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Abstract 

This study investigates the fundamental shear response of masonry triplets incorporating fired-clay bricks 

and hydraulic lime mortars. It examines the behaviour under ambient-dry and wet conditions, corresponding 

to 48h submersion in water, as well as the effectiveness of strengthening with fibre reinforced polymer (FRP) 

laminates and glass fibre meshes (GFM). After describing the materials, mix designs and specimen details, 

the main results from 50 triplet tests subjected to shear and normal pre-compression are presented. Digital 

image correlation measurement techniques, which are employed in order to obtain a detailed insight into the 

shear behaviour, enable clear identification and quantification of the main failure modes and response 

characteristics of the brick-mortar interfaces. The results show that the shear strength of wet triplets was 

about 20% lower on average than of those in dry conditions. Specimens provided with FRP sheets offered a 

higher strength enhancement than those with GFM. The strength increase using FRP was in the range of 

16.6%-185.8% compared with the non-strengthened dry counterpart, depending on the laminate layout and 

normal stress level. In contrast, the strength increase using GFM, in conjunction with a mortar overlay, was 

typically less than 10% compared with the non-strengthened dry counterpart. A significantly higher strength 

contribution from both FRP and GFM was obtained for elements without pre-compression. Although the 

strength enhancement using GFM was generally modest, such strengthening is activated gradually leading to 

a relatively ductile interfacial behaviour in comparison with FRP. In order to provide further insights into the 

behaviour, complementary nonlinear numerical simulations are undertaken, using the key parameters 

obtained from the tests. The numerical models employ detailed surface-based cohesive-contact approaches, 

with due account for inelastic damage at the masonry interfaces, and damage-plasticity modelling for the 

constitutive response of brick materials. It is shown that the numerical approaches adopted are able to 

capture reliably the main behavioural characteristics and failure modes, and can therefore be employed for 

further numerical assessments. 
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1. Introduction  

Heritage masonry is characterised by high material heterogeneity, irregular bearing elements and 

degradation of constituents due to environmental effects. It is recognised that environmental wet-

dry cycling can affect both the mechanical characteristics of masonry as well as plaster and 

rendering [1-3]. Moisture within masonry walls can have a detrimental effect on buildings and may 

undermine their long-term durability and integrity [4,5]. This occurs primarily due to the porosity 

and absorption rate properties of the bricks [6]. As masonry elements are intrinsically composite, 

besides brick and mortar properties, brick-mortar bond interactions govern their mechanical 

response. Brick absorption properties affect the bond strength as well as the moisture transfer 

between components, and also control the setting and hydration properties of the mortar [5]. A 

fundamental understanding and quantification of moisture effects on the mechanical properties of 

porous building materials such as masonry is hence required [7]. Besides degradation resulting from 

physical weathering, low strength and brittle nature of constituent materials, absence of diatones in 

multiple leaf masonry and poor wall-to-diaphragm floor connections, among others, are causes of 

vulnerability to seismic events for heritage masonry structures [8-10].  

Unreinforced masonry (URM) walls can develop shear- or flexure-governed failures depending on 

their geometry, aspect ratio and boundary conditions. Shear failures are either characterised by 

inclined cracks, or by a sliding crack when a portion of the wall along a bed joint slides horizontally 

under lateral loads. The diagonal shear and sliding strength of URM is greatly dependent on the 

mortar-brick interaction. In general the interface mortar-brick shear response greatly depends on the 

moisture content, porosity, mortar strength, and conditioning type [11,12], with saturation causing a 

deterioration in strength and stiffness [13,14].  

In order to withstand lateral loading, structures must possess adequate strength and ductility to meet 

the imposed demand. For URM elements that are naturally brittle, this can be achieved through 

various strengthening approaches [15,16]. Possible strengthening techniques and materials for the 

retrofitting of URM elements depend on the availability of resources as well as the use and 

characteristics of the structure [17,18]. Other factors include the response of the selected retrofitting 

materials to overloading conditions [19] and their deterioration properties [20]. In broad terms, 

strengthening methods can be classified as either surface strengthening or, alternatively, 

incorporation of strengthening elements inside the masonry. 

Strengthening of URM using fibre reinforced polymer (FRP) laminates is an attractive solution due 

to the high strength-to-weight ratio of these composite retrofitting materials. The composites act as 
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tensile reinforcement increasing the in-plane shear and out-of-plane bending capacity of a 

strengthened wall [22,23]. FRP laminates used on URM can significantly enhance the strength and 

post-peak behaviour, altering the failure modes and maintaining the structural integrity [22, 24, 25]. 

These can also be used for external confinement in vertical masonry elements [26]. The 

performance of the strengthening system depends on the properties of the composites, in terms of 

the nature of the fabric, fibre orientation and overlapping length [27], as well as on the adopted 

retrofitting scheme [28]. Diagonal strengthening schemes typically show higher effectiveness than 

squared grids, as these act as tensile reinforcement perpendicular to the principal tensile/cracking 

stress, and can shift the failure modes from shear-governed to panel-rocking modes [29,30].  

Strengthening by reinforced coatings requires a reinforcing material, typically in the form of a 

mesh, and an overlay in the form of mortar, plaster or shotcrete. Reinforcement materials can 

include a bi-directional expanded wire mesh [30,31], orthogonal meshes with hot-rolled ribbed 

wires [32], and polymeric or fibre reinforced polymer meshes. Reinforced coatings can include 

relatively flexible fibre materials such as carbon, glass, basalt [20,32-34], polypropylene, or 

polyester [15, 33, 35,36], as well as relatively stiff biaxial orthogonal geogrids [37], or triangular 

monolithic polymer grids [38]. The grids are typically embedded in conventional cement-based 

mortars, high performance mortars [32] or more sustainable lime-based mortars [31, 32, 39].  

The shear and flexural performance of URM under lateral loading is characterised by the mortar-

brick interface properties as well as the strength and relative stiffness of the two constituents. 

Diagonal shear failures or horizontal sliding mechanisms are primarily governed by the interface 

properties and these can be quantified through triplet tests [40]. As discussed above, a wide range of 

studies on the compression properties of wet masonry elements incorporating lime mortars and clay 

bricks exist [1-3, 7, 13, 14], whilst studies focusing on in-plane shear are limited [11]. Shear 

response of masonry was typically tested on dry triplets [40-43], and a significant amount of studies 

on both wet and dry cement mortar masonry were carried out to date [24,44]. Although textile 

reinforced mortar strengthening systems are more compatible with masonry substrate [21,45], most 

of the in-plane shear studies focus on strengthening with FRP laminates [46,47]. Additionally, 

detailed full-field measurements of in-plane shear behaviour of non-strengthened lime mortar – clay 

brick masonry are limited [48], whilst those on strengthened elements typically focus on the bond 

performance in FRP–brick components [49,50]. Also, although a variety of modelling techniques 

for masonry exist [51], the interface response is governed by the properties of constituent materials, 

and an assessment of these properties seems to be lacking for the materials considered in this paper. 
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In order to provide fundamental insights into the interfacial behaviour and inform possible 

strengthening strategies of heritage structures, this paper describes tests carried out on: (i) non-

strengthened ambient-dry and wet specimens, corresponding to 48h submersion in water; and (ii) 

strengthened triplets with fibre reinforced polymer sheets or glass fibre mesh and lime mortar 

overlay. The triplets were subjected to various levels of axial pre-compression. The properties of 

fired-clay bricks/lime-mortar triplets were selected to resemble those of masonry components 

investigated in a wider research programme on the management and conservation of heritage 

masonry structures in Historic Cairo [52]. As one of the objectives of the research programme is to 

offer detailed safety evaluation of such structures using non-linear computational models, numerical 

validation studies are also carried out to assess the main brick-mortar interface characteristics. 

Hence, using the key parameters obtained from the tests, this paper also provides a complementary 

numerical study, which provides further insights into the behaviour, and offers a validated approach 

which can be employed for detailed modelling of masonry elements.  

