em [MPa] fcm [MPa] ftm [MPa] frm [MPa] cu [-] tu [-]  

Horizontal 991 1.11 0.10 0.20 0.4 0.002 0.1 

Vertical 1873 1.10 0.52 0.22 0.4 0.006 0.1 

Table 4.5. Mechanical parameters of the contact links in shear describing the frame-

infill interaction. 

Parameter CM BBM TBM Source 

kj [N/mm3] 150 200 100 Proposed model 

cj [MPa] 0.41 0.41 0.41 (Calvi and Bolognini 2001; Bolis et al. 2017) 

j [-] 0.8 1.0 0.4 (Calvi and Bolognini 2001; Bolis et al. 2017) 

Table 4.6. Mechanical parameters of the masonry for defining the response envelope 

of the diagonal link. 

Gm, 

Shear 

modulus 

[MPa] 

cr , 

Cracking 

stress 

[MPa] 

y , 

Yielding 

sterss 

[MPa] 

0 , 

Peak 

force 

[MPa] 

r , 

Residual 

force 

[MPa] 

cr , 

diagonal 

shear 

drift [-] 

y , 

Yield 

shear 

drift [-] 

0 ,  

Peak 

shear 

drift t [-] 

r , 

Residual 

shear 

drift [-] 

418 0.236 0.329 0.364 0.109 0.00025 0.00172 0.00343 0.01098 

In Figure 4.6(a), the monotonic force-displacement response of the bare frame obtained 

by the proposed model (BF_MO) is compared with the experimental curve which is the is 

the envelope of the first cycle responses obtained by Calvi and Bolognini (2001) and the 

numerical response obtained by Bolis et al. (2017) using the finite-element analysis software 

FEAP (Taylor 2008). The load-displacement curves (experimental and numerical) are 

plotted for a horizontal displacement up to 110 mm, which corresponds to 4% inter-storey 

drift. A satisfactory agreement is observed although the initial stiffness of the system is 

slightly overestimated by the proposed model. 

and the experimental peak load. This may be due the assumption of a rigid bond between 

the steel reinforcement and the concrete. Figure 4.6 (b) shows the cyclic response of the 

bare frame obtained using the proposed modelling approach (BF_CY) compared to the 

experimental response (Calvi and Bolognini 2001) and the monotonic response (BF_MO).  
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(a) (b) 

Figure 4.6. Comparison between numerical and experimental load-displacement 

curves for bare frames against (a) monotonic and (b) cyclic loading. 

Figure 4.7 (a) illustrates and compares the experimental and numerical force-

displacement curves of the traditional infilled frame subjected to monotonic loading 

(TIF_MO). Again, the proposed model describes with good accuracy the initial as well as 

the post-peak behaviour of the system, up to a displacement of 25 mm. Beyond this value, 

both the proposed model and the model developed by Bolis et al. (2017) exhibit a hardening 

behaviour. This may be due to the numerical models overestimating the strength of the 

frame and the infills being not completely damaged at this displacement level. Figure 4.7 

(b) illustrates the hysteretic response of the bare and of the infilled frame (TIF_CY). It can 

be observed that after a few cycles of deformation, the response of the infill frame tends to 

that of the bare frame due to the progressive damage accumulated in the infill. The response 

of the TIF_CY model is compared with that of the bare frame (BF_MO) and of the infilled 

frame (TIF_MO) under monotonic loading. A significant degradation of stiffness and a 

progressive reduction of strength is observed due to cyclic loading. This kind of behaviour 

strongly influences the earthquake response of infilled frame structures. 
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(a) (b) 

Figure 4.7. Load-displacement curves of infilled frames against (a) monotonic and 

(b) cyclic loading. 

4.3.2 Case Study II: Frame with Infill and Sliding Joints (after Bolis et 

al. 2017) 

The capability of the proposed modelling approach to describe the behaviour of an infill 

with sliding joints is assessed here considering the numerical tests carried out by Bolis et al. 

(2017) on the RC frame of Calvi and Bolognini (2001) infilled with two different types of 

panels, namely a traditional one and an innovative one with sliding joints (Figure 4.8a). The 

infill consists of a 14-course hollow clay brick (Figure 4.8a) masonry panel arranged in a 

running bond pattern laid such a way that the hole axes are parallel to the vertical direction 

(Figure 4.8b). The bed joints and head joints are fully filled with 10 mm thick mortar. In the 

case of the innovative infill, the vertical and horizontal sliding joints are made using wooden 

boards and polyethylene sheets that reduce the friction between the boards and the masonry. 

The horizontal joints (Figure 4.8c) divide the infill in four subpanels. Figure 4.8 (d) 

illustrates the sliding vertical joints, which also present a shear key to transfer to the columns 

the out-of-plane forces acting on the infill.  
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Figure 4.8. Infilled frame incorporating the proposed construction technique 

showing the connection details (a) Infill with sliding mechanism, (b) hollow clay brick, (c) 

horizontal wooden board, and (d) lateral wooden board (measures in mm). 

The properties of the macro-elements, describing the infill subpanels and the joints, are 

calibrated using the results from the material tests presented in Bolis et al. (2015). Table 

4.7-Table 4.9 show the mechanical parameters characterising the normal and shear 

responses of the contact links, the infill-frame interfaces and the diagonal link, for the case 

of traditional infill.  

Table 4.7. Mechanical parameters of the masonry for defining the contact normal 

links. 

 Em [MPa] fcm [MPa] ftm [MPa] frm [MPa] cu [-] tu [-]  

Horizontal 4408 2.70 0.52 0.54 0.4 0.0030 0.1 

Vertical 16148 7.28 0.63 1.52 0.4 0.0008 0.1 

Table 4.8. Mechanical parameters of the contact links in shear describing the frame-

infill interaction. 

Interaction 

Properties 

CM BBM TBM PPH PPV Source 

kj (N/mm3) 150 200 100 200 150 Proposed model 

cj [MPa] 0.20 0.41 0.20 0.41 0.41 
(Calvi and Bolognini 2001; 

Verlato 2017) 

j (-) 0.75 0.85 0.75 0.85 0.75 
(Calvi and Bolognini 2001; 

Verlato 2017) 
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Table 4.9. Mechanical parameters for defining the response envelope of the diagonal 

link. 

Gm 

[MPa] 

cr  

[MPa] 

y  

[MPa] 

0  

[MPa] 

r  

[MPa] 
cr  [-] y  [-] 

0  [-] r  [-] 

2998 0.468 0.654 0.720 0.072 0.0043 0.0001 0.0021 0.0216 

 

Figure 4.9 (a) shows the force-displacement curves for the RC frame with traditional 

infill under monotonic loading by Bolis et al. (2017) and according to the proposed 

modelling strategy (TIF). Different discretisation of the masonry panel is considered in 

addition to the case of a single macro-element. These include the case of a mesh of 4 macro-

elements along the vertical direction (4x1 mesh) as in Figure 4.2 (c) and the case of a 4x2 

mesh as in Figure 4.2 (d). 

The numerical response of the bare frame obtained by Bolis et al. (2017) is also shown 

in the figure for comparison. The proposed models provide results that are in quite good 

agreement with the results obtained with the more computationally expensive model of 

Bolis et al (2017). Moreover, the global response of the system is not significantly affected 

by the infill mesh discretisation. Increasing the number of elements, the model maintains 

the same initial stiffness and the same strength, whereas a slightly different stiffness can be 

observed in the nonlinear response as well as in the residual strength. Figure 4.9 (b) shows 

the hysteretic response of the system with traditional infills, evaluated by imposing cyclic 

displacement inputs with increasing amplitude. The cyclic response of the infilled frame 

(TIF_CY) is compared with the cyclic response of the bare frame (BF_CY) and the 

monotonic capacity curve of the infilled frame (TIF_MO). A slight reduction in terms of 

lateral stiffness and peak load is observed due to the degradation under cyclic loading.  

The normal behaviour of the sliding joints is defined by the initial normal stiffness per 

unit area knj = 60.7 N/mm3, the tensile strength ftj = 0 MPa, and the compressive strength fcj 

= 6.74 MPa. The values of the mechanical parameters of the masonry subpanel defining the 

contact normal links properties are presented in Table 4.10. Table 4.11 report the properties 

of the joints defining the contact normal links and contact interfaces for the case of the 

modified masonry infill with the sliding joints (SJ), corresponding to model J3.LB in Bolis 

et al. (2017). 
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Figure 4.10 (a) shows the monotonic response obtained by Bolis et al. (2017) and the 

responses obtained with the proposed modelling approach using a 4x1, 4x2 and an 8x2 mesh 

for the infill (IFSJ_MO). It can be observed that the addition of the sliding joints enhances 

the compliance of the system compared to the frame with traditional infills, with a response 

that is closer to the one of the bare frames than to the infilled one. The load-displacement 

curves obtained by the 4x2 and 8x2 meshes are very close and result in a good agreement 

with the numerical results reported in Bolis et al. (2017). Some differences are observed in 

the non-linear response of the 4x1 model. However, the deviation in terms of the ultimate 

load is less than 10%. These results confirm the capability of the proposed approach of 

describing the global response of infilled frames equipped with sliding joints, even 

employing a limited number of contact links along the column or beam lengths. 

Figure 4.10 (b) shows the cyclic response of the frame with infill and sliding joints 

(IFSJ_CY), compared to the monotonic capacity curve obtained with the 4x2 mesh 

(IFSJ_MO) and the cyclic response of the bare frame (BF_CY). The presence of the sliding 

joints strongly reduces the initial stiffness and the strength of the infilled frame. 

Furthermore, the system IFSJ_CY exhibits stable and good cyclic dissipative properties 

thanks to the frictional behaviour in correspondence of the sliding joints and this is expected 

to have beneficial effects for the seismic performance of the system.  

Figure 4.11 illustrates the deformed shapes of the models TIF and IFSJ with different 

discretisation of the infill, for a displacement of 55 mm, corresponding to a 2% inter storey 

drift ratio. These are found to be consistent with the deformed shapes obtained by Bolis et 

al (2017) using a 2D modelling approach. The figures show also the contact normal links 

that are active in compression, thus helping to visualise the location where the infill 

subpanels are in contact with the frame. 

