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1. Introducing the research area 
Brick has been used since the earliest times. However, the knowledge about the behaviour 

of masonry is almost the least complete today. The application of masonry structures in 
Hungary is not so varied than it is overseas or in the western part of Europe. In Hungary, 
reinforced concrete frames are favoured in building-trade nowadays. In that case, masonry is 
merely used as an infill wall. In the USA and in England, load bearing masonry walls are built 
for 4-10 storey buildings without reinforced concrete frames. It is possible with the 
application of the reinforced masonry. According to the experience of the last decades, 
reinforced masonry is cheaper, quicker and more eco-friendly building method than 
reinforced concrete wall systems. Masonry walls have enough compressive resistance to 
transmit vertical forces of the middle high buildings with enough safety to the base. However, 
their load bearing capacity against horizontal loads (wind, earthquake) and their deformation 
capacity is low. With the introduction of the new European earthquake standard the design 
requirements of Eurocode 8 can be fulfilled with difficulty for middle tall masonry buildings 
with the application of plain masonry [5]. If reinforcing bars are placed in mortar joints or 
pockets of the masonry walls the deformation, load bearing capacity and resistance against 
extraordinary loads (impacts, earthquakes, vibration) change beneficially. 

2. The aim of the research 

In the work the following questions need to be cleared or detailed: 
1. Overlooking the international application of the masonry structures [6, 7] it is stated that 

reinforced masonry is applied instead of reinforced concrete frames in some countries 
(Spain, Switzerland, Portugal, Italy, America, etc) together with reinforced concrete 
slabs. The mechanical properties, size and forming of the units in these countries are 
different from the Hungarian ones. Thus, the possibility of application of a new 
reinforced masonry system is studied which fits to the Hungarian brick and mortar types 
and traditional building habits. A reinforced masonry system of 25 cm could be 
applicable for 4-6 storey buildings with RC slabs. 

2.  The shear behaviour of the new structural system is examined experimentally. The aim 
of the experiments is to determine the influence of different reinforcement directions 
(horizontal, vertical and the combination of the two) on the shear resistance, failure 
modes and crack pattern of solid masonry walls. Compressive and out-of-plane behaviour 
is not in scope. 

3. The characteristics of the Hungarian mortar and brick shall be examined and compared to 
those being found in the international literature. The basic mechanical parameters of the 
constituents of the new structural system, if missing, shall be determined. 

4. Based on the material and structural experiments a model is intended to be built for the 
masonry wall and to be verified according to experiments. With this model the effect of 
the brick bonding, the optimal place of the reinforcement in the wall could be determined. 

3. The new structural system 

The international literature describes reinforced masonry (RM) systems in which the 
vertical reinforcement is placed in the middle of special masonry units or in which the bricks 
are put in special order to form a reinforced concrete column at the centre [2]. In both cases, 
the pockets or holes are filled with concrete. The advantages and beneficial behaviour of these 
walls were investigated by numerous researchers. 
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Because in Hungary no high-strength clay masonry units are available that makes possible 
to place the reinforcement in the middle of the cores, RM can be constructed only by putting 
the reinforcement between the bricks. If more-storey buildings would be built from RM, 
vertical reinforcement should be built in the wall. Therefore, a new type of brick bond was 
developed that make possible to place vertical and horizontal reinforcement, without the 
violating of the overlapping requirements. The new brick bond can be seen in Fig. 1. This 
system is different from other systems because the size of the joint for vertical reinforcement 
is very small compared to others and the same mortar can be used for filling the head and bed 
joints. The vertical reinforcement can be anchored in the slab and in the basement. The 
horizontal reinforcement can be placed in the bed joints. This system is unique because the 
vertical reinforcement is placed between bricks, in a very small pocket that can be filled out 
only with mortar. It is necessary to note that there exist brick bonds based on similar 
principles, however it is the only one which applies for 25 cm thick walls. 

 

77.5
25

467.5 467.5
 

Fig. 1 The new system 

This forming is more beneficial compared to others at those areas where walls of high 
compressive and tensile strength are needed in each direction: at blast or earthquake hazarded 
areas or next to temporarily vacant building site, etc. It can be applied as a shear wall in case 
of 3-5 storey buildings. The disadvantage of the new system is that a mortar joint running 
parallel to the face of the wall reduces the vertical load bearing capacity. 