2. Experimental methodology  

2.1  Material properties 

2.1.1 Mortars  

Mortars incorporating natural hydraulic lime (NHL) with a binder-to-aggregate ratio of 1:3 were 

selected for the study. These are typically used for conservation works on historic masonry as walls 

can breathe naturally ensuring an enhanced long-term performance [20]. An eminently hydraulic 

binder (NHL5) [53], with a specific gravity of 2.70 was used in the lime mortars. The binder 

contains silicates, calcium aluminates and calcium hydroxide, obtained by firing of crushed marl 

limestone in kilns [54]. After removal from kilns, the limestone is subjected to slaking (hydration), 

which involves the addition of controlled amounts of water and then ground to powder [55]. These 

are singular binders which combine hydraulic with air setting, obtained by carbonation with 

atmospheric CO2. The free lime Ca(OH)2 content is above 15% for NHL5, whilst the sulphates 

content is below 2%.  

In addition to tap water, ‘soft sand’, typically used for bricklaying and pointing applications [56], 

was added to all mortar mixes. This type of sand has rounded particles and is essential for enhanced 

mix workability in comparison to sharp sand [57]. The specific gravity of the sand is 2.65, its water 

absorption is around 5% and its gradation curve [58] is as illustrated in Figure 1a. A standardised 

mixing procedure was followed to produce mortars in 20-litre batches using a rotary mixer [53,59]. 
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The dry constituents were mixed together for a period of 180 s, followed by the gradual addition of 

water, and were then further mixed for another 180 s. The consistency of fresh mortar was assessed 

by means of a flow table [60] and the flow was about 190 mm. After casting, fresh mortar samples 

were covered with a plastic sheet and removed from moulds after five days. These were then kept 

near the masonry specimens in laboratory conditions. 

Compressive strengths were determined from compression tests according to EN 1015-11 [61] on 

12 cubes (50×50×50 mm), equally divided in ambient-dry and wet samples. Note that the wet 

conditioning corresponds to 48h submersion of samples in water prior to testing, and that the wet 

samples were tested after being removed from water. Close inspection of the data obtained from 

submersing mortar samples in water for a period of 24h, indicated that after 3h, these had a 

relatively constant weight. It is hence considered that for the geometries investigated in this paper, 

submersion for 48h is sufficient for saturation. After carefully measuring all dimensions using a 

digital calliper, the specimens were tested in compression at a displacement rate of 0.25 mm/min. 

These tests were carried out at 41±1 days from preparation.  

The resulting strengths of the mortar in ambient-dry conditions was 1.29±0.09 MPa. Figure 1b, 

which depicts the constitutive response of lime mortars under ambient-dry and wet conditions, 

shows that moisture reduces the compressive strength and the elastic modulus by about 55% and 

43%, respectively, compared to those of ambient-dry mortar samples. Slightly lower strengths than 

expected for a mortar incorporating NHL5 lime were obtained, primarily due to relatively high 

temperatures (28±2°C) and low humidity levels during the setting period. These relatively low 

strengths are, however, typical for heritage structures and can be as low as 0.35 MPa [62-64]. 

Lower strengths of NHL mortars than those indicated by the manufacturer are obtained when the 

aggregates and the water quantity, as well as mixing procedures, are different from those that are 

standardised [62].  

It is worth pointing out that the elastic modulus of mortar employed in the numerical assessments 

described in Section 4, was obtained from tests on cylindrical samples of 75 mm diameter and 150 

mm height. The elastic modulus was calculated on the stress range of 30-50% by dividing the 

measured compression stress by the material strain. The material strain was obtained by dividing 

the average displacements recorded from three transducers by the gauge length of 100 mm. The 

transducers were attached by two steel rings symmetrically positioned from the centre of the 

sample. However, it should be noted that the strength and stiffness decrease ratios of 55% and 43% 

between dry and wet hardened mortars, respectively, were obtained from direct correlation of tests 
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on cubic samples and only relative values are reported. Although sample shape and geometry would 

influence the strengths, for such poor material properties the ratios between dry and wet would be 

maintained [39].  

Additionally, the moisture content of both conditioning cases (i.e. ambient-dry and wet) for NHL 

mortar samples was assessed. The ambient-dry samples and those submersed in tap water for a 

minimum of 48h, were dried in an oven for 6h at 60°C and another for 18h at 105°C until the 

sample mass was relatively constant. The moisture content of the lime mortars was 2.54% by 

weight (wt.%) for ambient-dry samples and 10.80 (wt.%) for those submersed in water. 

2.1.2 Bricks  

Commercial fired clay facing solid bricks were used for the construction of the shear triplets [65]. 

The measured sizes on an average of 30 samples were 229×111×66 mm (± 2.0×2.9×0.8 mm). Such 

variation is common for bricks produced through slop moulding. The nominal compressive strength 

for elements tested perpendicular to bed face, as provided by the manufacturer is 13 MPa [65,66]. 

To assess the actual material properties of brick units, compressive tests parallel and perpendicular 

to the bed face were carried out. The faces in contact with the support/loading plates or bearings 

were ground in order to achieve planeness and parallelism [67]. The compressive strengths of brick 

units perpendicular to the testing bed, assessed from a minimum of three samples were 9.00 MPa in 

ambient-dry conditions and 8.86 MPa in wet conditions. Tests on bricks parallel to the testing bed, 

showed that the average compressive strength, also obtained from a minimum of three tests, was 

15.5 MPa in dry conditions and 15.6 in wet conditions.  

The effect of moisture was investigated in another study in which tests on brick cylinders of 69.4 

mm diameter with various aspect ratios and small walls under compression were carried out [14]. 

Depending on the specimen geometry and aspect ratio, the reduction in compressive strength due to 

moisture was up to 13% for brick cylinders with aspect ratio around 2.0. Note that the wet 

conditioning corresponds to 48h submersion of brick samples in water that is sufficient to reach an 

adequate level of saturation. Close inspection of the data obtained from submersing brick samples 

in water for a period of 24h, indicated that after 3h these had a relatively constant weight.  

The specific weight of the bricks is 17.1 kN/m3. The freeze/thaw resistance category of the fired-

clay bricks from this study, as specified by the manufacturer, is F2 and corresponds to severe 

exposure conditions [66]. The classification for the active water soluble salts content category is S0, 

indicating no requirements for salts content. The latter is related to the soluble salts naturally 

occurring in clays used for brick manufacturing [66]. Parameters F2 and S0 are specified by the 
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manufacturer and have minimal or no implications on the results and focus of this paper. As in the 

case of the lime mortar samples, the moisture content of bricks was assessed using the same 

conditioning procedure. The moisture content of ambient-dry bricks was 0.07% by weight (wt.%), 

and 10.46 wt.% for those submersed in water. These values are in close agreement to those 

provided by the manufacturer (water absorption wa < 10% [65]). 

2.1.3 FRP laminates  

One layer of aramid FRP sheets (AFRP) was adopted to strengthen the triplets using a commercial 

moisture-tolerant EP epoxy bonding adhesive [67]. FRP laminate strips of 100 mm were bonded 

using a wet lay-up procedure in the horizontal direction, perpendicular to the bed joint, as well as 

following the specimen diagonal at 45° to the bed joints (Figure 2). These two cases were 

representative of strengthening details at the edge/corners of a masonry wall, and its 

centre/diagonal, respectively. The aramid fibre (of Grade S&P A120/290) was unidirectional and 

had 0.2 mm design thickness with a total sheet weight of 320g/m2 [68]. The mechanical properties 

provided by the manufacturer were as follows: mean elastic modulus of 116 GPa, mean tensile 

strength of 2400 MPa and a strain fibre capacity of 2.5%, whilst those obtained from uniaxial tests 

on 50 mm coupons width and 250 mm length were: 107 GPa, 2035 MPa and 1.9%, respectively. 