It is worth noting that the joints do not completely avoid the flexural interaction between 

the infill and the surrounding frame. However, they provide a significant reduction of the 

overall stiffness and strength of the system and prevent the damage in the masonry panels, 

leading to a regular and dissipative cyclic response whose beneficial effects should be better 

investigated through experimental cyclic and dynamic analyses. Furthermore, the avoidance 

of the in-plane damage of the masonry panels is expected to provide a better behaviour also 

with respect to out-of-plane actions, which are not investigated in the present work. 
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Table 4.10. Mechanical parameters of the masonry for defining the contact normal 

links. 

Direction  Esj MPa] knj [N/mm3] fcj [MPa] ftj [MPa] cu [-] tu [-]  

Horizontal 3275 200 2.70 0 0.4 0.010 0.1 

Vertical 2111 200 7.28 0 0.4 0.002 0.1 

Table 4.11. Mechanical parameters of contact links in shear describing the frame-

infill interaction. 

 CM BBM TBM PPH(SJ) PPV Source 

kj (N/mm3) 
85 100 100 36 100 

Bolis et al. (2017),  

Proposed model 

cj [MPa] 0.020 0.4 0.2 0.020 0.4 
Calvi and Bolognini 2001.  

Bolis et al. 2017) 

j (-) 0.42 0.85 0.75 0.42 0.42 
Calvi and Bolognini 2001.  

Bolis et al. 2017) 

 

  

(a) (b) 

Figure 4.9. Comparison of numerical responses of the RC frame with traditional 

infill under (a) monotonic loading and (b) cyclic loading predicted by various modelling 

approaches. 

 

0

100

200

300

400

500

600

700

800

0 20 40 60 80 100 120

L
o

ad
 (

k
N

)

Displacement (mm)

BF_MO
Numerical
TIF_MO (1x1 mesh)
TIF_MO (4x1 mesh)
TIF_MO (4x2 mesh)
TIF_MO (8x2 mesh)

-800

-600

-400

-200

0

200

400

600

800

-120 -80 -40 0 40 80 120

L
o

ad
 (

k
N

)

Displacement (mm)

BF_CY

TIF_CY (4x1

mesh)

TIF_MO (4x1

mesh)



Chapter 4: A macro-model for describing the in-plane seismic response of masonry-infilled frames with 

sliding/flexible joints 

94 

  

(a) (b) 

Figure 4.10. Numerical response of the RC frame with masonry infill and sliding 

joint under (a) monotonic loading and (b) cyclic loading. 

 

Figure 4.11. Deformed shapes of (a) TIF, (b) IFSJ (4 × 1 mesh), (c) IFSJ (4 × 2 

mesh), (d) IFSJ (8 × 2 mesh) 

In order to shed light on how the different infill typologies affect the responses of the 

RC frame components, the axial force, shear force and bending moment on the left 

(windward) and right (leeward) column is evaluated for the BF, TIF (4x1 mesh) and IFSJ 

models (4x1 mesh). Their diagrams are illustrated in Figure 4.12-Figure 4.14 respectively, 
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where (z/H) denotes the distance of the cross‐section from the base of the column normalised 

by the column length. The reported diagrams refer to inter-storey drifts (ISD) of 0% (i.e., 

before application of lateral load), and 2%. The shape of the diagrams is characterised by 

discontinuities due to the forces transferred by the 2D contact links to the columns. It can 

be observed in Figure 4.12 that the axial force distribution in the two columns is almost 

uniform when the frame is subjected to zero or very low drift angles, as expected. At higher 

drift levels, the axial force distribution slightly changes showing an increased axial force 

(compressive) at the base of the leeward column and a decrease in the windward one, due 

to the transfer of tangential forces by the macro‐elements and the effect of the overturning 

moment generated by the horizontal force eccentric with respect to the ground. At 2% drift, 

in the windward column, the highest values of the compressive force are observed in the BF 

system, and the lower in the TIF system. In the leeward column, the compressive forces are 

highest in the TIF system and lowest in the BF system.  

Figure 4.13 shows the shear force diagrams of the columns. These diagrams are 

characterised by the discontinuities caused by the transmission of the normal forces in the 

2D contact links. It is possible to observe that the sliding joints are effective in reducing the 

shear forces in the IFSJ system compared to the TIF system. However, the reduction is more 

significant in the leeward column than in the windward column. The distribution of the 

bending moments, shown in Figure 4.14, is approximately linear when only vertical loads 

are applied. Under a drift of 2%, the values of the maximum bending moments for the 

various systems are comparable, and they are generally higher for the BF model in the 

windward column and for the TIF model in the leeward column. 
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(a) (b) 

Figure 4.12. Comparisons of axial forces in BF, TIF (4 × 1 mesh) and IFSJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 

  

(a) (b) 

Figure 4.13. Comparisons of shear forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 
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(a) (b) 

Figure 4.14. Comparisons of bending moments in BF, TIF (4 × 1 mesh) and IFSJ (4 

× 1 mesh) for (a) windward column (b) leeward column. 

4.3.3 Case Study III (INSYSME Project (INSYSME 2016)) 

The final validation study is carried out on the prototypes tested by the University of 

Padova within the INSYSME project (INSYSME 2016) and further described in Verlato 

(2017). The experimental outcomes for the bare frame, the infilled frame with mortar joints 

only (FC. MJ, 4th frame specimen) and the infilled frame with both mortar and specially 

designed rubber joints (DRES-V2) are validated against the proposed macro-modelling 

strategy. Hollow clay masonry blocks with a hole percentage of 50% (D-type) were used to 

build the infill panel. The masonry blocks were arranged in a running bond pattern and laid 

such a way that the hole axes are parallel to the vertical direction (Figure 4.15a). A mortar 

of 10mm thickness was used in the bed joints whereas there are no mortar present in the 

head joints and the transfer of stresses from between adjacent blocks relied on the brick 

inter-locking. Details of the frame cross sections, rebar diameter and detailing scheme, are 

given in Figure 4.15b together with the masonry block dimensions and further details are 

available in Verlato (2017). A constant vertical load of 200 kN was applied at the top of the 

column (simulating the effect of permanent load acting on the RC frame) and the 

experimental quasi-static tests conducted on the bare frame, the traditional infilled frame 

with mortar joints only and the innovative infill with both mortar and rubber joints followed 

by monotonically increasing in-plane horizontal load applied at the end of the beam (see 

Figure 4.15a.).  
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Figure 4.15. Geometric details (dimensions in mm) of (a) the tested infilled frame, 

(b) the perforated clay block (brick unit), (c) top and bottom beam (section A-A), (d) 

column (section B-B). 

Table 4.12 reports the main mechanical properties of the concrete and steel 

reinforcement employed for the frame components. The mechanical parameters of the 

normal and shear responses of contact links and the response envelope of the diagonal link 

are presented in Table 4.13, Table 4.14 and Table 4.15 respectively. The constitutive 

parameters of the shear contact links, namely those describing the macroscopic sliding 

behaviour of masonry in the horizontal (PPH) and vertical (PPV) directions, the column-

infill (CM) and beams-infill (BBM, TBM) interfaces, are assumed according to Verlato 

(2017) The constitutive behaviour of the contact links describing the interaction between 

the panel and the columns simulates the presence of mortar in the vertical joints. 

Table 4.12. Mechanical properties of concrete and reinforcing steel. 

Mechanical properties Concrete Steel reinforcement Source 

E [MPa] 22000 180000 Verlato (2017) 

  (-) 0.15 0.3 Verlato (2017) 

fc [MPa] 40 - Verlato (2017) 

Yield strength [MPa] - 535 Verlato (2017) 

ft [MPa] 3.9 - Verlato (2017) 

Post-elastic to elastic stiffness ratio - 0.002 Verlato (2017) 
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Table 4.13. Mechanical parameters of the masonry for defining the contact normal 

links. 

Direction Em [MPa] fcm [MPa] ftm [MPa] frm [MPa] cu [-] tu [-]  

Horizontal 1904 1.40 0.1 0.28 0.4 0.001 0.1 

Vertical 6158 7.63 0.52 1.52 0.4 0.001 0.1 

Table 4.14. Mechanical parameters of the contact shear links describing the masonry 

sliding behaviour and the frame-infill interaction. 

Interaction Properties CM BBM TBM PPH PPV Source 

kj [N/mm3] 100 100 100 100 100 Proposed model 

cj [MPa] 0.41 0.41 0.1 0.41 0.41 Verlato (2017) 

j [-] 0.8 1.13 0.4 1.13 0.8 Verlato (2017) 

Table 4.15. Mechanical parameters of the response envelope of the diagonal link. 

Gm 

[MPa] 

cr  

[MPa] 

y  

[MPa] 

0  

[MPa] 

r  

[MPa] 
cr  [-] y  [-] 

0  [-] r  [-] 

1175 0.201 0.281 0.310 0.031 0.0040 0.0002 0.0020 0.0277 

 

Figure 4.16 (a) compares the horizontal force-displacement response of the bare frame 

under monotonic loading obtained in INSYSME (2016) with the ones obtained numerically 

by Verlato (2017) using a 2D plane stress model and by using the proposed modelling 

strategy. The experimental and numerical force-displacement curves are plotted for a 

horizontal displacement up to 110 mm, corresponding to an inter-storey drift of 4%. The 

overall agreement between the numerical and experimental curves is good, although the 

numerical models slightly overestimate the initial stiffness of the system. Again, this may 

be due to the assumption of rigid bond between rebars and concrete. Figure 4.16 (b) 

compares the experimental and numerical curves obtained under a cyclic loading. The 

proposed model is characterised by a slightly larger hysteresis compared to the one observed 

in INSYSME (2016). 



Chapter 4: A macro-model for describing the in-plane seismic response of masonry-infilled frames with 

sliding/flexible joints 

100 

  

(a) (b) 

Figure 4.16. Comparison between numerical and experimental load-displacement 

curves of bare frame under (a) monotonic and (b) cyclic loading. 