4. Experimental investigation of the developed bonded wall 

A test series of 9 walls were planned and built to compare the shear resistance of plain to 
reinforced masonry walls with variations of the reinforcement direction and the compressive 
strength of the mortar. The test setup can be seen in Fig. 2. After 200 kN vertical compression 
a monotonic, horizontal load was applied for unloading-reloading cycles. Altogether, the 
aspect ratio, the vertical force, the bricks, the amount, layout and type of the reinforcement in 
one direction were the same. 
The compressive strength of 
mortar and the direction of 
reinforcement were changed. 
Two types of mortar were 
used for every reinforcement 
setup: the compressive 
strength of the mortar was 
less than that of the brick 
and their strength was the 
same. Horizontal loading 
force and displacement were 
measured at the side 
opposite to the loading. 

25
0 
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5 

467 467 

Steel frame Hydraulic jacks 

Anchoring 
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Fig. 2 Test setup 
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The following conclusions were drawn: 

� The developed bonded, vertically reinforced wall cracks at the same load as the 
conventional plain masonry wall, despite the bigger mortar joint. However, the vertically 
reinforced masonry wall does not decay immediately after diagonal cracking, the vertical 
reinforcement is activated (dowel action), after carrying the loads it fails. The crack 
pattern is different because of the different bond pattern. 

� Horizontal reinforcement increases the shear capacity of masonry („stirrups”) and 
delays the appearance of cracks in case of the weaker mortar. It alters the run of the 
cracks and decreases the crack width. The shear stiffness is influenced by the horizontal 
reinforcement and this influence is bigger in case of higher mortar strength. In case of 
stronger mortar the horizontal reinforcement does not provide an extra shear capacity. 
Attention is drawn on another failure mode (sliding) that can be prevented by applying 
vertical reinforcement. 

� The in both directions reinforced wall „inherits” the positive features of horizontally 
and vertically reinforced walls: the first crack appeared later, the shear capacity increases, 
the crack occurs not only in one diagonal joint, but also in more parallel joints, the crack 
width decreases. The stronger mortar, the horizontal and vertical reinforcement resulted 
in an other failure that not destroyed the wall. The concrete foundation was torn out from 
the anchorage and the wall moved as a rigid body. This failure is called as rocking. 

� Compared to the plain masonry wall the first cracks of the new system appear at a 21% 
higher force and 2-times bigger horizontal displacement even in case of the weaker 
mortar. 

� All in all, the new bonded wall reinforced in both directions has much more ductility, 
deformation and shear capacity than the conventional masonry walls. 

Table 1 summarizes the characteristic load bearing and displacement values. According to 
the experiments carried out the failure modes of the reinforced masonry can be typed, 
which has been missing from the literature. The failure modes are (sliding, diagonal cracking 
1. and 2., “Z” cracking and rocking) shown in Fig. 3. 

Table 1 The measured loads and displacements 

Type First crack Peak load 
Max.displacement 
(residual force) 

Force at 25 
mm 

Initial 
stiffness 

M3 kN mm kN mm Mm  kN kN kN/mm 
Without mortar   89 12.6 41 76 80 121 

Plain 145 3.2 154 4.6 26 129 128 144 
Vertically 121 3.4 161 60,7 60 161 133 111 

Horizontally 173 6.6 180 16.9 67 163 166 170 
Both directions 176 6.5 252 60.8 60  252 189 170 

M10 

Plain 180 3.7 193 4.8 31 143 142 106 
Vertically 176 5.3 213 39 42 231 196 106 

Horizontally 192 4.4 193 4.4 38 171 173 220 
Both directions 200 5,0 331 32 32; 38 331;378 304 220 
 

The failure modes of the mortar-brick joint of reinforced masonry were grouped based 
on the experiments carried out (Fig. 4). (It has been missing from the literature.) It was 
determined that these failure modes match the joint failures of plain masonry, the failure 
occurred at the unit-mortar surface. The detailed description of the experimental results can be 
read in [1, 8, 9, 10, 11]. 
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Fig. 3 Failure modes and crack pattern of reinforced and plain masonry 

 
Fig. 4 The joint failure modes of reinforced masonry 

5. Study of the components of the masonry wall 

The mechanical properties of the brick and mortar being found in the literature can not 
describe the behaviour of the Hungarian constituents. Overlooking the international literature 
it was found that the production technology (extruded or moulded) can influence the 
compressive strength of the brick significantly. Thus, experimental investigations were 
carried out in order to determine the brick properties being dependent on the size and the 
loading directions. It is important in the following cases: 1. the unit is placed not in the 
lengthwise direction into the wall or 2. it is loaded from the other direction or 3. in case of 
determination of the compressive strength of buildings. 