2.1.4 Glass-fibre mesh  

An alkali-resistant E-glass fibre mesh (GFM) typically used in conjunction with render mortars was 

used as an alternative strengthening method [69]. The 4.0 mm × 4.0 mm mesh with a weight-to-

square metre of 160 g/m2 was incorporated into a lime mortar layer of 5-8 mm, which was prepared 

in the same proportions as the NHL5 lime mortars described above. This mortar was chosen to 

maintain the compatibility between the material properties of the masonry substrate and those in the 

lime-mortar render matrix. The E-glass fibre mesh  is a relatively low-cost and low-strength 

material which has a tensile strength of 2.07 kN/50mm along the warp direction and about 2.18 

kN/50mm along the weft direction. The ultimate longitudinal elongation is lower than 3.3% and its 

lateral elongation below 2.7%. Two bonding alternatives between triplets and glass-fibre meshes 

were considered. These are representative for boundary regions and for inner regions of a masonry 

wall. The former included epoxy resin bonding, whilst the latter used mechanical fasteners. Details 

of the two configurations are given in Section 2.2. 

2.2 Specimen details 

This section describes the specimen configuration, conditioning and testing methods employed to 

assess the shear strength of masonry triplets under non-strengthened (ambient-dry and wet) and 
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strengthened (FRP and glass fibre mesh) conditions (Figure 2). A total of 50 specimens of b×h×t = 

227×229×111 mm (± 2.8×2.0×2.9 mm), were subjected to varying levels of pre-compression (σc). 

The specimen reference adopts the format Txyyz, where x indicates the specimen conditioning (non-

strengthened: D for dry W for wet; strengthened with FRP laminates: FH for horizontal layout, FD 

for diagonal layout; strengthened with glass fibre mesh (GFM) and render: TA for resin bonded 

mesh, TB for mechanically tied mesh, yy represents the pre-compression stress (e.g. 00 for 0 MPa, 

and 15 for 1.5 MPa), and z represents the specimen sequence (a, b, c, etc.). Full details of the 

specimen preparation including application of the FRP laminates and GFM are described below. It 

is worth noting that the measured brick sizes on average were 229×111× 66 mm (± 2.0×2.9×0.8 

mm), whist the mortar joint thickness was 14.4 ± 1.4 mm.  

Specimens TD and TW were tested in the first stage and σc was between 0-2.5 MPa. After an initial 

analysis of the failure modes and test results, the strengthened triplets (TFH, TFD, TTA, TTB) were 

subjected to σc=0-1.5 MPa only, as these ranges are more representative of the heritage structures 

analysed in the project [52]. Between one and three specimens were tested for each pre-

compression level for non-strengthened Specimens TD and TW, and only one specimen was tested 

for the strengthened triplets (TFH, TFD, TTA, TTB). On the one hand, a lower number of 

specimens per configuration allow for experiments on a wider range of parameters. This enables a 

broader understanding of the influence of various parameters on the response of masonry elements, 

for the same experimental resources. In contrast, a relatively low number of samples per 

configuration would also restrict the reliability of the results, particularly for masonry tests which 

pose a high degree of uncertainty.  

For heritage masonry such as that investigated in this project [52], the precompression levels are 

around 1.0 MPa and for this reason the applied precompression in the strengthened triplets was 

limited to 1.5 MPa. However, in the non-strengthened specimens, the aim was to identify limit 

conditions for a wider range of precompressions in order to understand better how confinement of 

the mortar joints affects the shear-compression behaviour. On another note, the mortar joint is a tri-

axial compression stress state and as any cohesive-brittle material, would be able to carry 

precompression levels higher than its uniaxial compression strength.  

Only ambient-dry (TD) and wet (TW) specimens were considered for this study. From a total of 30 

non-strengthened specimens, 15 were kept in laboratory conditions (T=24-30°C, RH=30-50%) as 

shown in Figure 3a, whilst the remaining 15 specimens were tested in wet conditions. Results from 

the literature [13,71,72] indicate that there is minimal or no influence of moisture on the mechanical 
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properties of the materials, when the moisture content is below 3% by weight. Note that the wet 

conditioning (Specimens TW) corresponds to 48h submersion of samples in water. Close inspection 

of the data obtained from submersing masonry specimens and independent masonry components 

(bricks, mortar samples and bricks with mortar joints) in water for a period of 24h, indicates that 

after 3h, the masonry specimens have a relatively constant weight. It is hence considered that for the 

geometries investigated in this paper, submersion for 48h is sufficient for saturation. These 

conditions are similar to those observed in historic sites such as those investigated as part of this 

project [52].  

A total of 20 strengthened specimens, equally divided in 4 groups as described above, were tested 

under shear loading and ambient-dry conditions only. Specimens TFH and TFD, were provided 

with aramid FRP laminate strips of 100 mm, bonded in horizontal direction, perpendicular to the 

bed joint, as well as following the specimen diagonal at 45° to the bed joints. Prior to applying the 

AFRP sheets, the masonry surfaces were brushed, cleaned using compressed air, and provided with 

a two-component epoxy resin primer (Figure 3b). The latter was used to seal and stabilise prepared 

surfaces prior to bonding fibre sheets for strengthening. As illustrated in Figure 3c, only one layer 

of aramid FRP (AFRP) sheets was applied using a hand wet lay-up procedure. To achieve this, the 

AFRP sheets were impregnated with a commercial moisture-tolerant EP epoxy bonding adhesive 

[67].  

The remaining Specimens (TTA and TTB) were strengthened with glass fibre mesh (GFM) [69] and 

lime mortar render in the quantities described above. Two bonding conditions were considered 

independently in these specimens, namely: using epoxy bonding adhesive or mechanical fasteners. 

In practical applications, both systems would be used jointly as these would be employed at 

different locations within a masonry panel. To ensure appropriate bonding, for Specimens TTA, the 

fibre mesh was passed below the triplet and bonded with epoxy adhesive (Figure 3d,e). On the other 

hand, Specimens TTB incorporated 6 mm steel mechanical fasteners provided with washers and 

nuts. For practical site conditions, these would be replaced with non-corrosive elements and would 

need to be distributed considering practical considerations (e.g. number of connectors per square 

metre). As depicted in Figure 3f, the mechanical fasteners were passed through pre-drilled holes of 

8 mm diameter. Due to the inherent geometrical configuration of the triplet for shear testing, the 6 

mm ties were passed through the bricks, rather than the mortar joint. In this way, the two shear 

planes between the three bricks of the triplets would not be altered. 
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2.3  Testing arrangements and instrumentation  

A stiff four-post hydraulic servo-controlled machine with a capacity of 750 kN was used for testing 

the triplets in shear. The two lateral bricks of each triplet were positioned on 65 mm wide and 115 

mm deep steel blocks, which were connected to the machine bed through a series of hinges (Figure 

4). A 65 mm wide steel block and a hinge were used to transfer the load from the actuator to the 

central brick. As mentioned before, the triplets were subjected to direct shear with co-existing axial 

pre-compression to assess the properties of mortar-unit interfaces [72-74]. Prior to applying the 

monotonic displacement procedure to the central brick, a preload equivalent to axial stresses of up 

to 2.5 MPa was applied through four threaded ties and recorded by a load cell (denoted as ‘5’ in 

Figure 4). The precompression load was applied and maintained by tying the four threaded ties 

using a hand-held spanner. 

Besides the transducers used to record overall deformations, a digital image correlation (DIC) 

system was used to obtain displacements and strain fields from all triplet tests. This non-contact 

procedure offers a high level of accuracy and practicality compared to conventional mechanical 

instrumentation [75,76]. The DIC system consists of two light-weight CMOS camera with USB 3.0 

interface for distances up to 25 m. The high sensitivity cameras have a resolution of 2.3 Megapixel 

at 100 Hz frame rate. These are connected to a controller which also acts as a data acquisition 

system. As part of the preparation process, the specimens were firstly painted in white, and then 

carefully speckled with 0.5-2.0 mm black dots in order to create a high-contrast black-white pattern.  