4.3.3.1 Frame with traditional infill  

Figure 4.17 (a) illustrates the experimental force-displacement curve of the infilled 

frame under monotonic loading and compares it with the one obtained numerically 

(TIF_MO) considering different infill discretisation. Again, the proposed models describe 

with good accuracy both the initial and the post-peak behaviour of the wall. Increasing the 

number of macro-elements for describing the infill results in a slightly increase of stiffness 

and strength. A good agreement is also observed between the cyclic responses (Figure 

4.17b).  
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(a) (b) 

Figure 4.17. Comparison between numerical responses of infilled frame with single 

and multi-panel approach and validation against experimental load-displacement curves 

for (a) monotonic and (b) cyclic loading. 

4.3.3.2 Infill frames with rubber joints 

Figure 4.18 (a) shows the layout of the RC frame with the infill panel and rubber joints. 

The rubber joints used as horizontal layers are 15mm thick and have a special shape to 

achieve a different stiffness in the two horizontal directions (Ahmadi et al. 2017) (Figure 

4.18b) and are laid with mortar joints between them and the bricks. This rubber joint is made 

with natural rubber compound and possess a shear modulus of 0.5 MPa. The vertical rubber 

layers present between the infill and the columns are made with a different compound 

prepared from recycled Styrene-Butadiene Rubber and Ethylene Propylene Diene Monomer 

rubber anchored to a support of non-woven fabric. The normal behaviour of the horizontal 

rubber joints is defined by the initial normal stiffness knj = 11.73 N/mm3, the tensile strength 

ftj = 0 MPa, and the compressive strength fcj = 1.58 MPa. The properties of the modified 

masonry infill and contact interfaces describing the mortar-rubber-mortar joints are 

presented in Table 4.16 and Table 4.17. The data reported in Table 4.12-Table 4.17 are 

based on the tests carried out by INSYSME (2016) and numerical models developed by 

Verlato (2017) to simulate these tests. 
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Figure 4.18. (a) Masonry infilled walls with horizontal and vertical rubber joints; (b) 

rubber joints developed by TARRC (Ahmadi et al. 2017). 

Table 4.16. Mechanical parameters of the masonry for defining the contact normal 

links. 

Direction Erj [MPa] knj [N/mm3] fcj [MPa] ftj [MPa] cu [-] tu [-]  

Horizontal 3275 200 1.40 0 0.4 0.001 0.1 

Vertical 2111 200 1.58 0 0.4 0.001 0.1 

 

Table 4.17. Mechanical parameters of contact links in shear for the various 

interfaces. 

Interaction Properties CM BBM TBM PPH(RJ) PPV Source 

kj (N/mm3) 1.00 100 100 11.73 100 Dhir et al. 2021 

cj [MPa] 0.001 0.4 0.1 0.05 0.3 
INSYSME 2016.  

Verlato 2017 

j (-) 0.3 1.13 0.4 0.36 0.4 
INSYSME 2016.  

Verlato 2017 

 

Figure 4.19 (a) compares the experimental force-displacement curve with the ones 

obtained numerically considering two different discretisation of the infill with joints, based 

on a 4x1 and 4x2 mesh for the infill. The proposed models provide accurate results, with a 

global force-lateral displacement curve very close to the experimental one. This is despite 

the use of a simplified model for the shear behaviour of the mortar-rubber joints. Very good 

results are obtained because the proposed model is able to accurately simulate the failure of 
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the bond between the rubber joints and the mortar layers that was experienced in the tests 

for rather low drift levels, and the sliding behaviour taking place following the interface 

failure. Increasing the number of macro-elements results in only a slight increase of stiffness 

of the system. The addition of the rubber joints is found to enhance the compliance of the 

system, compared to the case of traditional infills (Figure 4.17a). Figure 4.19 (b) shows the 

cyclic response of the system according to the experiment (INSYSME 2016) and the 

numerical model with a 4x2 mesh for the infill. The agreement between the two is quite 

good. The system with rubber joints is found to be beneficial with significant energy 

dissipation capacity and stable loops. Figure 4.20 illustrates the deformed shape of the TIF 

model and two infilled frames with rubber joint (IFRJ) for different discretisation, for a 2% 

inter storey drift. These are found to be consistent with the experimental results obtained by 

Verlato (2017). 

 

 
 

(a) (b) 

Figure 4.19. Comparison between numerical responses of the bare frame, infilled 

frame with traditional infills and infill with innovate joints (rubber joints) for (a) 

monotonic and (b) cyclic loading. 
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Figure 4.20. Deformed shapes of (a) TIF (b) IFRJ (4 × 1 mesh) (c) IFRJ (4 × 2 

mesh). 

The axial force, shear force and bending moment on the windward and leeward column 

are evaluated for the BF, TIF (4x1 mesh) and IFRJ models (4x1 mesh). Their diagrams are 

illustrated in Figure 4.21-Figure 4.23 respectively and they are quite similar in shape to 

those obtained for the model with sliding joints (Figure 4.12-Figure 4.14). Thus, similar 

observations hold for this case. 

 

  

(a) (b) 

Figure 4.21. Comparisons of axial forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 
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(a) (b) 

Figure 4.22. Comparisons of shear forces in BF, TIF (4 × 1 mesh) and IFRJ (4 × 1 

mesh) for (a) windward column (b) leeward column. 

Figure 4.22 shows the shear force diagrams of the columns. These diagrams are 

characterised by the discontinuities caused by the transmission of the normal forces in the 

2D contact links. It is possible to observe that the rubber joints are effective in reducing the 

shear forces in the IFRJ system compared to the TIF system. However, the reduction is more 

significant in the leeward column than in the windward column. The distribution of the 

bending moments, shown in Figure 4.23 is approximately linear when only vertical loads 

are applied. Under a drift of 2%, the values of the maximum bending moments for the 

various systems are comparable, and they are generally higher for the BF model in the 

windward column and for the TIF model in the leeward column.  
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(a) (b) 

Figure 4.23. Comparisons of bending moments in BF, TIF (4 × 1 mesh) and IFRJ (4 

× 1 mesh) for (a) windward column (b) leeward column. 

Figure 4.24 (a, b) show and compare the diagonal spring force (Fd) vs. diagonal spring 

elongation (dd) in each of the subpanel used to discretise the masonry infill in the cases of 

traditional infill (Figure 4.24a) and infill with rubber joint (Figure 4.24b), where SP_1 

denotes the bottom subpanel and SP_4 the top. In case of TIF, all the subpanels are found 

to be significantly damaged, except for SP_4, whereas in the IFRJ case the diagonal spring 

behave linearly without any visible diagonal failure. It is also interesting to observe that 

SP_1 and SP_3 undergo unloading, whereas SP_2 does not unload and enters the softening 

regime. This corresponds to a change in the deformed shape of the frame, with horizontal 

deflections localised in correspondence of SP_2. Obviously, with a simpler modelling 

approach using an equivalent strut for representing the infills, such a behaviour would not 

be simulated. 

Figure 4.24 (c, d) show the forces in the diagonal links vs. the top displacement of the 

frame. The relationship is nonlinear even in the case of linear behaviour of the diagonal 

links due to the nonlinear relationship between diagonal displacements of the panels and 

drifts. These two figures are useful to better highlight that the subpanels attain the peak load 

and undergo a softening behaviour in the traditional infills whereas they do not reach the 

peak load in the case of infills with rubber joints. Figure 4.25 compares the experimental 

and numerical values of the secant stiffness and of the dissipated energy. The secant stiffness 

is defined as the ratio between the force at the maximum displacement of each cycle and the 

displacement amplitude. The energy dissipated is the cumulative energy obtained by 
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integrating the force-displacement curve. The proposed model provides quite good 

estimates of the secant stiffness, which is only slightly overestimated for displacement 

amplitudes up to 10 mm. Moreover, the model also underestimates the dissipated energy at 

small displacements amplitudes and overestimates it for larger ones. 

  

(a) (b) 

  

(c) (d) 

Figure 4.24. Internal force in the diagonal link against the diagonal link elongation: 

(a) TIF, (b) IFRJ; and against the top frame displacement: (c) TIF, (d) IFRJ. 
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(a) (b) 

Figure 4.25. Comparison of experimental and numerical (a) secant stiffness and (b) 

dissipated energy. 

4.4 Summary 

This study has proposed an innovative and computationally efficient approach for 

analysing the in‐plane non‐linear cyclic response of RC frames with masonry infills and 

flexible/sliding joints. The proposed approach is based on a fiber-element based description 

of the frame components, and with the use of 2D discrete macro‐elements, implemented in 

OpenSees, for describing the behaviour of the masonry subpanels and the interaction 

between them and with the adjacent frame components. The modelling strategy allows to 

evaluate the effectiveness of the sliding joints and rubber joints in minimising the negative 

effects of the interaction between infill and RC frame, by shedding light not only on their 

impact on the global force-displacement behaviour of the system, but also on the internal 

forces in the individual components.  

The proposed modelling approach is calibrated and validated based on experimental test 

results and numerical results obtained by more refined FEM models available in the 

literature. Based on the study outcomes, the following conclusions can be made: 

• the addition of the sliding/flexible joints enhances the compliance of the infilled frames, 

with a response that is closer to the one of the bare frames than of traditionally infilled 

ones. The energy dissipation capabilities are also enhanced thanks to more stable and 

larger hysteresis loops under cyclic loading. 

• the proposed modelling strategy describes with good accuracy the initial as well as the 

post-peak force-displacement response of the analysed systems under horizontal 

loading.  
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• the global response of the system is not significantly affected by the infill mesh 

discretisation. Increasing the number of elements, the model becomes slightly stiffer and 

also the residual strength increases.  

• for a given level of drift demand, the internal forces in the columns of the RC frame with 

infill and rubber joints have maximum values similar, if not inferior to those of the bare 

frame, with the exception of the axial and shear force in the windward column. The 

maximum absolute values of the internal forces in the case of infill with rubber joints 

are lower than the corresponding values obtained in the system with traditional infill. 

