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the blocking mechanisms that takes place at the brick-mortar interface. 

Due to the diverse local mechanisms involved in shear behavior of PG-RM walls, a numerical strategy 

capable to adequately model all the different involved items (units, mortar and interfaces) should be 

used. In this context, detailed micro-modeling is the most appropriate numerical approach. However, 

this approach requires a substantial computational effort along with a large amount of input parameters 

needed for the proper reproduction of the phenomena governing the structural behavior of PG-RM walls. 

Some attempts for simulating the shear behavior of multi-perforated clay brick masonry have been 

undertaken using detailed micro-models (Gabor et al. 2006; Fouchal et al. 2009; Rahman & Rueda 

2014). Nevertheless, all these works consider that nonlinear behavior of masonry is concentrated in the 

interfaces and in the mortar, do not considering the brick tensile failure observed in several post-

earthquake damage observations (see e.g. Astroza et al. 2012; Valdebenito et al. 2015) and in 

experimental tests (see e.g. Tomazevic 2009). 

Firstly, this paper presents an experimental campaign aimed to characterize the properties of the 

constituent materials (bricks and mortar), of the unit-mortar interface, and of the composite material. To 

this end, compression, tension and shear tests were carried out on small masonry assemblages 

constructed with multi-perforated clay bricks. Later, the experimental data obtained are directly used as 

input parameters in the reproduction of triplet tests and of diagonal compression tests by means of 

detailed micro-modelling. Secondly, the paper presents the results of two full-scale PG-RM walls which 

were tested in the laboratory under cyclic lateral loading. Both tests are numerically reproduced using 

the simulation techniques validated in the first part. The suitability of the applied data and the accuracy 

achieved by the proposed detailed micro-modelling in reproducing the structural response of PG-RM 

walls is observed as satisfactory. 

2 EXPERIMENTAL  CHARACTERIZATION AND  MODELLING  

2.1 Brick  

The multi-perforated clay bricks used in this research present a nominal dimensions of 290x140x112 

mm3. Their compressive properties were determined by means of six tests performed according to 

NCh167.Of2001 (INN 2001), obtaining an average compressive strength of fb=33.7 N/mm2, and an 

average Youngôs modulus of Eb=7714.8 N/mm2. The percentage of voids and water absorption of bricks 

were also obtained according to NCh167.Of2001 (INN 2001), resulting in an average of 50.5% and 

10.4% respectively. 

As commented in previous section, some damages observed in recent earthquakes have shown that 

diagonal cracks (x-shaped) are develop across both units and brick-mortar interfaces. In consequence, it 

becomes also necessary to characterize the tensile strength of the units, which in this case was indirectly 

obtained by means of three-point load tests (Fig. 1). The value of the tensile strength ftb has been 

estimated from the flexural one fxb by using the equation provided in the Model Code 90 (CEB 1990) 

(Eq. 1), where h is the height of the specimen tested. The three-point load test were applied to three 

equal bricks, obtaining an average maximum applied force of 7869.2 N with a CV=14.7%, which 

represents a flexural strength of Ὢ ρȢςτψ N/mm2. The appliance of Eq. (1) provides an average 

tensile strength of Ὢ πȢχχ N/mm2. 

The validation of the numerical strategy selected to reproduce the brick fragile response in tensile is 

carried out through the simulation of the performed test. One brick finite elements model is created by 

means of 30 8-node plane stress elements (codified as CQ16M in Diana 9 ï TNO Diana 2014), defining 

a reasonable mesh size in order to be used in complete walls simulation. A total strain rotating crack 

model is selected, using the experimentally obtained parameters of modulus of elasticity, and 

compressive and tensile strengths. The complete reproduction of the tensile failure requires to consider 

the energy dissipation occurred. Different values of tensile fracture energy, ranging from 0.015 to 0.03 

N.mm/mm2, are applied through an exponential softening curve, obtaining that the value of 0.02 

N.mm/mm2 is the one that provides a better fitting to the average experimental maximum load (Table 

1). 
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(1) 

a)  b)  

Fig. 1 ï Three-point load test: (a) scheme and (b) typical failure mode. 