Prior to testing, a calibration procedure was undertaken by adjusting iteratively the aperture, 

ambient lighting and camera focus, while taking photos of a calibration plate adjacent to the 

specimen face. This was required to allow the post-processing software to determine the distance 

between the cameras and the specimen and, ultimately, to compute the surface strain vector fields. 

A frequency of 0.2Hz for data recording was chosen to acquire a sufficiently large pool to minimise 

possible scatter [77]. After testing, the DIC data was further processed to obtain deformation vector 

fields. From these, surface strains or deformations were assessed from assigned virtual gauges with 

various lengths depending on the size of the specimen and brick layout. 

3. Test results  

3.1  Shear stress versus slip 

Figure 5a,b illustrate the average shear stress versus displacement (τ – δs) curves for various values 

of pre-compression (σc) for non-strengthened dry (TD) and wet (TW) specimens. The shear stress is 
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the load recorded by the machine divided by the sum of the interface areas of a specimen parallel to 

the bed joints. (Figure 4). The shear displacement refers to the relative displacement between the 

central brick and lateral bricks and was obtained from the DIC data using virtual gauges as depicted 

in Figure 4. As observed, the shape of the τ – δs curves depends on the level of pre-compression σc, 

with the shear strength τm increasing proportionally with σc. Additionally, the test results indicate a 

reduction in τm for wet (TW) specimens in comparison with the dry (TD) counterparts for the same 

level of σc. By comparing the τ - δs curves in Figure 5a,b, it can be observed that depending on σc, 

7-32% reductions in τm occur between dry and wet cases. A relatively larger reduction of τm around 

48% is obtained for cases with σc=0 MPa. It is worth noting that since the failure at σc=2.0-2.5 

MPa, as described in detail in Section 3.2 below, was due to brick cracking rather than interface 

slip, the corresponding results are not considered for assessment and the tests on strengthened 

triplets were limited to σc=0-1.5 MPa. The above results are in agreement with previous studies 

[78], which reported that for strong mortar with a cement-to-sand ratio of 1:3, τm of dry clay brick 

masonry triplets reduces by around 33% for σc=0 MPa in comparison to those in saturated 

conditions.  

Tests on strengthened specimens showed an increase in shear strength τm for all pre-compression 

ranges with σc=0-1.5 MPa in comparison to their non-strengthened dry counterparts. As shown from 

the τ – δs in Figures 5c-f, besides the increase in τm, the strengthened specimens developed a softer 

post-peak response which is characterised by higher toughness and ductility. The material 

toughness is a property representing the resistance to crack propagation, directly governed by 

mechanical properties of the material and its geometry [79]. Toughness is represented by indices 

which are defined as ratios between the areas under the load-deformation or deflection curves at 

deflection limits defined by a particular codified procedure [80]. This measure was employed for 

comparative assessments in shear tests on push-off specimens as well as prisms in shear and flexure 

[81,82]. Toughness is considered here as the ratio between the area under the τ – δs curve up to 

δs=30 mm and the area under the τ – δs curve up to the peak τm. Ductility on the other hand refers 

here to the ratio between δs at 20% reduction of stress from τm in the post-peak regime and δs at τm. 

As expected, specimens provided with FRP sheets provided a higher strength enhancement than 

those with glass fibre mesh (GFM). Due to direct surface bonding between FRP laminates and 

masonry substrate, the FRP fibres are effectively activated when δs corresponding to the τm of non-

strengthened counterparts is reached, hence contributing directly to enhancing the member capacity. 

However, as the FRP material has a relatively high strength in comparison with the masonry 
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components used herein, the specimen failure was governed by the brick and mortar tensile 

properties, rather than that of the FRP laminates.  

When σc=0 MPa, the strength increase provided by the horizontal sheets (TFH Specimens in Figure 

5c) was about eight-fold the non-strengthened specimens. Similarly, for those with diagonal sheets 

(TFD specimens in Figure 5d) this enhancement was about seven-fold. The complete strength (τm) 

details are given in Table 1. This shows that the FRP laminates kept the brick-mortar interfaces 

together and were effective at restricting slip and maintaining the masonry integrity. For 

0.25≥σc≥1.5 MPa, the strength increase varied between 16.6-185.8% for TFH Specimens in 

comparison with dry TD counterparts. Details of shear strength ratios of strengthened to non-

strengthened triplets are given in Table 1. Also, for 0.25≥σc≥1.5 MPa, the contribution to strength 

enhancement of diagonally placed laminates (TFD) specimens was between 30.7-86.0% compared 

to the TD counterparts. As observed, a better performance was obtained for the case with horizontal 

FRP sheets, as the material fibres were perpendicular to the slip direction. In both cases (TFH and 

TFD), the strength enhancement was achieved with only limited contribution from the FRP 

laminates. The maximum strain levels on the sheet surface were in the range of 0.2%, which is less 

than 10% of the ultimate material strain. Moreover, as shown in Figure 5c,d, after the peak strength 

is reached, the response is relatively brittle with τ generally dropping more than 20% after the peak. 

In contrast to the TFH and TFD specimens, the glass fibre mesh (GFM) strengthened specimens 

(TTA and TTB) had a better post-peak performance, with a more gradual post-peak stress reduction 

with the increase in slip (Figure 5e,f). This is because the GFM is a low strength material with 

relatively high ductility. As expected, the contribution of such systems to τm enhancement is 

limited. The results in this paper show that the combined contribution of the GFM and mortar 

overlay was less than 10% on average for 0.25≥σc≥1.5 MPa, in comparison to TD specimens. As 

for TFH and TFD specimens, the highest contribution to τm was for the case with σc=0 MPa. The 

shear strength τm of TTA and TTB at σc=0 MPa were 4.6 and 5.7 times higher than those of the 

corresponding TD specimen. Both bonding techniques, through epoxy resin (TTA) and by 

mechanical anchoring (TTB) proved to be effective in restricting brick-mortar interface separation 

and maintained specimen integrity. In contrast to FRP-strengthened specimens, for which the τm is 

governed by the brick and mortar properties and the FRP laminates are only partially activated, for 

TTA/TTB cases the GFM is fully activated and post-peak response is governed by gradual fracture 

of the glass fibres within the mesh. It is worth noting that for σc = 0 MPa, the response of the triplets 

is mixed mode, characterised by combined shear displacement and tensile crack opening, whilst for 

σc > 0 MPa, tensile crack opening is restricted and the response is governed by shear displacement 
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only. This results in a significantly higher contribution from the strengthening systems for σc = 0 

MPa, which is otherwise relatively modest for higher σc. 

3.2  Kinematics and failure modes  

Two main failure modes were observed for non-strengthened triplets as a function of the pre-

compression stress. For both dry and wet tests, when σc=0 MPa, the failure initiated at one of the 

four brick-mortar interfaces propagating abruptly throughout the depth of the specimen. After the 

peak shear stress τm was reached, as shown in Figures 6a,b and 7a,b, the specimen separated into 

two distinct bodies and τ dropped instantaneously to zero. For triplets with 0.25≥σc≥1.5 MPa, 

failure occurred on the faces of both sides of the mortar layer with multiple cracks forming inside 

each mortar layer. Within this range, the cracks in the mortar layers formed at an angle around 45° 

toward the top of the central brick, following the principal stress fields. As the precompression 

stress was σc≥2.0 MPa, the fracture initiated at the bricks which showed signs of splitting. For high 

pre-compression of σc≥2.0 MPa, close inspection on the DIC strain fields indicated a wider network 

of microcracks in wet brick units in comparison to dry conditions, which suggests that the bricks 

become softer and weaker under moisture. Moreover, the mortar from dry specimens had less 

cohesion, breaking in multiple lumps, whilst the mortar from wet specimens had less fracture 

surfaces due to paste-like consistency. 