In conclusion, the proposed modelling strategy can be effectively employed to investigate 

the optimal combination of strength, deformability and dissipation capacity of the 

sliding/flexible joints for enhancing the seismic performance for a wide variety of infilled 

frames. Further analyses will be carried out to evaluate the contribution of the 

sliding/flexible joints to the energy dissipation capabilities of infilled frames and to analyse 

the dynamic behaviour and seismic response of more complex structural systems.  
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5 Cyclic Shear Behavior of Masonry 

Triplets with Rubber Joints 

5.1 Introduction 

Past seismic events have revealed the significant vulnerability of masonry infilled 

reinforced concrete (RC) building frames and the large human and economic losses caused 

associated with this (Villaverde 1997; Filiatrault and Sullivan 2014; Del Vecchio et al. 2018; 

De Risi et al. 2019). Masonry infills are often among the most critical components of infilled 

RC buildings. In fact, while columns and beams are designed to be earthquake-resistant, 

masonry infills are often disregarded in the design stage and considered as non-structural 

members. Therefore, even under minor earthquakes, infills undergo severe damage, causing 

injury or death of occupants and hindering rescue operations.  

In the recent years, a promising approach has emerged to protect infill walls from 

seismic damage through the use of sliding joints (Preti et al. 2012; Preti et al. 2015; Morandi 

et al. 2016; Thiruvengadam et al. 2018; Bolis et al. 2019; Preti et al. 2019; Di Trapani et al. 

2020) and flexible/soft layers (Mojsilović et al. 2015; Vögeli et al. 2015; Calabria et al. 

2016; Preti et al. 2016; Ahmadi et al. 2017; Petrović et al. 2017) for increasing the flexibility 

of infill panels and isolating them from the surrounding frame. These layers can be 

horizontal, inserted between rows of bricks or between the panel and the top beam of the 

frame, or vertical, placed between the infill panel and the columns (Figure 2.22a). The Tun 

Abdul Razak Research Centre (TARRC) has developed an innovative rubber joint (Figure 

2.22b) made from a high-damping natural rubber (HDNR) compound. The joint has a non-

flat profile whose shape has been defined in order to achieve different stiffness in the in-

plane and out-of-plane direction and improve the out-of-plane capacity of the infills by 

invoking an arching mechanism (Ahmadi et al. 2017). It does not require skilled labour to 

be deployed and is available in two versions (DRES-V1 and DRES-V2 (Verlato 2017), 

which differ only for the presence of pins in the second one. These pins are introduced to 

enhance the bond between the rubber and the mortar and avoid sliding. In fact, even if 

sliding can be considered as an excellent mechanism for both reducing infill damage and 
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dissipating energy through friction (Morandi et al. 2016), it is not desirable since it does 

often result in residual displacements.  

The European research project INSYSME (INSYSME 2016) has proven the 

effectiveness of the rubber joints during tests carried out on the seismic protection of infill 

walls. In particular, in-plane and out-of-plane quasi-static tests were carried out at 

University of Padova (Verlato 2017) on an infilled reinforced concrete frame with and 

without rubber joints. The tests demonstrated the “proof of concept” of the technology and 

showed that the introduction of the rubber joints considerably minimises the masonry infill 

damage and provides excellent out-of-plane performance in terms of stiffness and strength. 

Moreover, they showed that the rubber joints may contribute to increase the energy 

dissipation capabilities of the system, although this potential contribution was not 

investigated in depth.  

Further experimental and numerical investigations are needed to fill this gap of 

knowledge in the dynamic behaviour of infilled frames with rubber joints. In particular, 

more experiments are needed to characterise the dissipation capabilities of the joints and of 

systems equipped with them, and the strength of the bond between the rubber joints and the 

mortar. Since the rubber joints introduce flexibility and dissipate the seismic energy by 

deforming in shear, a characterization of the cyclic shear behaviour of the HDNR compound 

and of the rubber-mortar joints is needed. 

In order to fill this gap, an extensive experimental campaign was carried out at the 

University of Strathclyde. Material characterisation tests were performed to characterise the 

mechanical properties of bricks, mortar and HDNR. Moreover, an unconventional 

experimental setup was used to evaluate the cyclic shear behaviour of masonry triplets with 

mortar and rubber joints, rather than only the behaviour under monotonic loading as required 

by standards (EN 1052-3 2002). A similar test setup was recently developed and employed 

to characterise the shear behaviour of masonry triplets with multi-layer bed joints 

(Mojsilović et al. 2015; Mojsilović et al. 2019), dry stack masonry joints (Lin et al. 2017), 

and traditional mortar joints (Barattucci et al. 2020). 

The results of the experimental investigation provide a better understanding of the 

mechanical properties of rubber joints. They are also useful to inform numerical studies 

aimed at characterising the dynamic behaviour of RC frames with masonry infill and rubber 

joints. On this regard, in the last decades numerous strategies have been developed for the 

analysis of traditional masonry infills, using macro-models (Pietruszczak and Niu 1992; El-
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Dakhakhni et al. 2006; Caliò et al. 2012; Uva et al. 2012; Caliò and Pantò 2014; Pantò et al. 

2017; Nicoletti et al. 2020; Ruggieri et al. 2020; Ruggieri et al. 2021), micro-models 

(Lourenço 1997; Mohyeddin et al. 2013; Abdulla et al. 2017), discrete-element models 

(Sarhosis et al. 2014), and meso-scale models (Lourenço and Rots 1997; Lourenço 1997; 

Dolatshahi and Aref 2011; Macorini and Izzuddin 2011, 2013, 2014; Nasiri and Liu 2017). 

Although some numerical studies have been carried out to evaluate the behaviour of 

masonry infill walls with soft or sliding joints (Preti et al. 2012; Mojsilović et al. 2015; 

Vögeli et al. 2015; Petrović et al. 2017; Di Trapani et al. 2020), the case of rubber joints has 

not been fully investigated yet. Dhir et al. (2021) has recently developed a modelling 

strategy in Abaqus for evaluating the in-plane quasi-static behaviour of RC frames with 

masonry infills and rubber joints, using a meso-scale approach. The results of the 

experimental campaign can be used to further expand this modelling strategy in order to 

investigate how the damping capabilities of the joints can effectively help reducing the 

seismic demand imposed on RC infilled frames. For this reason, the test results are simulated 

in this study by using a detailed micro-modelling strategy, with the mechanical parameters 

of the constituent materials of the triplets informed by material tests on mortar, brick and 

rubber samples. The results of the experimental and numerical investigations of this study 

are useful for identifying research gaps in the understanding and description of the 

behaviour of mortar-rubber joints. They also inform future studies on the evaluation and 

analysis of the seismic performance of masonry infilled frames with rubber joints, and on 

the evaluation of optimal mechanical and geometrical properties of the rubber joint 

properties. 
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5.2 Experimental campaign 

This section describes first the characterisation tests of the materials composing the 

masonry triplets, namely the bricks, the mortar and the HDNR compound. In the second 

part of the section, the cyclic test apparatus is described, and the monotonic and cyclic shear 

tests on the masonry triplets with traditional mortar joints and mortar-rubber joints are 

presented.  

5.2.1 Brick and mortar characterisation 

In this study, standard fired clay bricks (Birtley old English bricks) of dimensions 215 

× 102.5 × 65 mm3 were used. Although these bricks are only one of the many types of bricks 

and blocks employed in masonry infill wall construction, they were chosen because they 

were easy to get locally, and because the main aim of the study was to investigate the 

behaviour of the mortar-rubber joints. Nevertheless, it must be stressed that the typology of 

brick and mortar is important and should be carefully considered to guarantee a good shear 

bond at the brick-mortar interface, allowing the deformation of the rubber device. The bricks 

were tested under uniaxial compressive loading (0.1 mm/min) along the horizontal and 

vertical directions (Figure. 5.1a, c). The Young’s modulus of bricks (Eb) was calculated 

from its stress-strain curves assuming a linear elastic response for compressive stresses 

between 5% and 33% of the peak strength (see Figure. 5.1b, d). A three-point bending test 

was also carried out on the brick units at a rate of 0.5 mm/min to estimate the flexural 

strength (Figure. 5.1e) and the load displacement relation is presented in Figure. 5.1f. The 

test results are summarised in Table 5.1. 
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(a) (b) 
 

  

(c) (d) 
 

 

 

 

(e) (f) 

Figure. 5.1. (a, b) compressive strength test on bricks in horizontal and vertical 

direction, (c, d) stress-strain curves for bricks, (e) test setup for three-point bending test of 

brick specimens, (f) load-displacement response of brick specimens under three-point 

bending. 
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Table 5.1. Mechanical properties of clay brick specimens. 

Three-point bending test Compressive strength 

 Horizontal direction Vertical direction 

Samples 
Density 

(kg/m3) 

Rf 

[N] 

ff 

(MPa) 
Samples 

fc 

(MPa) 

Eb 

(MPa) 
Samples 

fc 

(MPa) 

Eb 

(MPa) 

S1 1852 12523 5.61 BH_1 16.2 20125 BV_1 11.4 16882 

S2 1929 12440 5.57 BH_2 15.2 19493 BV_2 12.6 17748 

S3 1971 9774 4.38 BH_3 14.7 19170 BV_3 11.1 16658 

Mean 

(CoV) 

1918 

(0.031) 

11579 

(0.135) 

5.19 

(0.135) 
 

15.37 

(0.050) 

19596 

(0.025) 
 

11.7 

(0.068) 

17096 

(0.034) 

 

General-purpose ready-mix mortar (Cement: Sand = 20-25%: 75-80%) was prepared 

with a water to cement ratio of 0.8:1.0 to ensure the easy workability. Flexural strength tests 

(Figure 5.2) and cube compressive strength tests (Figure 5.3) were conducted to characterise 

the mechanical properties of the mortar. Mortar specimens were left to cure at a temperature 

of about 250C for 28 days before being tested. 