Table 1 - Numerically obtained brick failure load for different fracture energy values. 

 Experimental 

average 

Brick tensile fracture energy, Gft,b (N.mm/mm2) 

 0.015 0.0175 0.02 0.0225 0.025 0.0275 0.03 

3-point test brick 

failure Load (N) 
7869.2 

7497.32 

(-4.73%) 

7691.42 

(-2.26%) 

7826.44 

(-0.54%) 

7987.25 

(1.50%) 

8218.63 

(4.44%) 

8391.48 

(6.64%) 

8575.35 

(8.97%) 

2.2 Mortar  

The mortar used was obtained from pre-mixed commercial cement typically used in the Chilean masonry 

constructions. Its compressive properties were obtained from compressive tests carried out on cylinders 

with 50 mm of diameter and 100 mm of height, according to NCh158.Of67 (INN 1999). From six tests, 

the average elastic modulus obtained after 28 days was Ὁ ττφπ N/mm2 (CV=10.8%) and the 

average compressive cylinder strength was Ὢ ρςȢφ N/mm2 (CV=3.0%). 

Twelve flexural tests were carried out on prismatic specimens 40x40x160 mm3, where an average 

flexural strength of Ὢ υȢρ N/mm2 (CV=9.1%) was obtained. As previously performed for the multi-

perforated clay bricks, tensile strength of mortar Ὢ  has been estimated from the flexural one Ὢ  by 

using Eq. (1), resulting in an average value of Ὢ ςȢςυ N/mm2.  

2.3 Brick ï Mortar interface: Tensile 

Direct tensile tests were carried out in order to characterize the tensile bond in normal direction, which 

were performed on specimens composed by two bricks connected by a single mortar bed joint. A 

deformation rate of 0.5 ɛm/s was applied to all tests, using four displacement transducers (LVDT) placed 

at half-height of each brick in order to accurately measure the displacement (Fig. 2a). 

a)  b)  c)  

Fig. 2 - Direct tensile test: a) test setup and instrumentation, (b) typical failure mode observed during 

the tests, and (c) obtained bond tensile strength curves. 

The bond tensile strength of the interface Ὢ was found to vary from 0.1 to 0.16 N/mm2 with an average 

of 0.13 N/mm2 (CV=20.3%). The typical failure mode observed during the tests is shown in Fig. 2b. 

The analysis of the tensile stress-elongation curves shows a considerable scatter on the bond tensile 

strength, but very similar softening branches. The descending curves show some irregularities due to 

the non-uniform crack opening (Fig 2c), as already reported by other researchers (Almeida et al. 2002). 
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Correspondent tensile fracture energy Ὃ values determined according to the net contact area range from 

0.0009 to 0.002 Nmm/mm2. 

2.4 Brick ï Mortar interface: Shear 

The shear behavior presented by the multi-perforated brickïmortar interface is here determined by 

means of shear triplet tests according to NCh167.Of2001 (INN 2001). For that, 16 triplet specimens 

consisting in three units and two mortar joints were constructed and tested according to the configuration 

presented in Fig. 3a. All specimens were built with 10 mm width mortar joints. Five different pre-

compression levels were applied on specimens in order to produce the normal stresses of 0, 0.6, 0.9, 1.2 

and 1.5 N/mm2 (determined on the net brick area), covering a reasonable compression work range for 

masonry walls in real constructions. Compression stress levels were maintained constant during the tests 

by means of a self-equilibrated steel frame (Fig. 3a). Rubber pieces were used at the extremities of the 

samples to avoid the concentration of stresses caused by hard contacts. A set of LVDTôs was used in 

both sides of specimens to appropriately register the behavior of the unit-mortar interface under shear 

stresses. It should be noted that the specimens tested under null compression were performed without 

the confinement steel frame. 

a)  b)  

Fig. 3 ï Triplet shear test setup (a), and failure mode for normal stress of 1.2 MPa (b). 