As mentioned above, for specimens with FRP laminates, the ultimate behaviour of the specimens 

was governed by the properties of the bricks and mortar, rather than the FRP sheets. As illustrated 

in Figures 6c,d and 7c,d the post-peak surface strains were characterised by large areas of cracking 

and spalling of the brick components. For example, for relatively low pre-compression of σc=0.25 

MPa, the specimen with horizontal sheets (TFH02) showed horizontal splitting cracks in the right 

brick and vertical splitting cracks in the middle brick. As the bond between the sheet and brick was 

very high, the central brick was subjected to compression stresses higher than the brick compressive 

strength. As the pre-compression increases to σc=1.5 MPa, horizontal stresses along with 

confinement from the FRP sheet produced a more severe cracking in the triplet. In terms of overall 

behaviour, both TFH and TFD had similar responses with main difference resulting from the 

relationship between the FRP sheet angle and the brick-mortar slip direction. 

The full-field DIC measurement data for GFM-strengthened specimens, as shown in Figure 6e,f and 

7e,f, indicate a relatively random crack pattern. As the mesh was covered in a mortar overlay, the 

crack patterns depended on the mortar homogeneity. As mentioned above, for the TTA specimens 

the GFM was passed below the triplet and bonded with epoxy adhesive. Under shear loading, the 
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mesh bonded to the middle brick was in tension following the slip direction. This is clearly 

illustrated through the crack patterns of TTA02 and TTA10 (Figure 6e) which show a trapezoidal 

region which split from the specimen surface and is pushed downwards, following the slip 

direction. For the second bonding case, Specimens TTB, which included 6 mm steel mechanical 

fasteners provided with washers and nuts, the only interaction between the central brick and the 

GFM was through the mortar adherence. Even in this case, the post-peak response was reliable and 

some enhancement in toughness was obtained in comparison with non-strengthened triplets. As 

both GFM-bonding mechanisms (i.e. epoxy resin and mechanical fasteners) performed well, a mix 

of the two would be required in practice, particularly since the TTA strengthening case is 

representative for boundary regions while TTB is typical of inner regions of a masonry wall. 

3.3  Shear-to-expansion displacement response  

The relationship between shear-to-expansion displacement ratio δs/δw and the shear stress τ for 

selected triplets is illustrated in Figure 8a-f. The expansion displacement refers to the horizontal 

deformation of the brick-mortar-brick interface obtained from DIC data using virtual gauges located 

at the bottom of the specimen (Figure 4). The shear displacement refers to the relative displacement 

between the central brick and lateral bricks and was also obtained from the DIC data using virtual 

gauges as shown in the same figure. The shear displacements of mortar joints during the shear 

loading of masonry is associated to volumetric expansion [83]. The tendency of mortar joints to 

dilate, when simultaneously subjected to shear stress and normal compression, increases the shear 

resistance because it opposes the compression force [84]. This is similar to aggregate interlock in 

concrete and similar materials [85,86]. Dilatancy of a masonry joint measured experimentally is 

expressed by a dilation angle which is a function of the normal-to-shear displacement (δw/δs) ratio 

of the joint and a coefficient that accounts for the number of bed joints that contribute to the 

mechanism of dilatancy [87]. In this paper, an inverse representation of the normal-to-shear 

displacement ratio (δw/δs)
-1 was chosen as a measure for dilatancy only for comparative purposes. 

Hence, the τ versus δs/δw curves can be used as a measure for the shear behaviour of masonry 

triplets, particularly to highlight the difference in response between different conditions: non-

strengthened dry or wet, strengthened with FRP or GFM.  

Figure 8a, which depicts the comparison between triplets with σc=0 MPa (i.e. TD00 versus TW00), 

shows that one of the interfaces developed very little dilation, whilst the other had significantly 

higher δs/δw, supporting the observation that for σc=0 MPa, only one interface lost its adhesion. A 

slightly softer stiffness was observed for TW00 in comparison with TD00, indicating that some 

adhesion existed at both interfaces for the wet specimen. On the other hand, samples with 0>σc>2.0 
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MPa showed relatively similar response (i.e. dry TD15 versus wet TW15 in Figure 8d). For the wet 

specimens, one of the interfaces had higher dilation up to about 80% of the peak stress, and the 

other side compensated up to the peak. In contrast, dry specimens had relatively similar δs/δw at both 

interfaces. This indicates that the moisture conditions affect the response, producing some 

eccentricity in deformation.  

A direct comparison between the τ versus δs/δw curves of non-strengthened triplets and those 

provided with FRP or GFM, when σc=0 MPa, indicates that for the strengthened specimens, most of 

the dilation (δs/δw ) was concentrated at one of the brick-to mortar interfaces. Of particular interest 

are Specimens TTA00 and TFD00 which show that after a shear stress in the range τ=0.05 MPa the 

strengthening system is activated (Figure 8b). For TTA00 provided with GFM, there is a gradual 

activation of the glass fibres, which is shown by the relatively constant τ versus δs/δw stiffness for 

ranges of τ =0.05-0.15 MPa. On the other hand, for TFD00 provided with FRP sheets, the activation 

of the laminates is very little up to τ =0.35 MPa, which is followed by a plateau. As shown in Figure 

8c, the response of TFH00 is relatively similar, yet the δs/δw is about half of TFD00. 

Strengthened triplets subjected to relatively high precompression stresses (σc=1.5 MPa), showed 

complementary τ - δs/δw response at the two interfaces. As shown in Figure 8e for Specimen TTA15 

and Figure 8f for Specimen TFD15, the right interface had the highest contribution up to around 

τ=0.90 MPa and then the left interface took over. At peak (τm), these had nearly identical δs/δw.. The 

test results show that both strengthening techniques can provide a similar physical behaviour. 

However, due to relatively low strength combined with high elongation properties, GFM seem to be 

a better alternative as this is activated gradually and enables relatively ductile interface behaviour. 

4. Numerical validation  

The numerical validations described in this section were carried out using the nonlinear finite 

element program ABAQUS [88] to obtain the brick-mortar interface characteristics for detailed 

modelling of masonry elements. The numerical models are validated against selected test results 

from both strengthened and non-strengthened members in terms of shear stiffness, shear strength 

and in-plane shear fracture energy.  

4.1 Modelling details 

Masonry modelling is broadly based on two main modelling approaches. When the brick-mortar 

interface behaviour is implicitly modelled through a set of homogenised properties of the element, 

the procedure is referred to as macro-modelling. Such approaches are generally adopted for 
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modelling of large and complex structures when the global structural response is of interest [51,89]. 

In contrast, micro-modelling represents an alternative in which the interface response is explicitly 

modelled. From the wide range of modelling procedures available for masonry elements, a micro-

modelling block-based approach was considered herein for its ability to clearly identify failure 

modes as well as the advantage of using small-scale experimental test results as input [51,90]. In 

this method, masonry elements are modelled with discrete blocks and their interaction properties are 

represented by interface elements [91].  

The numerical models adopted accounted for the full geometry of the triplets. Instead of modelling 

the mortar joint a simplified approach was employed herein. As indicated in Figure 9a, the brick 

units, modelled with three-dimensional eight-node continuum elements with reduced integration 

(C3D8R), were expanded to incorporate the mortar joint in the form of an equivalent brick. The 

brick-mortar interface was modelled with zero-thickness interface elements using a node-to-surface 

discretisation with finite sliding formulation. The interface properties employed a surface based 

cohesive-contact approach with due account for inelastic damage. In the triplet models, 

schematically illustrated in Figure 9b-d, the surfaces of the central brick were assigned as masters, 

whilst those from the two lateral bricks as slaves. In the cohesive contact modelling approach 

employed herein, cohesive calculations were computed at contact constraint locations, which were 

associated with slave nodes. On another note, a damage-plasticity model was used to model the 

response of brick materials. 