For the flexural strength tests of mortar, a total of 6 mortar beams of size 40 × 40 × 160 

mm3 were prepared and a three-point bending test was performed on the mortar beam 

specimens under a displacement rate of 0.5 mm/min (Barattucci et al. 2020). The flexural 

strength ff of mortar specimens were found following EN 1015-11 (2006) as follows:  

2

3

2

f

f

R l
f

bh
=      (1) 

where Rf is the failure load, l is the length between the two supports while testing, b and 

h are the width and height of the mortar specimen cross-section, respectively.  

Similarly, a total of 6 mortar cubes of size 50 × 50 × 50 mm3 were cast and subjected to 

compressive strength tests. The mortar cubes were tested on the 28th day since casting at a 

constant displacement rate of 0.10 mm/min (Barattucci et al. 2020). Figure 5.4 (a, b) show 

the load-displacement curves obtained in the flexural and compression tests, respectively. 

The Young’s modulus (Em) of each mortar sample was calculated from compressive strength 

tests by assuming a linear elastic response for compressive stresses between 5% and 33% 

of the peak strength (Barattucci et al. 2020). The strain values reported in abscissa refer to 

the ratio between the displacement of the loading plates and the total height of the specimen. 

Table 5.2 summarises the values of the mortar mechanical properties from the various tests 
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as well as the average ones. The displacements reported are those measured by the loading 

machine. It is noteworthy that the compliance of the testing machine may lead to some 

inaccuracy in the estimate of the displacements. Local confinement effects near the loading 

plates may also affect the displacement estimates. 

  

(a) (b) 

Figure 5.2. (a) Three-point bending test of specimen and (b) failed mortar 

specimens.  

  

(a) (b) 

Figure 5.3. (a) Compressive-strength test of cubic specimen and (b) failed mortar 

specimen. 
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(a)       (b) 

Figure 5.4. (a) Three-point bending of mortar beam specimens (b) compression tests 

of mortar cubes. 

Table 5.2. Mechanical properties of mortar specimens. 

Three-point bending test Compressive strength test 

Samples 
Density 

(kg/m3) 
Rf [N] ff (MPa) Samples fc (MPa) Em (MPa) 

MB_1 2043 1556.18 3.65 MC_1 16.01 1780.87 

MB_2 2094 1622.60 3.80 MC_2 15.95 1629.09 

MB_3 2078 1547.13 3.63 MC_3 17.43 1875.38 

MB_4 2063 1657.50 3.88 MC_4 16.64 1780.00 

MB_5 2086 1706.73 4.00 MC_5 17.05 1832.10 

MB_6 2070 1528.25 3.58 MC_6 15.74 1709.00 

Mean 

(Cov) 

2072  

(0.009) 

1603.06 

(0.044) 

3.76 

(0.044) 

Mean 

(Cov) 

16.47 

(0.041) 

1767.74 

(0.050) 

 

5.2.2 Characterisation of HDNR compound 

The horizontal deformable joints are the core element of the proposed system. During 

the experimental campaign, DRES-V2 joints (Verlato 2017) (Figure 2.22b) were used. 

These joints have 15 mm thickness, 300 mm width, and 500 mm length. In order to 

characterise the behaviour of the HDNR compound used for the joints, specimens with 

different dimensions were cut from the joints and tested in tension and shear. 
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A quasi-static tensile test, consists of a loading-unloading cycle, was performed on three 

rubber strips (150 mm length, 25 mm width and 15 mm thick) in a uniaxial testing machine 

Tinius Olsen 25ST (Tinius Olsen 2021) at a loading rate of 10 mm/min. Figure 5.5 (a) shows 

the schematic diagram for the test setup. Figure 5.5 (b, c) show the deformed shape of one 

of the three rubber specimens during and after the completion of the test. It can be seen that 

at the end of the test specimens was buckled, due to some viscous deformations that 

recovered in few minutes after the end of the tests. Figure 5.6 (a) shows the hysteretic 

responses of the specimens during the loading and un-loading cycle, in terms of nominal 

tensile stress  and strain . These are defined as follows: 

t

w w

F

b t
 =      Eq. 5.1  

0l


 =       Eq. 5.2 

where w wb t  denotes the nominal (i.e., initial) cross-section area of the test piece, and 0l  

the initial length. Ft is the tensile force, and  is the displacement. 

The responses of the three specimens are very close to each other. Figure 5.6 (b) shows 

the results of the relaxation phenomenon which is linear with log of time were carried out 

on a specimen. These were performed by pulling the specimen at an initial rate of 10 

mm/min up to 100% and 200% of its length and holding it in this position for 24 hours while 

measuring the change of resisting force. During the first seconds of hold time, a very rapid 

decrease in the stress is observed. Subsequently, the rate of decrease reduces. In the case of 

100% initial amplitude, it takes about 12 hours before a constant asymptotic value can be 

assumed to be reached. After 12 hours, the change of stress in the subsequent 12 hours is 

less than 1% of the stress value at 12 hours. In the case of 200% initial amplitude, a longer 

relaxation time (>24h) is required to reach the asymptotic value. 
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(a) (b)                                   (c) 
 

Figure 5.5. (a) Tensile test setup of rubber strip (b) deformed shape of the test piece 

during testing and (c) at the end of the test. 

 
 

(a) (b) 
 

Figure 5.6. (a) Tensile stress- strain response, and (b) relaxation test of rubber 

specimen. 

In order to study the behaviour of the rubber compound under simple shear, which is the 

main mode of deformation of the horizontal joints under in-plane loading of the infilled 

frame, multiple quadruple specimens were prepared (Figure 5.7a). Each specimen was made 

in our departmental laboratory by gluing four rubber pieces (60 mm × 60 mm × 15mm) to 

steel plates of 5 mm thick and Figure 5.7 (b) shows the testing setup of the rubber quadruplet 

tested at a rate of 10 mm/min. Plotted in Figure 5.8 (a, b) is the nominal shear stress-strain 

response of one quadruple specimen at different amplitudes of loading cycles. As there is 

no degradation or failure of the rubber joints expected, only five numbers of cycles were 
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imposed during the cyclic tests. The results obtained with the other specimens are not plotted 

because they are very close to each other. The nominal shear stresses and strains were 

obtained as follows: 

2

s

s

F

A
 =      Eq. 5.3 

r

u

t
 =       Eq. 5.4 

where   is the nominal shear stress, Fs= shear force, As= shear area of single block, 

= the nominal shear strain, u = shear displacement, tr= thickness of block. 

Relaxation tests were performed on the rubber quadruplets under shear by imposing 

50%, 100%, 150% and 200% strain amplitudes. Each specimen was pulled at a rate of 10 

mm/min and hold for 24 hours. The results of the tests carried out on one specimen are 

plotted in Figure 5.8 (c). Similar to the tensile test, after the initial seconds of hold time, a 

very rapid decrease in stress is observed and after 12 hours, the change of stress in the 

subsequent 12 hours is less than 1% of the stress value at 12 hours, corresponding to the 

attainment of an asymptotic value. 

  

(a) (b) 

Figure 5.7. (a) Quadruple test specimen (b) Test setup. 

The behaviour of rubber in simple shear is very complex, since it is rate-dependent, 

amplitude-dependent, and characterised by the Mullins effect (Tubaldi et al. 2017). In order 

to further investigate the dependency of the behaviour of the rubber joint on the 

displacement history and rate, another test was carried out on the quadruplets by imposing 

a sinusoidal displacement input with frequency 0.008 Hz and amplitude 15 mm. The 
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corresponding hysteretic response obtained for a quadruplet is plotted in Figure 5.8 (b) and 

is quite similar to the one obtained with a constant-rate input of 10 mm/min. It is noteworthy 

that the frequency of the sinusoidal input is the same as that considered for the triplet tests 

presented below. 

The secant shear modulus of the rubber (Geff) and equivalent damping ratio (eq), 

evaluated considering the sinusoidal displacement input (  =1), are equal to 0.25 MPa and 

6% respectively. The secant shear modulus Geff is obtained by dividing the values of the 

average shear stresses in the rubber by the values of the average shear strains corresponding 

to the maximum shear displacement level investigated. The equivalent damping ratio is 

defined as follows: 

4
eq

eff

W

G



=      Eq. 5.5

 

where W denotes the energy dissipated in one cycle (i.e., the area enclosed in the 

hysteresis loop),
21/ 2el effE G = (elastic strain energy corresponding to the maximum 

deformation,  ). 

 

 
 

(a) (b) 
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(c) 

Figure 5.8. Shear stress-strain response for (a) half displacement cycle at constant 

rate (b) full cycle, (c) relaxation test on rubber quadruplet for different initial strain 

amplitudes. 

5.2.3 Manufacturing of masonry triplets and test set-up 

The clay brick triplets were prepared by bonding the bricks (see Figure 5.9) with the 

ready-mix cement mortar. 42 triplets were prepared, 12 of which with mortar joints and 30 

with mortar-rubber joints. The masonry triplets with mortar joints (10 mm thick) only were 

casted (Figure 5.9a, c). The other triplets were prepared with mortar-rubber joints, with the 

rubber layers sandwiched between two layers of 10 mm thick mortar (Figure 5.9b, d). Prior 

to assembling the triplets, all bricks were submerged in water for a minimum time of 24 h 

with the aim to improve their bonding with the mortar joints. After casting of triplets, they 

were left in the laboratory to cure for at least 28 days at a temperature of about 25°C.  
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(a) (b) 

  

(c) (d) 

Figure 5.9. (a, b) dimensions of the triplets with mortar and mortar-rubber joints (c) 

triplet with mortar joint (d) triplets with mortar-rubber joints. 

In order to characterise the cyclic behaviour of the triplets, the shear test set-up proposed 

by the European Standard (EN 1052-3 2002) was modified and expanded (Figure 5.10) in 

order to allow applying cyclic shear loadings. The developed apparatus is similar to the ones 

already employed in recent studies on the characterisation of the cyclic behaviour of 

masonry triplets with mortar joints (Alecci et al. 2013; Andreotti et al. 2018; Barattucci et 

al. 2020), dry joints (Franzoni et al. 2014; Lin et al. 2017), and multi-layer bed joints 

(Mojsilović et al. 2015; Mojsilović et al. 2019). Figure 5.11 describes the assembly of the 

testing apparatus and the various components. A hydraulic jack is used to apply the pre-

compression on the triplets in the horizontal direction. The pressure is applied before the 

shearing displacement, and it is kept constant during the entire duration of the test. The 

shearing vertical displacement is applied through a computer-controlled actuator (Figure 

5.10a) with a maximum load capacity of 250 kN. Both the monotonic and cyclic shearing 

test was performed on for three levels of pre-compressions (0.2 MPa, 0.4 MPa and 0.6 MPa).  
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(a) (b) 

Figure 5.10. (a) Shear test set-up (b) forces configuration for cyclic shear test. 