5.1. Determination of the compressive strength of the brick 

Determination of the compressive strength of the brick is important because it is necessary 
for the calculation of the masonry’s compressive strength: the standards suggest using the 
normalized mean compressive strength, fnormc,brick. This value is a fictitious compressive 
strength of a cube of 10 cm, and for most of the bricks, the size of the unit makes it 
impossible to determine it directly from tests. Because of the reasons mentioned before, I 
determined on more than 100 brick specimens the following [3]: 

Plain 
Vertically 

Compression 

Sliding 

Diagonal cracking 1 

„Z” cracking 

Diagonal cracking 2 

Horizontally 

Horizontally 
In both directions 

Plain 

Rocking 
In both directions 
reinforced masonry 

Reinforced 

d) e)  

a) 

Type of the wall 
Failure modes 

Weaker 
mortar 

Stronger 
mortar 

Plain b, d b, c, d 
Vertically b, d b, c, d 

Horizontally a, b, c, d b, d 
Both directions a, b, c, d, e - 

 

b) c) 
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1. I examined the compressive strength of the brick on 
24 specimens of same sizes (5x5x5 cm3), under the same 
circulumstances in the 3 (A, B and C) producing directions. 
I experienced different mean compressive strength in the 3 
directions (Fig. 5). The Welch’s test proved that the differ-
ence in compressive strength between the directions A and 
B exists with a probability of more than 99.5 %. Between 
the directions B and C it is 94.3 %, and between the directions A and C it is at least 95.8 %. 
Thus, the experiments prove the existence of heterogeneity, the brick is anisotropic, has a 
fibrous construction, and the anisotrophy is probably caused by the production technology. 
The loading direction A corresponds to the direction of the extrusion, the brick has the highest 
compressive strength because the degree of the compaction is the highest in this direction. In 
the direction B, the compressive strength of the brick amounts to the smallest value. This 
direction corresponds to the direction of the splitting. Because the investigated and producing 
directions correspond to the brick edges, the anisotrophy is considered as orthotropy. The 
differences are in the same order of magnitude as the effect of the specimen’s size. 

2. In case of samples of same sizes, originated from the same brick, I investigated the 
effect of the burn in, whether the outer shell brick is harder. No significant difference can be 
stated in the samples originated from different part of the brick. 

3. I determined from an experimental series of 14 samples that the polishing of the surface 
results in an increase of 25 % of the compressive strength of the bricks of raw surface (from 
35 N/mm2 to 44 N/mm2) and in a considerable increase of the COV (from 3 % to 12 %). 

4. An optimal loading surface was determined from 3x11 experiments that result in the 
maximal compressive strength. I determined that the coefficient of variation of the 
compressive strength increases with the decrease of the loading surface. 

5. Due to standard investigations carried out on whole bricks I determined that the COV 
of the mean compressive strength is the biggest in the weakest loading direction, but the 
orthotrophy could not be experienced because of the size effect. The different failure modes 
due to the size and shape effect can be seen in Fig. 6 and in Table 3. 

 
Fig. 6 The splitting of direction A, the B-directional shear failure and C-directional failure 

6. I determined that the height of the specimen has the biggest effect on the compressive 
strength of the brick. The experiments of samples of same diameter proved that the brick’s 
compressive strength depends on the h height inversely proportional in the form of 

fc,brick=C/h
k, (5) 

where C is a constant, and k amounts to 0.8-1. The same function results from the previous 
experiments after isolating other effects. 

C C 

A A 

B B 

Table 3 

 
Sam
ples 

v 
[mm] 

w 
[mm] 

h  
[mm] 

Mean fc,tégla 
[N/mm2] 

SD 
[N/mm2] 

COV [%] 

A 5 118 248 55.5 45.3 6.23 13.73 
B 5 64 246 111 16.73 4.76 28.45 
C 5 64 119 235 10.48 2.26 21.56 
 

Fig. 5 The directions defined 
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7. Non-destructive Schmidt hammer test type N were carried out on this type of brick, and 
I determined that the relationship of Dulácska, Józsa and Borosnyói in 2000, and the 
relationship of Dulácska in 2008 results the A-directional normalized mean compressive 
strength of the brick in this rebound range, in case of horizontal beating direction. Functions 
were determined in order to get the normalized mean compressive strength in the directions B 
and C from the horizontal beating directions. 

fnorm,B
c,brick =Ri

2/160                                                               (6) 

fnorm,C
c,brick =Ri

2/130                                                               (7) 

5.2. Determination of the Young’s modulus of the brick 

The Young’s modulus values of a solid, fired clay brick ranges between 900-20 000 
N/mm2. In order to determine the right value a comprehensive experimental study was carried 
out with two types of measuring methods, on 4 types of the 32 specimens in the Laboratory of 
the Department of Structural Engineering and of the Department of Construction Materials 
and Engineering Geology. Two methods of them, being described here, are suggested 
determining the Young’s modulus of the brick. For measuring the Young’s modulus on 
cylindrical samples it is suggested choosing specimens with an aspect ratio of at least 2, 
which corresponds to the measurement results on concrete specimens [3, 4]. 