4.1.1 Interface properties 

The elastic contact properties were defined using a linear uncoupled traction-separation behaviour, 

illustrated schematically in Figure 9e, in which the tensile (Knn) and tangential stiffness (Kss and Ktt) 

components were considered independently. The tensile stiffness (Knn) corresponds to the elastic 

properties preceding interface opening in the normal direction, whilst Kss and Ktt are for elastic 

response prior to in-plane shear sliding (shearing) and out-of-plane shear sliding (tearing), 

respectively. These material properties need to be equivalent to the stiffness of the physical brick-

mortar interface and were determined with Equations (1 and 2) as a function of the elastic moduli of 

the mortar (Em or Gm) and bricks (Eb or Gb) as well as the mortar joint thickness (hm) [92]. The 

relationship between the tensile or flexural modulus of elasticity (E) and shear modulus or modulus 

of rigidity (G) is a function of the Poisson ratio of the material (ν). 

Material properties used to determine the interface stiffness properties (Knn and Kss) of both mortars 

and bricks were assessed from tests on cylindrical samples with aspect ratio above two and are 
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listed in Table 2 [14, 39, 52]. The mortar cylinders had a diameter of 75 mm and a height of 150 

mm, whilst the brick cylinders had a diameter of 69.4 mm and a height of 137 mm and were made 

of two stacked cores extracted from brick units. Cylindrical samples were used to assess the elastic 

moduli as a uniaxial stress state is developed at the centre of the specimen and possible triaxial 

confinement effects occurring due to load transfer and support plates in cubic tests are eliminated 

[93-95]. The elastic modulus was calculated on a stress range of 30-50% by dividing the measured 

compression stress by the material strain. For the mortar properties, the material strain was obtained 

by dividing the average displacements recorded from three transducers by the gauge length of 100 

mm. The transducers were attached through two steel rings symmetrically positioned from the 

centre of the sample. For the brick cylinders, the strains were obtained from the DIC data from 

assigned virtual gauges with a length of 100 mm [14]. 

The test material properties used to determine Knn and Kss are as follows: brick elastic modulus Eb, 

mortar elastic modulus Em, brick compressive strength fb and mortar compressive strength fm. Based 

on existing literature, a Poisson ratio of ν=0.2 was used for both mortar and bricks to determine the 

modulus of rigidity (G), which are representative for the materials used in this paper [96,97]. Based 

on the material properties obtained from the tests described briefly above, the tensile stiffness Knn 

=35.9 N/mm, whilst Kss = Ktt = 15.0 N/mm.  
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In the post-peak regime, the bond loss between the two interfaces were represented through a 

damage modelling approach which can represent degradation and eventual failure of the cohesive 

surfaces. With this modelling approach, the inelastic shear response of the cohesive interface is 

activated when a damage initiation criterion is met, typically represented by a maximum nominal 

shear stress (τm) or a maximum separation (δs
0). Once the criterion is met, damage occurs according 

to a user-defined damage evolution law. In this study, the damage initiation criterion was specified 

in terms of strength (i.e. τm) and a linear descending damage evolution law, by means of an in in-

plane shear fracture energy criterion (Gss
f), were considered using the test results from Table 3. The 

value of τm was also based on the test results. In the absence of experimental data for similar 

configurations to those examined herein, τm can be assessed by employing a Mohr-Coulomb 

criterion (Equation 3 and Figure 9f) using the model coefficients c and μ indicated in Figure 10. In 

addition to the cohesive surface properties, normal-direction behaviour using regular contact 
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properties were defined as a typical representation of masonry behaviour. Hard contact was 

assigned to interacting surfaces by means of a non-cohesive contact pressure-overclosure 

relationship, which restricts surface penetration and transfer of tensile stresses between interfaces.  

m cc             (3a) 
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4.1.2 Brick properties 

A damage-plasticity model was used to represent the inelastic response of expanded brick units. 

This model considers a non-associated potential plastic flow with a default eccentricity ϵ=0.1 and 

can simulate the tri-axial behaviour of cohesive-brittle materials. The three-dimensional yield 

surface is controlled by a shape parameter Kc=0.667, with the ratio between the biaxial and uniaxial 

compressive strength as fb/fc=1.16. The above default parameters were used for all analyses. A 

relatively low viscosity parameter of 1×10-5 was chosen for the analysis to ensure convergence but 

minimise the influence of viscous strains on the numerical response. The non-associative plastic 

volumetric deformations of the material are not directly proportional to the changes in stresses and 

these are represented by a dilation angle ψ, which was considered herein as 10° to represent the 

relatively brittle material response. It is worth noting that the damage-plasticity parameters play a 

significant role on the response of confined materials subjected to high levels of compression. 

However, the test observations from this paper indicate that the bricks were largely in the elastic 

regime and the compression crushing strain was not reached. The values of the main damage-

plasticity constitutive parameters are therefore unlikely to influence the calibration of the masonry 

joint interface properties. Close inspection of the results of a sensitivity study in which the dilation 

angle was varied in the range of 10-50° showed that there was very little influence on the numerical 

load-displacement curves.  

The model requires two independent material functions to describe the uniaxial stress-strain σ-ε 

relationships of clay bricks under compression and tension, considering the damage parameters di 

(i=c, t) to represent the stiffness degradation of the material (Equation 4). In this investigation, a 

plastic degradation model was applied based on the assumption that the damage occurs in the 

softening range only.  
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The compressive material properties of bricks were obtained from cylindrical cores with aspect 

ratios around two, extracted from brick units, as described before [14]. The ultimate compressive 

strain was calculated based on an energy-based formulation considering the material crushing 

energy Gcl represented by the area under the softening stress-strain curve in Figure 9g, and a 

parameter lm which is the characteristic length being equal to the mesh size. As shown in Figure 9h, 

a linear representation of the softening branch was taken into consideration in tension for 

computational efficiency, in which the ultimate crack mouth displacement wmax was obtained from 

test results on prismatic samples with square cross-section [39, 52]. These were obtained by cutting 

brick units in two elements with a diamond saw. The sample length was the same as a brick unit 

(≈229 mm), whilst its depth and width were both 51±1.5 mm. A notch of 5 mm depth was then 

created using a grinder provided with a diamond disc [39]. Note that the effect of moisture was 

accounted for in the models of wet triplets by considering the wet material properties of both bricks 

and mortars described in Section 2.1.1 and 2.1.2. 

4.1.3 Strengthening materials 

The fibre reinforced polymer (FRP) sheets were modelled with 4-nodded reduced integration 

membrane (M3D4R) elements. The interaction between triplets and FRP, assumed as full bonding, 

was modelled by means of a tie constraint to ensure that the nodes on the two surfaces displace 

simultaneously. The material characteristics of the FRP sheets were assigned as lamina. The elastic 

modulus and fracture strength in the direction of the fibres were those provided by the manufacturer 

as described in Section 2.1.3. As these laminates are unidirectional, the properties perpendicular to 

the direction of the fibres were given very small values. In contrast, the glass fibre mesh (GFM) is a 

bi-directional material with largely similar warp and weft properties. Additionally, the GFM 

strengthened specimens were provided with a lime mortar overlay. In order to simplify the model, 

both the GFM and mortar layer were modelled with a single membrane (M3D4R) element with 

homogenised properties [98]. A macro-modelling approach assuming a homogenised layer of 

render and mesh was considered [99]. The fibre grids were modelled as fully embedded in the 

render matrix and therefore a full compatibility and perfect bond between the two constituents 

exists. Although bond-slip between the composite matrix and the masonry substrate can be 

incorporated in the model, this was not considered for the simulations in this paper as this procedure 

is associated with high computational costs. The composite material was modelled as lamina to 

represent its response as an orthotropic material in plane stress [88, 100]. With the lack of 
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experimental data, the tensile properties of the composite were considered as those provided by the 

manufacturer for the mesh in tension, whilst the compression render properties were considered as 

obtained from material tests. Although this provides an approximate estimate of the properties of 

the composite, these values would be expected to offer lower bound predictions of the actual 

behaviour.  

4.1.4 Numerical procedures 

A three-step numerical analysis was carried out to simulate the test response described in Section 3. 