 

Figure 5.11. Illustration of the components of the testing equipment apparatus. 

5.2.4 Monotonic and cyclic shear tests of triplets  

The monotonic test was carried out by imposing a constant downward displacement 

rate of 1.0 mm/min on the intermediate brick through the actuator. The cyclic test was 

carried out by imposing downward and upward displacements over five sinusoidal cycles 

(frequency of 0.008 Hz). Figure 5.12 shows the load-displacement relationship of the triplets 

with mortar joints under monotonic (Figure 5.12a) and cyclic shear (Figure 5.12b). The 

monotonic tests result show that the initial stiffness of the system is not affected by the pre-
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compression level, while the peak load increases for increasing pre-compression level. In 

the cyclic tests, lower force levels were obtained compared to the monotonic tests. 

  

(a) (b) 

Figure 5.12. (a) Monotonic (b) cyclic shear response of triplets with mortar joints. 

Figure 5.13 show the failed specimens at the end of the monotonic and cyclic tests 

carried out at different levels of pre-compression. It can be seen from these results that the 

failure occurred at the mortar-brick joint interface, which was found to be weaker than the 

mortar layers and the bricks. The value of the cohesion and friction angle for the mortar 

joints (respectively 0.6 and 1.04), obtained with a mortar made with cement to sand ratio of 

1:3-1:4, could be compared to those obtained by Barattucci et al. (2020) (respectively 0.932 

and 1.04) with a mortar made with cement to sand ratio of 1:3. 
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(a) (b) 

 

  
(c) (d) 

Figure 5.13. (a, b) Monotonic (c, d) cyclic shear test of mortar triplets with 0.6 MPa 

pre-compression. 

The triplets with rubber-mortar joints were tested under both monotonic loading 

(displacement rate 1mm/min) and cyclic shear harmonic loading (frequency of 0.008 Hz). 

Figure 5.14 (a) shows the triplet during cyclic shear test. It can be seen that the rubber layer 

undergoes significant shear deformation, as expected. Figure 5.14 (b) shows the failed triplet 

at the end of testing. The rubber-mortar interface was found to be the weakest component 

in the system for all the investigated triplets. It is noteworthy that two or three tests were 

carried out on different triplets under the same loading condition in order to verify the 

repeatability of the results. Very similar responses were obtained with different specimens. 
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(a) (b) 

Figure 5.14. (a) Cyclic shear test setup (b) failed specimens. 

Figure 5.15 (a) shows the load-displacement response of the triplets with mortar-rubber 

joints under monotonic shear loading. Compared to the triplets with mortar joints (Figure 

5.12a), the triplets with mortar-rubber joints exhibit significantly lower stiffness (about 

1/10), lower peak load capacity (about 1/5), and a less brittle post-peak response. The 

relatively weak bond between the joints and the mortar is responsible for the lower peak 

strength of the system. Nevertheless, the reduction of shear stiffness due to the rubber joint 

compliance is an important and useful feature of the mechanical behaviour of mortar-rubber 

joints, since it allows to increase the flexibility of masonry infills and to reduce the 

interaction between the infill and the frame while reducing the forces induced by the 

earthquake in the system for a given seismic drift demand. Figure 5.15 (b-d) show the cyclic 

shear response of the triplets with mortar-rubber joints obtained for different levels of pre-

compression and different maximum displacement amplitudes. For each test, the results 

obtained with one of the many tested specimens are reported due to space constraints and to 

allow the comparison between tests. It can be observed that the stiffness of the system 

increases slightly for increasing levels of pre-compression, whereas the dissipated energy 

does not change significantly. Quite surprisingly, significantly higher forces where attained 

in the cyclic tests without noting a complete failure of the bond compared to the monotonic 

tests and only in the case of low pre-compression level significant sliding at the mortar-joint 

interface was observed for high displacement amplitudes (i.e., 30mm). A similar 

observation was made by Mojsilovic et al. (2015), who observed an increased cohesion and 

an increase friction in cyclic tests compared to monotonic tests for mortar joints with 

interposed soft layers.  

However, it should be noted that some sliding and energy dissipation due to friction is 

activated also for displacement amplitudes lower than 30mm. This explains why the 
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equivalent damping ratio measured with the triplet tests (discussed below, see Figure 5.16b) 

is higher than the one measured with the quadruplet tests (Figure 5.8b). The failure of the 

rubber-mortar interface for low levels of compression forces can potentially constitute a 

problem as it might limit the efficiency of the device and change the functioning mechanism, 

with the sliding at the rubber-mortar interface occurring in place of the rubber deformation. 

This could have consequences in terms of residual displacements at the end of the 

earthquake.  

In order to better describe the effect of the pre-compression level and amplitude of 

oscillation on the hysteretic behaviour of the system, Figure 5.16 shows the variation of the 

secant shear modulus of the rubber (Geff) and equivalent damping ratio (eq) for increasing 

average shear strains and for different pre-compression levels. Geff and eq are slightly 

affected by the pre-compression level, whereas they are strongly affected by the amplitude 

of shear deflection. In fact, Geff reduces significantly with the amplitude of shear strain, 

whereas eq increases.  

Overall, the rubber-mortar joints exhibit very good dissipative properties, with high 

values of the equivalent damping ratio that are significantly higher than those characteristics 

of the rubber compound. In fact, under a shear strain amplitude of 1, eq =6% (measured 

through the quadruplet tests) whereas the rubber-mortar layer has eq in the range between 

18% and 30%. The higher values of eq in the triplets can be due to the energy dissipation 

by friction that takes place at the interface between the mortar and the joints. This 

mechanism is enhanced by the presence of the pins in the rubber layers. It is noteworthy that 

these pins were removed before bonding the rubber to the steel plates to manufacture the 

quadruple test pieces. The friction between the pins and the surrounding mortar must be 

activated under small amplitudes, even when no significant sliding can be noticed.  
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 5.15. Shear response of triplets with mortar-rubber joints for various levels of 

pre-compressions: monotonic loading (a) and cyclic loading (b, c, d, e). 
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(a) (b) 

Figure 5.16. Variation of the (a) secant shear modulus (b) equivalent damping with 

increasing shear strain at different compression levels. 

Figure 5.17 shows the cyclic shear response obtained for different frequencies of 

oscillation. It can be seen that the stiffness of the mortar-rubber joint and the energy 

dissipation capacity are not significantly affected by the frequency. It is noteworthy that it 

was not possible to test higher frequencies, which may be more representative of those 

characteristics of earthquake response of RC buildings with infills (i.e., higher than 1.0 Hz). 
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(a) (b) 

 

 

(c) 

Figure 5.17. Cyclic shear response of triplets with mortar-rubber joints tested under 

various frequencies of oscillation for different pre-compression levels: (a) 0.2 (b) 0.4 and 

(c) 0.6 MPa.  

Table 5.3 reports both peak loads of the masonry triplets exhibited in both the monotonic 

tests and the cyclic tests, for different levels of pre-compression. As already discussed, these 

values correspond to the rubber-mortar bond failure only in the case of monotonic loading. 

Figure 5.18 illustrates the relationship between the peak shear strengths, calculated as the 

ratio between the peak shear strength and two times the cross-sectional area of the interface, 
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peak shear strength for the three selected levels of pre-compression can be interpolated with 

a straight line, representing the Mohr-Coulomb failure criterion. This is expressed as: 

tan( )pc  = +    Eq. 5.6 

where 
p  is the pre-compression, c is the cohesion, and ɸ is the friction angle. Table 

5.3 shows the values of cohesion and friction angle providing the best fit of Eq. 5.6 to the 

experimental data. It can be seen that these values of the parameters provide a very good fit 

to the test results. In general, the capacity of the mortar joint is 4-5 times higher than that of 

the mortar-rubber joint, due to the relatively weak bond between the rubber and the mortar. 

The values of the cohesion and friction obtained for the mortar-rubber joints are comparable 

to those obtained experimentally by Verlato (2017) with triplets made with the specially 

shaped DRES-V2 joints of Figure 2.22b ( c  =0.12 MPa, tan( ) =0.36). 

Table 5.3. Peak load of masonry triplets obtained from monotonic and cyclic shear 

tests. 

Samples Pre-compression (MPa) 
Peak stress (MPa) 

Mortar joints Mortar-rubber joints 

1 0 - 0.12 

2 0.2 0.83 0.18 

3 0.4 0.94 0.21 

4 0.6 1.22 0.24 
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Figure 5.18. Relationship between shear strength and pre-compression stress 

obtained by testing the triplets with mortar and mortar-rubber joints under monotonic 

loading.  

5.3 Simulation of experimental tests 

This section illustrates the simulation of the experimental tests described in Section 2 

carried out in the commercial FE software Abaqus (Dassault Systèmes 2016) using a micro-

modelling approach (Rots 1997). 

5.3.1 Simulation of experimental tests on triplets with mortar joints 

The two components of the triplets (bricks and mortar layers) are described as a 

continuum and discretised using 3D 8-noded solid elements of reduced integration with 

hourglass control (C3D8R). The behaviour of the mortar and the brick units is described 

using a Concrete Damage Plasticity (CDP) model (Lee and Fenves 1998; Concrete damaged 

plasticity 2017). Surface-to-surface contact interfaces are used to simulate the bond between 

the mortar layers. The cohesive interfaces exhibit initially a linear elastic response, followed 

by a cracking behaviour that describes the most critical failure modes, namely, tensile 

cracking and shear sliding. This allows simulating the failure occurred in correspondence 

of the brick-mortar interfaces for the mortar triplets. The parameters of the material and 

interface models are based on the material characterisation tests and, on the triplet, tests 

discussed in the previous section. Table 5.4 and Table 5.5 illustrate the main parameters 
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describing the mechanical properties of the brick units, the mortar layer, and the interfaces. 