1. The measurements by strain gauges on cylindrical samples proved that the Poisson’s 
ratio and the Young’s modulus changes change under loading in different extent in the 
different directions (Fig. 7). First, when the load is relatively small, the cracks close, the 
Young’s modulus increases, the Poisson’s ratio decreases, as the volume of the specimen 
decreases. When every cracks are closed their values are considered as constant. At a higher 
compression, before failure the cracks interlink and grow, the Young’s modulus decreases and 
the volume of the specimen increases, thus the Poisson’s ratio increases. The extent of the 
change is the biggesst in the weakest direction B, and it is the smallest in the strongest 
direction C. This phenomenon is known in case of rough stone specimens. 
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Fig. 7 The changes of the Poisson’s ratio and the Young’s modulus in case of direction A 

2. The Young’s modulus of the brick was determined in the directions B and C with 
inductive strain transducer measurements on prismatic specimens between plates of low 
frictional coefficient. In Table 4 the same two groups of values can be seen, as presented 
before. It was noticed that the results differ in the failure modes (Fig. 8 a and b). While the 
highest values belong to a clear compressive failure with vertical cracks, the lower values 
belong to such failures that had almost horizontal cracks. Fig 8a and b present the two types 
of failures: horizontal cracks that are different from the typical frictional crack pattern when 
the cracks run vertical. The failure b does not occur in case of whole bricks. Because of the 
cut of specimen one part of the cracks (that were originally helically in the bricks) are 
horizontally in the specimen during loading, along that the sample fails. 
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Based on the experiments carried out the following measuring method is suggested 

determining Young’s modulus of the solid bricks:  
Samples of 5x5x10 cm3 should be cut from the bricks. On the two sides of the samples 

inductive transducers measure the strain. The measurement should be repeated till at least 4 
specimens fail in mode a (parallel, vertical cracks). The exact Young’s modulus value offers 
in case of the statistical evaluation. 
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Fig. 9 a and b The σ-ε diagram in case of the two failure modes 

It was determined that the Young’s modulus of the brick can be taken into account as 
1000-times the normalized mean compressive strength in each direction. Because it was found 
that the ratio of the orthotropy of the Young’s modulus matches to the ratio of the normalized 
mean compressive strength in the B and C directions (the probability of the diversity is at 
least 90.5%), thus the Young’s modulus in the direction A can be determined. 

5.3. Determination of the other mechanical properties of the brick 

The tensile strength of the whole brick was measured by a 3-point bending test setup. The 
13 measurement resulted values between 2.5-6 N/mm2, the average amounted to 4.28 N/mm2 
(COV: 48,8 %). The internal frictional angle between two bricks was measured as 38-40°. 

5.4. Determination of the compressive and flexural strength and the 

Young’s modulus of the mortar 

The mechanical properties of the mortars are different in the literature, similar to the 
bricks, because of the variety of the constituents. Because the components of the applied 
mortar are unknown (business secret) I determined the compressive and flexural strength with 
a standard investigation method. The Young’s modulus of the mortar was determined by the 
method presented before on two types of samples: specimens of standard sizes (4x4x16 cm3) 
and bigger ones(7x7x21 cm3). The flexural strength of the mortar amounts to 1/3 of the 
compressive strength if both are determined according to standard investigation methods. The 

a b 

Fig 8 a and b Crack pattern of samples 1C1 and 2B2 

Table 4 Results 

Sign Ebrick [N/mm2] 
1B4 11 014 
2B1 15 334 
1B1 15 785 
2B2 3 198 
1B3 1 956 
2B3 2 477 
1C1 16 114 
2C1 15 593 
1C2 20 177 
2C2 3 752 
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initial Young’s modulus of the mortar is ca. 1000-times the compressive strength determined 
by standard methods. The maximal compressive strain amounts to 4-5 ‰ in case of the bigger 
samples, and it is 2,5-3 ‰ for the smaller ones (Fig. 10). Table 5 summarizes the properties. 