The initial step included the definition of the boundary conditions and cohesive interface properties 

as well as a multi-point tie constraint between a reference point and central brick (Figure 9b-d). 

Several modelling procedures were considered regarding the interface behaviour at the boundary 

conditions. Besides the model details illustrated in Figure 9, in which the boundary conditions were 

assigned directly to the bottom brick, a case in which the steel blocks (supports) were modelled, 

was considered. This included node-to-surface interaction properties between the bricks and steel 

blocks. These were assigned with ‘hard contact’ properties following the normal direction and a 

‘penalty’ friction formulation (μ=0.5) following the tangential direction. For this particular case, 

there was no influence from the modelling procedures in terms of load-shear displacement response, 

and the simplified modelling approach in which the boundary conditions were applied directly to 

the bricks, was considered for all models. In the following step, a pre-compression stress σc was 

applied whilst all properties assigned in the initial step were propagated. In the last step, a vertical 

displacement δ was applied to the central brick through the reference point, whilst the σc was 

maintained. In both cases, the actions (load or stress) were incrementally imposed by means of a 

Newton-Raphson integration procedure with large displacement non-linear geometry effects 

considered. It is worth noting that in terms of interface response, the normal-direction behaviour is 

activated only when the cohesive bond becomes fully damaged, and cohesive surfaces do not 

undergo damage under pure compression.  

4.2  Numerical results 

All triplet configurations were modelled and, for compactness, selected results of wet non-

strengthened (Specimens TW), FRP and GFM strengthened triplets (Specimens TFH and TTA, 

respectively) are comparatively presented against the corresponding dry non-strengthened 

counterparts (Specimens TD). The numerical simulations of the load and shear stress - shear 

displacement (P-δs and τ-δs) relationships compared with the corresponding test results are shown in 

Figure 11. The elastic shear stiffness, nominal shear stress/strength τm and corresponding initial 
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shear sliding δs
0 are relatively well predicted for all configurations, regardless of the pre-

compression level σc. Importantly, the energy-based modelling approach of the cohesive surface 

damage produced representative results. Although a linear representation was chosen, as described 

above, the numerical post-peak softening τ-δs response is in close agreement with the corresponding 

test curve which would be represented by an exponential decay function. 

As mentioned above, the response of the FRP strengthened triplets was generally governed by the 

fracture properties of the bricks which determine the ultimate response. As shown in Figure 6c,d 

and 7c,d, the FRP-to-brick surface adhesion was stronger than the tensile capacity of the bricks, 

hence failure occurred due to brick cracking. This is well captured by the employed modelling 

procedures, both at the constitutive τ-δs response and through the tension damage patterns illustrated 

in each panel of Figure 11 corresponding to FRP-strengthened specimens. Instead of a gradual 

softening as obtained for the GFM-strengthened models, also in good agreement with tests, the τ-δs 

of triplet models with FRP laminates show a more sudden drop in shear stress after τm is reached. 

Overall, the deformational response and failure modes obtained from the numerical simulations 

were in good agreement with reported tests results.  

As shown by the shear stress – slip curves in Figure 5a,b and the shear strength-to-precompression 

relationships in Figure 10a, the adhesion between lime mortar and clay bricks depended on the 

moisture conditions. As indicated by the constitutive response in Figure 1b, wet mortars had lower 

stiffness and strength than ambient-dry mortars. Hence, at high precompression levels, the wet-to-

dry shear strength ratio was generally lower than that at low precompression (Figure 10a). These 

results offer valuable insight into the performance of wet masonry and can be directly employed in 

structural assessment and safety evaluation of existing heritage structures [46].  

Figures 5c-f and Figure 10b provide fundamental insights into the interfacial behaviour of 

strengthened triplets and inform possible strengthening strategies of heritage structures. It is shown 

that the shear capacity and ductility of the specimens varies with the characteristics of the 

strengthening system utilised. Although flexible mesh systems with mortar overlays (TTA/TTB 

Specimens) offered limited strength enhancement, they were more ductile than fibre reinforced 

polymer laminates (TFH/TFD Specimens). Full-field measurements of in-plane shear behaviour 

showed that although both strengthening techniques have their merits (i.e. FRP provides higher 

strength but lower ductility, while GFM provides lower strength but higher ductility), flexible 

meshes are a better alternative. These are also typically more compatible with masonry substrate 

[21,45]. The above comment is primarily related to the compatibility between the strengthening 
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system and masonry substrate. For the brick material strengths from this paper, in FRP-strengthened 

triplets, failure typically occurred due to fracture of the brick with very limited utilisation of the 

FRP laminate. On the other hand, when GFM with render was provided, the fibres were activated 

progressively and contributed to triplet strength, resulting in similar overall performance to that 

obtained in FRP-strengthened cases.  

The tests provided detailed information on the mechanical behaviour of triplets under ambient-dry 

and wet conditions, as well as the effectiveness of the employed strengthening techniques. 

Importantly, the main response parameters obtained from the tests were also used to determine 

masonry interface coefficients such as the cohesion and the internal friction angle as well as the in-

plane shear fracture energy. As one of the objectives of the research programme is to offer detailed 

safety evaluation of heritage structures using non-linear computational models, these parameters 

can be used for modelling the interface behaviour of masonry joints. Although the aim of this study 

was the shear response and interface properties of lime mortar – clay brick masonry, the behaviour 

and main interface parameters examined would also be relevant to other type of masonry with 

similar mechanical properties. 

5. Concluding remarks 

This paper presented an experimental programme into the fundamental shear response of masonry 

triplets incorporating fired-clay bricks and hydraulic lime mortars under ambient-dry and wet 

conditions, as well as strengthened specimens with fibre reinforced polymer (FRP) laminates and 

glass fibre mesh (GFM). After describing the materials, mix designs and specimen details, the main 

test results and key observations resulting from detailed test measurements were reported. 

Moreover, comparative assessments in terms of expansion to shear displacement response of the 

brick-mortar interfaces were performed. Complementary nonlinear simulations were undertaken, 

and numerical validations in terms of shear stiffness, shear strength and in-plane shear fracture 

energy against representative test configurations were carried out. Based on the results in this paper, 

several main conclusions can be drawn as discussed below. 

Shear triplet tests on non-strengthened specimens showed that for specimens without pre-

compression the failure was characterised by specimen separation into two distinct bodies, with the 

shear stress dropping instantaneously. On the other hand, for tests with pre-compression, failure 

occurred at the brick-mortar interface and propagated through the mortar layer. Moreover, the 

mortar from dry specimens had less cohesion, breaking in multiple lumps, whilst the mortar from 
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wet specimens had fewer fracture surfaces due to paste-like consistency. For all pre-compression 

levels, the wet triplets had a lower strength than those in dry conditions. 

Specimens provided with fibre reinforced polymer FRP sheets exhibited a higher strength 

enhancement than those with glass fibre mesh (GFM) for pre-compression stresses above zero. The 

strength increase provided by FRP was in the range of 16.6-185.8%, depending on the laminate 

layout, whilst for GFM and mortar overlay together was less than 10% on average, in comparison to 

non-strengthened dry counterpart. A significantly higher contribution from both FRP and GFM 

systems was observed for strengthened elements without pre-compression for which the strength 

was higher at least by a factor of eight and five, respectively. In these cases, both systems proved to 

be effective in restricting brick-mortar interface separation and maintaining specimen integrity.  

For FRP-strengthened triplets, the failure was governed by the brick and mortar tensile properties 

rather than that of FRPs due to their relative high strength. Due to brick material brittleness, the 

shear stress – shear displacement of triplets with FRP showed a more sudden drop in stress after the 

peak was reached, in comparison to GFM-strengthened triplets. The latter developed a more gradual 

post-peak softening. Unsurprisingly, limited contribution was obtained from the FRP as the strain 

levels on the sheet surface were less than 10% of the ultimate material strain, whilst GFM was 

gradually and fully activated. Although the strength increase due to the presence of GFM was 

modest, the post-peak performance was more favourable, with a more gradual stress reduction with 

the increase in slip. Due to the relatively low strength combined with high elongation properties, 

GFM seems to be a better alternative when ductility is sought as this is activated gradually and 

leads to a relatively ductile interface behaviour. In contrast, when strength enhancement is the main 

consideration, FRP materials offer a possible solution. 