The last columns of Table 5.4 and Table 5.5 describe the source of the values used for the 

parameters of the components of the triplet models. It is noteworthy that most of these values 

have been taken from the characterisation tests carried out on the specimens of brick and 

mortar. Some parameter values (e.g., the mortar tensile test and fracture energy) have been 

calibrated to achieve a better fit to experimental results. Nevertheless, all the parameter 

values are within the ranges recommended in the literature. 

Table 5.4. Mechanical properties of the triplet components (brick and mortar units). 

Mechanical properties 
Brick 

units 
Mortar Source 

Young’s modulus, E 

(MPa) 
18350 1747 Material characterisation tests 

Poisson’s ratio, v (-) 0.16 0.15 - 

Compressive strength, 

c  (MPa) 
13.53 16.47 Material characterisation tests 

Strain at peak 

compressive stress 
- 0.04 - 

Peak tensile strength, t  

(MPa) 
3.75 2.75 

Material characterisation tests, best fit to 

test results 

Fracture energy in 

tension, I

fG  (MPa·mm) 
0.07 0.04 

Value within the range recommended by 

(Lourenço 1997), best fit to test results 
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Table 5.5. Properties of the contact interfaces describing the brick-mortar joints. 

Mortar Interaction Properties 

Brick-

mortar 

joints 

Source 

m

nk per unit area (N/mm3) 1000 Penalty parameter (Dhir et al. 2021) 

m

sk , m

tk per unit area 

(N/mm3) 
500 

Penalty parameter (Dhir et al. 2021) 

t  (MPa) 0.14 Best fit to test results 

Cohesion, c (MPa) 0.6 Triplet tests 

Coefficient of friction,   (-) 1.04 Triplet tests 

Normal fracture energy per 

unit area, I

fG  (MPa·mm) 
0.015 

Value within the range recommended by 

(Lourenço 1997), best fit to test results 

Shear fracture energy per 

unit area, II

fG  (MPa·mm) 
0.09 

Value within the range recommended by 

(Lourenço 1997), best fit to test results 

 

Figure 5.19 (a) shows the model developed for the triplets with mortar joints, using a 

fine mesh with element size of 10mm. Figure 5.19 (b) shows the deformed shape of the 

model at failure and the plastic strain distribution, highlighting the high concentration of 

damage in correspondence of the mortar joints and at the interface. 

 

Figure 5.19. (a) FE model with refined mesh (b) plastic strain distributions for 

mortar triplets. 

Figure 5.20 (a-d) compares the experimental and numerical responses of the masonry 

triplets with mortar joints under monotonic loading at different levels of pre-compression. 

(b) 
(a) 
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Two different mesh sizes were considered (with characteristic element length of 10 mm and 

20 mm) without noticing significant changes in the simulated response, which is quite well 

described by the proposed model. In particular, the proposed model simulates with good 

accuracy the behaviour of the triplets up to the peak load, whereas it overestimates the post-

peak stiffness of the softening branch. For the fracture energy, we assumed a value of 0.04 

MPa·mm (Figure 5.20e) based on the numerical analysis carried out on the model with 0.2 

MPa pre-compression considering different values in a range recommended by Lourenço 

(1997). Similarly, a comparison between the simulations of the triplet test obtained for five 

different values of the tensile resistance (with a constant fracture energy of 0.04 MPa·mm). 

It is noteworthy that the value of 2.75 MPa (Figure 5.20f) of the tensile resistance of the 

mortar was selected to obtain a better fit to the experimental results and it is less than the 

one obtained with the three-point bending test (i.e., 3.76 MPa). 
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(e) (f) 

Figure 5.20. (a, b, c) Comparison of experimental and numerical response of the 

mortar triplets under monotonic loading at (a) 0.2 MPa (b) 0.4 MPa (c) 0.6 MPa pre-

compression (d) Comparison of numerical responses only (e, f) sensitivity analysis for the 

selected tensile strength and fracture energy of mortar. 

5.3.2 Simulation of characterization rubber material tests and cyclic 

tests on triplets with mortar-rubber joints 

This subsection describes the simulation and results of the uniaxial and double shear 

tests performed on rubber test pieces and the cyclic tests performed on triplets with mortar-

rubber joint. The rubber is modelled using 3D 8-noded solid elements with a first-order 

hybrid formulation (C3D8H) to prevent volumetric locking, which is recommended to 

model the almost incompressible rubber material (Dassault Systèmes 2016). 

The pins in the rubber are not taken into account in the numerical model, and a tie 

constraint is introduced between the rubber joints and the mortar layers. The proposed model 

cannot describe the friction mechanism and the progressive degradation of the bond between 

the joints and the mortar up to failure. Thus, it is used here to simulate only the tests under 

small displacement amplitudes.  

Following the approach developed by Bergstrom and Boyce (1998), the mechanical 

response of the rubber joint is described by two networks working in parallel. The first one, 

network A, corresponds to the time-independent behaviour of the rubber, which is described 

by a hyperelastic model. The other, network B, describes the non-linear rate-dependent part 

of the response, responsible for the hysteretic behaviour. 

In particular, the Yeoh model (Yeoh 1993) is adopted for the hyperelastic component of 

the response, whose strain energy potential W has the following expression: 
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W C I
=

= −     Eq. 5.7 

where I1 is the first invariant of strain tensor and Ci0 are material parameters.  

The Bergstrom-Boyce material model (Bergström and Boyce 1998) is used to describe 

the rate-dependent hysteretic behaviour of the rubber. The strain-rate in network B is given 

by the following equation:  

  ( )1
c m

B B BA  = −    Eq. 5.8 

where B is the effective creep strain rate, B-1 is the nominal creep strain and B is the 

effective stress. A, m and c are material constants. A stress scaling factor S is also required, 

which defines the ratio of the stress carried by network B to the stress carried by network 

A. The total response of the model is obtained by summing the responses of the two 

networks. 

Table 5.6 shows the values of the parameters of the Yeoh and Bergstrom-Boyce models, 

which are calibrated to provide the best fit to both the shear and the relaxation tests carried 

out on the quadruplets and the triplet test results for maximum shear amplitudes up to 15 

mm. While different sets of parameters could be found that provide a better fit to each test 

results than the one considered, preference has been given to a single set of values that 

provide a reasonable fit to all the test results. This is expected to lead to some inaccuracies, 

which are however unavoidable due to the complex behaviour of the rubber joint, the 

limitations of the models available in Abaqus for the rubber and the cohesive bond, and the 

simplifications introduced in the modelling strategy (e.g., the pins in the rubber are not 

modelled). The development of a very sophisticated model that accurately simulates the 

results is out of the scope of the present study. 

Table 5.6 Material parameters of Yeoh model (MPa) and Bergstrom-Boyce model. 

Yeoh model Bergstrom- Boyce model 

C10 C20 C30 S A [S-1MPa-1] m c 

0.112588 -0.0093778 0.000249563 1.35086 0.978683 1.48367 -0.0070551 

 

Figure 5.21 (a-c) compare the shear tests performed on the quadruplet with the 

numerical results, whereas Figure 5.21 (d) compare the shear stress-strain response and the 

relaxation curves of the quadruplet specimen. It can be observed that the proposed model 
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and calibrated parameters provide a fair approximation of the complex mechanical 

behaviour of the rubber under different loading conditions. 

  
(a) (b) 

  
(c) (d) 

Figure 5.21. Comparison of experimental and numerical shear responses of 

quadruplet rubber specimen: cyclic constant rate loading with maximum amplitude of (a) 

 =0.67, (b)  =1, (c) cyclic sinusoidal input with amplitude  =0.67, and (d) relaxation 

test at  =0.5. 

Regarding the triplet numerical model, tie constraints have been adopted between the 

brick-mortar and mortar-rubber interfaces during cyclic tests. Figure 23 (a) shows the model 

of the masonry triplet with rubber joints. A pressure load has been applied along the z 

direction to simulate the initial pre-compression levels and subsequently three cycles of 

sinusoidal displacement are applied along the x-direction while preventing translation along 

z and rotation of the external brick blocks.  
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Figure 23 (b) illustrates the deformed shape together with the engineering shear strain 

distributions of the triplet subjected to the highest pre-compression 0.6 MPa and 15 mm 

lateral displacement. It can be observed that the highest local shear strains are concentrated 

within the rubber layers. Figures 24-Figure 25 show the results of the numerical simulation 

of cyclic tests under 0.2, 0.4, and 0.6 MPa pre-compression and amplitudes of 10 and 15 

mm respectively. A fair agreement can be observed between model predictions and 

experimental results. 

 
 

(a) (b) 

Figure 5.22. (a) FE model of the masonry triplets with mortar-rubber joints, (b) 

nominal strain distributions for mortar-rubber triplets subjected to the maximum level of 

pre-compression in combination with 20 mm lateral displacement. 
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(c) 

Figure 5.23. Comparison of experimental and numerical cyclic shear response of the 

masonry triplet at 10 mm amplitude and pre-compression (a) 0.2 MPa, (b) 0.4 MPa, and 

(b) 0.6 MPa. 
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(c) 

Figure 5.24. Comparison of experimental and numerical cyclic shear response of the 

masonry triplet at 15 mm amplitude and pre-compression (a) 0.2 MPa, (b) 0.4 MPa, and 

(b) 0.6 MPa. 

The bond between the rubber layers and the mortar layers has been found to be the 

weakest component of the composite system in all the triplet tests carried out. Thus, future 

research efforts should be aimed to increase the bond resistance, in order to guarantee that 

the good energy dissipation capabilities of the rubber compounds are exploited, and avoid 

residual deformations associated with the bond failure. Alternatively, rubber layers with 

increased thickness could be employed to reduce the stresses at the rubber-bond interface. 