Different kinds of failure mode were obtained depending on the normal confinement level. In the 

specimens under null compression stress was observed an interface failure, do not affecting significantly 

the bricks. The increase of the compression stress level caused a combined failure of fracture planes 

along mortar-brick interfaces, cracks through the mortar layer and, in some cases, cracking and crushing 

of interior walls of bricks. For elevated levels of normal compression, failure mode is mainly based on 

the crushing of the interior walls of the bricks, producing in some cases a brittle and sudden failure mode 

that even caused the spalling of the external walls of the bricks (Fig. 3b).  

As can be observed in Fig 4a, which presents the shear stress-displacement diagrams obtained from the 

triplet tests, all curves show a quite similar trend regardless of the normal compression stress. Regarding 

to the initial stiffness, all specimens showed a rigid response up to the maximum shear stress, except for 

the specimens under null compression due to the above mentioned absence of the confinement steel 

frame. Following the maximum shear stress, a gradual degradation of the interface shear response can 

be clearly observed. Only in the cases of normal stress of 1.5 MPa, registered curves confirm the sudden 

and brittle failure mode already observed during the tests. Therefore, and contrarily to the fragile 

behavior presented in triplet tests when solid bricks are used (see e.g. van der Pluijm 1993), the response 

in multi-perforated clay brick masonry is characterized by a long softening behavior, progressively 

reducing the maximum shear stress resisted by the interface as the slip increases. As commented by 

Fouchal et al. (2009), this behavioral difference could be explained by the presence of mortar cores at 

the unit-mortar interface, producing a combination of the frictional response with the step by step failure 

of the internal walls of the bricks and the mortar. The linear correlation between the maximum shear 

stress and the normal compression applied in terms of Mohr-Coulomb frictional criterion is shown in 

Fig 4b. From this relationship, a mean value for cohesion of ὧ 1.052 N/mm2 and an internal friction 

angle of ‰ σχȢυЈ (ÔÁÎ‰ πȢχφχ are derived. 

The interfaces between bricks and mortar are usually faced through Mohr-Coulomb frictional models 

(Gabor et al. 2006; Haach et al. 2011; Rahman & Ueda 2014; among others), which become basically 

defined by a cohesion value and a friction angle. For a constant normal pressure, and out of considering 

dilatancy effects, the model provides a constant maximum shear stress, and consequently, do not 

satisfactorily fitting the experimentally obtained response. In order to successfully reproduce the long 
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softening branch obtained in the shear stress vs shear slip diagram, the value of the frictional cohesion 

is modified depending on the shear sliding as it is shown in Fig. 5a. The points of these relation are 

obtained from the experimental results by subtracting the pure friction component of the maximum shear 

(average of 0 and 0.6 MPa normal compression cases), and implemented into the model through the 

cohesion hardening option available in the software Diana (TNO Diana 2014). 

 

 

Fig. 4 ï Shear test results: (a) stress-displacement curves and (b) relation between maximum shear 

stress Ű and normal applied stress „. 

  

Fig. 5 ï Triplet test simulation: (a) frictional cohesion vs shear sliding curve and (b) FE model. 

 

Fig. 6 ï Comparison between numerical and experimental shear curves obtained in the triplet tests. 

The validation of the proposed model is performed trough the reproduction of the triplet test by means 

of a detailed micro-model, which individually considers the response of the mortar, the bricks and the 

interfaces (Fig. 5b). In order to clearly apprise the interface response, bricks and mortar are considered 

as linear. The numerically obtained results for the normal compressions of 0, 0.6, and 1.2 are compared 

with the experimental ones in Fig. 6, showing a highly satisfactory degree of accuracy. Consequently, 

it is assumed that the proposed model is able to successfully reproduce the complex shear response 

presented in the bed joints of multi-perforated brick masonry. 
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