Numerical models employing surface-based cohesive-contact approaches with due account for 

inelastic damage for modelling masonry interfaces, and damage-plasticity models to represent the 

constitutive behaviour of brick materials, were shown to be able to capture the main behavioural 

characteristics such as elastic shear stiffness, shear strength, post-peak response as well as failure 

modes through the obtained tension damage patterns. Such numerical procedures, which are 

calibrated and validated using the test results presented in this study, can be employed for detailed 

modelling of masonry components of similar mechanical properties to those investigated in this 

paper. Overall, the experimental observations and numerical procedures employed offer guidance 

on the selection of possible strengthening techniques for heritage masonry, within the material 

geometric ranges considered in this investigation. 
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Figure 5 Shear stress – slip (τ-δs) curves for non-strengthened specimens: a) dry TD specimens, b) wet TW specimens; 

and strengthened specimens with: FRP laminates: c) horizontal sheets (TFH), d) diagonal sheets (TFD); with glass 

fibre mesh (GFM) and lime mortar render: e) resin bonded mesh (TTA), f) mechanically tied mesh (TTB) 
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Figuure 6 Specific post-peak craack pattens forr Specimens aa) TD, b) TW, c) TFH, d) TFFD, e) TTA, f)

33

) TTB 

3 

 



 

Fi

Figure 8 D

 

 

 

0.00

0.02

0.04

0.06

0.08

0.0

τ
(M

P
a)

0.00

0.40

0.80

1.20

1.60

0

τ
(M

P
a)

igure 7 Chara

Dilation respon

4.0 8
δs/δw (-)

TD00
TD00
TW00
TW00

0.4 0.8
δs/δw (-

T
T
T
T

acteristic failu

nse of the teste

MPa

8.0 12.0
)

(a)

-Left
-Right

0-Left
0-Right

1.2 1.6
-)

(d)

TD15-Left
TD15-Right
TW15-Left
TW15-Right

re modes of Sp

 

 
ed specimens:

a d) TD vs TW

0.00

0.10

0.20

0.30

0.40

0.0

τ
(M

P
a)

0.00

0.40

0.80

1.20

1.60

0.0

τ
(M

P
a)

Specimens: a) 

: σc=0 MPa a)

W, e) TTA vs TT

0.5 1.0
δs/δw (-)

TTA00-
TTA00-
TTB00-
TTB00-

0.6 1.2
δs/δw (-)

TTA15-Le
TTA15-Rig
TTB15-Le
TTB15-Rig

TD, b)TW, c)

) TD vs TW, b

TTB, f) TFH vs

1.5 2.0
)

(b)

-Left
-Right
-Left
-Right

1.8 2.4
)

(e)

eft
ght

eft
ght

 
TFH, d) TFD

b) TTA vs TTB

TFD 

0.00

0.15

0.30

0.45

0.60

0.00

τ
(M

P
a)

0.00

0.40

0.80

1.20

1.60

0.0

τ
(M

P
a)

D, e) TTA, f) T

B, c) TFH vs T

0.05 0.10

δs/δw (-)

TFD00-Lef
TFD00-Rig
TFH00-Lef
TFH00-Rig

0.1 0.2
δs/δw (-)

TFD15-Le
TFD15-Rig
TFH15-Le
TFH15-Rig

34

 

TTB 

TFD; σc=1.5 

0.15 0.20

(c)

ft
ght
ft
ght

0.3 0.4

(f)

eft
ght

eft
ght

4 



 

Figure 9  M

interface high

e) cohesiv

 

Figure 10

 

Modelling proce

hlighted, c) trip

ve behaviour, f

0 Relationship

edures: a) simp

iplet model wit

f) Mohr-Coulo

p between shea

plified micro-m

th loads and bo

omb criterion, g

ar strength an

stre

modelling (bloc

oundary condi

g) compressive

nd pre-compre

engthened trip

ck based) appr

tions, d) streng

e modelling of 

ession level (τm

plets 

roach, b) triple

gthened triplet 

f bricks, h) tens

m-σc): a) non-s

et model with b

t with horizonta

sion modelling

strengthened 

35

 

brick-to-brick 

al FRP strips, 

g of bricks. 

 

triplets, b) 

5 



 

Figure 11 Co

 

 

Comparative asssessment betw

 

ween numeric

 

cal results of T

models. 

TD models andd a) TW modeels, b) TTA mo

36

 

odels, c) TFH 

6 

H



37 
 

Tables  

Table 1a Results from non-strengthened triplet shear tests 

Specimen -> TD TW  

σc (MPa) τm,D (MPa) CoV (-) τm,W (MPa) CoV (-) 
τm,W / τm,D (-

)  
0.00 0.06 0.35 0.03 0.47 0.50 
0.25 0.49 - 0.38 - 0.78 
0.50 0.48 0.25 0.37 0.10 0.77 
0.75 0.77 - 0.52 - 0.68 
1.00 0.75 0.08 0.70 0.01 0.93 
1.50 1.10 - 0.99 - 0.90 
2.00 1.38 0.00 1.23 0.02 0.89 
2.50 1.57 0.06 1.33 0.03 0.85 

Notes: (i) τm,D and τm,W represent average values of shear strength; (ii) one sample 
was tested for σc=0.25, 0.75, 1.50 MPa and a minimum of two samples were tested 
for σc=0, 0.50, 1.00, 2.00 and 2.50 MPa. 

Table 1b Results from strengthened triplet shear tests 

Specimen 
-> 

TFH 
 

TFD 
 

TTA 
 

TTB 

σc (MPa) 
τm,FH 

(MPa) 

τm,FH / 
τm,D  

(-)  

τm,FD 
(MPa) 

τm,FD / 
τm,D  

(-)  

τm,TA 
(MPa) 

τm,TA / 
τm,D  

(-)  

τm,TB 
(MPa) 

τm,TB / 
τm,D  

(-) 
0.00 0.48 8.00 0.44 7.33 0.28 4.67 0.34 5.67 
0.25 0.57 1.16 0.64 1.31 0.42 0.86 0.47 0.96 
0.50 1.37 2.85 0.89 1.85 0.56 1.17 0.6 1.25 
1.00 1.19 1.55 1.11 1.44 0.84 1.09 0.85 1.10 
1.50 1.45 1.32 1.55 1.41 1.12 1.02 1.11 1.01 

Notes: τm,FH, τm,FD, τm,TA and  τm,TB are obtained from a single specimen. 

Table 2 Properties of dry materials 

Em 
(MPa) 

fm 
(MPa) 

Gm  
(MPa) 

ftm 
(MPa) 

hm 
(mm) 

282.00 1.28 117.50 0.28 14.4 
Eb 

(MPa) 
fb 

(MPa) 
Gb  

(MPa) 
ftb 

(MPa) 
hb  

(mm) 
620.00 5.39 258.33 0.92 66 

 

Table 3 Shear fracture energy values 

Specimen -> TD TW TFH TFD TTA TTB 

σc (MPa) 
Gfs,D 

(N/mm) 
Gfs,W 

(N/mm) 
Gfs,FH 

(N/mm) 
Gfs,FD 

(N/mm) 
Gfs,TA 

(N/mm) 
Gfs,TB 

(N/mm) 

0 0.01 0.01 2.48 1.36 1.32 0.81 

0.5 7.48 4.61 16.14 11.40 13.51 17.18 

1 14.41 8.12 19.94 21.27 22.58 15.89 

1.5 14.94 10.29 21.64 24.15 27.11 24.66 

2 17.45 10.86 - - - - 

 