5.4 Summary 

This study has presented the outcomes of an extensive experimental and numerical 

campaign aimed at characterising the mechanical behaviour of mortar-rubber joints used for 

enhancing the performance of masonry infills in reinforced concrete frames. In the first part 

of the study, the experimental tests of brick, mortar and rubber are illustrated, together with 

cyclic shear tests of masonry triplets with mortar and mortar-rubber joints. These tests were 

carried out using an experimental apparatus specifically developed for the study. The 

numerical models used for simulating the cyclic shear tests of the masonry triplets, with the 

material behaviour calibrated based on the tests of brick, mortar and rubber specimens.  
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- The mortar-rubber joints exhibit very good dissipative properties, with an equivalent 

damping ratio value of the order of 20% or more which is much higher than that of the 

rubber compound (of the order of 6%). This is due to the frictional mechanism activated at 

the interface between the rubber joints and the mortar, enhanced by the presence of pins in 

the surface of the rubber joints.  

- The measured high energy dissipation capabilities of the joints demonstrate the potential 

of these devices to contribute significantly to the dissipation of the seismic energy in the 

structures where they are inserted. This feature of the behaviour of the joints could be 

exploited to reduce the seismic demand in infilled reinforced concrete buildings, without 

requiring the use of auxiliary energy dissipation devices. 

- The bond between the rubber layers and the mortar layers was found to be the weakest 

component of the composite system. While the failure of this bond reduces the stiffening 

effect of the infills and increases even further the damping capabilities of the joints due to 

the activation of the frictional mechanism, it may be not desirable because it may result in 

residual deformations and a weakening of the infill panel in the out-of-plane direction. In 

order to avoid bond failure, the rubber layers should be designed to undergo shear 

deformations below the bond capacity, for example by increasing their thickness to limit the 

shear deformations they would undergo. 

- The bond between the rubber joints and the mortar layers exhibited higher strengths under 

cyclic loading compared to monotonic loading. This phenomenon, already observed in other 

experimental studies on similar type of joints, should be further investigated; moreover, 

alternative types of rubber joints, exhibiting better bond properties, should be developed and 

tested. 

- The proposed modelling strategy provides a fair description of the behaviour of masonry 

triplets with mortar-rubber joints, thanks to the use of an advanced model capable to 

simulate the complex amplitude- and rate-dependent behaviour of the high-damping natural 

rubber compound. However, further investigations need to be carried out to better 

understand and model the complex interaction between the rubber joints and the mortar 

layers. Future studies should be aimed at improving the modelling of the interaction of the 

rubber joint and the mortar layer through the pins, and at simulating the degradation and 

failure of the bond between the joint and the mortar.  
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6 Conclusions and recommendations for 

future work 

6.1 Conclusions 

This research has presented the outcomes of an experimental and numerical study on the 

behaviour of masonry-infilled reinforced concrete (RC) frames with rubber joints. The 

seismic vulnerability of the infills commonly used in RC frames is a widely known issue, 

and among the various techniques proposed for enhancing their performance, the ones 

involving the use of sliding and rubber joints have emerged as the most promising. 

The rubber joints can be introduced within the infill panels to increase their flexibility, 

but also at the interface between the panel and the frame, in order to reduce the contact 

stresses. The rubber joints are also expected to provide an additional source of energy 

dissipation, thanks to the use of a high-damping rubber compound, although this has not 

been fully investigated in past studies.  

The work described in the present thesis aimed at filling some gaps in the modelling of 

the response of RC frames with rubber joints, particularly under in-plane loading, and in the 

knowledge of the mechanical behaviour of these devices. 

With regards to the modelling aspects, a meso-scale approach has been developed for 

simulating the response of infill walls with rubber joints and their interaction with the RC 

frame under horizontal in-plane loads such as those induced by earthquakes. This modelling 

approach describes the masonry blocks with three-dimensional solid elements and uses 

zero-thickness interfaces to describe the mortar-rubber joints. Solid elements with 

embedded rebars represents the behaviour of RC frame. The proposed modelling strategy 

was validated against experimental tests available from the literature on RC frames with 

traditional infills and with infills and rubber joints, and a fair agreement was observed.  

The most important results drawn from the application of the meso-scale modelling 

strategy to the case studies are:  
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- the addition of the sliding/flexible joints enhances the compliance of the infilled frames, 

with a response that is closer to the one of the bare frames than of traditionally infilled 

ones. 

- In addition to the horizontal rubber joints, the use of vertical rubber joints with low 

stiffness further improves the performance of the infilled system by reducing the 

compressive stresses and the crack forming at higher displacements in the panel, as well 

as the plastic deformations in the frame. 

This study has also proposed an innovative and computationally efficient approach for 

analysing the in‐plane non‐linear cyclic response of RC frames with masonry infills and 

flexible/sliding joints. The proposed approach is based on a fiber-element based description 

of the frame components, and on the use of 2D discrete macro‐elements, for describing the 

behaviour of the masonry subpanels and the interaction between them and with the adjacent 

frame components. The modelling strategy, developed in OpenSees, allows to evaluate the 

effectiveness of the sliding joints and rubber joints in minimising the negative effects of the 

interaction between infill and RC frame, by shedding light not only on their impact on the 

global force-displacement behaviour of the system, but also on the internal forces in the 

individual components. The proposed strategy has a computational cost significantly lower 

than that required by the meso-scale modelling strategy, and thus it is suitable for 

investigating the dynamic behaviour and seismic response of large-scale frames with infills 

and rubber joints. Several case studies from the literature have been considered for the 

validation of the proposed strategy. The following conclusions were made from the 

proposed macro-modelling approach: 

- this modelling strategy provides accurate estimates of both the initial as well as the post-

peak force-displacement response of the analysed systems under horizontal loading.  

- the global response of the system is not significantly affected by the infill mesh 

discretisation. Increasing the number of elements, the model becomes slightly stiffer and 

also the residual strength increases. 

- for a given level of drift demand, the internal forces in the columns of the RC frame with 

infill and rubber joints have maximum values similar, if not inferior to those of the bare 

frame, with the exception of the axial and shear force in the windward column. The 

maximum absolute values of the internal forces in the case of infill with rubber joints 

are lower than the corresponding values obtained in the system with traditional infill. 
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With regards to the characterisation of the behaviour of the mortar-rubber joints, and 

particularly of the hysteretic response and capacity under cyclic loading, an extensive 

experimental campaign has been carried out at University of Strathclyde on individual 

components and on masonry triplets with both traditional and mortar-rubber joints. An 

unconventional test set-up has been employed to evaluate the response of the triplets under 

shear loading for different pre-compression levels. The study results show that the mortar-

rubber joints are significantly more flexible than the traditional mortar joints, and have a 

very good dissipation capacity, thanks to the use of a highly dissipative rubber compound. 

However, in order to exploit this, particular care must be placed in the design and 

manufacturing stage, in order to ensure good bond properties between the rubber layers and 

the mortar layers, which is the weakest component of the composite system. The rubber 

layers should be designed to undergo shear deformations below the bond capacity. A micro-

scale model has also been developed for describing the behaviour of the triplets, with the 

parameters of the models of the bricks, mortar and rubber calibrated based on material tests. 

The results of the experimental and numerical investigations of this study are useful for 

informing future numerical studies on the analysis of the seismic performance of masonry 

infilled frames with rubber joints, and on the evaluation of optimal mechanical and 

geometrical properties of the rubber joint properties. Based on the study results, the 

following conclusions can be drawn: 

- The mortar-rubber joints exhibit very good dissipative properties, with an equivalent 

damping ratio value of the order of 20% or more which is much higher than that of the 

rubber compound (of the order of 6%). This is due to the frictional mechanism activated at 

the interface between the rubber joints and the mortar, enhanced by the presence of pins in 

the surface of the rubber joints.  

- The bond between the rubber layers and the mortar layers was found to be the weakest 

component of the composite system. While the failure of this bond reduces the stiffening 

effect of the infills and increases even further the damping capabilities of the joints due to 

the activation of the frictional mechanism, it may be not desirable because it may result in 

residual deformations and a weakening of the infill panel in the out-of-plane direction. In 

order to avoid bond failure, the rubber layers should be designed to undergo shear 

deformations below the bond capacity, for example by increasing their thickness to limit the 

shear deformations they would undergo. 
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- The bond between the rubber joints and the mortar layers exhibited higher strengths 

under cyclic loading compared to monotonic loading. This phenomenon, already observed 

in other experimental studies on similar type of joints, should be further investigated; 

moreover, alternative types of rubber joints, exhibiting better bond properties, should be 

developed and tested. 

6.2 Recommendations for future work 

This thesis has confirmed the high potential of rubber joints for protecting infilled 

frames and enhancing the performance of RC frame structures. This opens many 

possibilities to expand the present research further: 

- As the interaction between the in-plane and out-of-plane behaviour increases the 

vulnerabilities of infill systems, the meso-scale and micro-scale modelling approaches 

could be used to investigate the combined in-plane and out-of-plane behaviour of the 

infilled frame. The macro-element requires some extension in order to be able to 

simulate also the behaviour in the out-of-plane direction. 

- The global seismic performance of a whole building with infill walls and rubber joints 

can be studied using the developed macro-modelling approach, whose computational 

efficiency and accuracy has been largely demonstrated in this study. 

- Seismic fragility analyses and life-cycle cost-benefit analyses can be performed to 

further prove the effectiveness of rubber joints. 

- Investigation of the dynamic behaviour and damping capabilities of masonry-infilled 

frames with rubber joints can be carried out to evaluate the effectiveness of the rubber 

joints in enhancing the global performance of RC infilled frames, without requiring 

additional sources of damping. 

- Since the masonry infill construction typology, and the properties of the masonry bricks 

and blocks are quite diverse across the globe, the development of strategies for the 

optimal design of the geometrical and mechanical properties of rubber joints tailored to 

the specific construction technique of the infill can be an interesting work. 



Chapter 6: Conclusions and Future studies 

148 

The present modelling strategies can be further expanded to study the development of 

low-cost joints made from recycled rubber (in collaboration with TARRC) and its 

contribution in enhancing the seismic performance of the infilled system 
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