 

Table 5 Properties of the brick and the mortar 

Brick [N/mm2] σ-ε diagram linear 
fnormc,brick A direction 20.0 Frictional angle 38-40° 
fnormc,brick B direction 14.1   
fnormc,brick C direction 16.8 Mortar [N/mm2] 

ft,brick 4.28 fc,mortar 3.27 
Ebrick A direction 20 325 ft,mortar 1.19 
Ebrick B direction 14 044 Emortar 3 117 
Ebrick C direction 17 294 εc,mortar ca. 2.5 ‰ 

εc,brick ca. 1-1.5 ‰ σ-ε diagram significant plastic range 

6. The discrete element models 

In discrete element modelling, the key problem is defining the properties at the levels of 
brick and mortar (stiffness, friction parameters etc.) and the interaction between the elements, 
generally. The missing and antinomic parameters of the literature made the determination of 
the parameters necessary. 

As it was seen before the failures of reinforced masonry are very similar to plain masonry: 
it occurs in the joint and not in the mortar, therefore the simplified micromodel was chosen 
from the three types of masonry modelling for both modelling cases. The approach was 
developed by 3DEC 4.10. The size of the brick was enlarged by half mortar thickness in every 
direction because the properties of the mortar and the joint are joined in one surface and the 
joint properties determine the amplitude of the contact forces between two elements. (The 
detailed description of the modelling methods is presented in the dissertation).  

With a simple, 2D model in UDEC 4.0 I controlled whether the failure modes of the 
reinforced and plain masonry walls can be simulated by a plain masonry model with the 
adequate modification of the modelling parameters (Fig. 11 a, b and c). 

 
Fig. 11 a, b and c Failure modes of reinforced masonry 

Fig. 10 The σ-ε diagram of the smaller mortar samples 

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5 3

Strain [‰]

C
o
m

p
re

s
s
iv

e
 s

tr
e
s
s
 [
N

/m
m

2
]

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5 3

Strain [‰]

C
o
m

p
re

s
s
iv

e
 s

tr
e
s
s
 [
N

/m
m

2
]

a) b) c) 



Anita Fódi    Experimental and numerical investigation of the reinforced and plain masonry walls 

 

 - 11 - 

Three conditions were set to be fulfilled for the 3D models in order to prove its accuracy:  
1. the joint has to show the same behaviour as in the experiments presented by other 

researchers in case of the tensile and shear failure of the couplet, 
2. with the use of the determined mechanical properties the model should results in the 

same crack pattern (failure mode) as in my wall experiments and 
3. the load-displacement diagram (peak load, displacement) should matches in both cases. 
In these 3DEC discrete element models, Mohr-Coulomb plasticity model was chosen for 

the brick and a plastic joint area contact with Coulomb slip failure, displacement weakening 
and till the failure linear for the joint.  

Two types of parameters are in the model: the mechanical, material parameters that can be 
determined by measurements and that are necessary to describe the constitutive models, and 
other parameters that are necessary for the modelling, such as: support conditions, type of the 
loading, velocity of the loading, desired displacement, applied number of cycles, FE mesh 
size, and parameters applied in the own algorithms. 

6.1. The tensile behaviour of the joint 

Because the size of the timestep plays an important role in the ensuring of the conditions 
of the convergence, its value is determined automatically and displacement load is defined in 
the form of velocity loads, the loading process were automatized. In the FISH programming 
language a loading cycle were written. The algorithm of the program is shown in Fig. 12. 

 
Fig. 12 The loading algorithm 

In order to calculate the average tensile stress and strain arising in the joint, a stress 
calculating program was written in FISH. The program is called automatically at each 
computational step its value is calculated. The algorithm of the program is shown in Fig. 13. 

It summarizes the normal forces at the contact for each subcontact and then these forces 
are divided by the area of the contact. This method can be used to take into account the effect 
of net bond surfaces of the joint. 

 
Fig. 13 The algorithm calculating the stress and displacement 

6.2. Improvements of the joint tests 

As Fig. 14 shows the model follows the real behaviour except of the pre-peak weakening. 
The failure is too sudden compared to the experiments, which is attributed to the material 
heterogeneity: not every part of the material fails in the same minute. The joint is assumed to 
contain microcracks, which makes the experimental behaviour softer than in the model and 
causes an internal mechanism of progressive damage of joints. 

1) Iterate through all the subjoints that arises when the brick is divided into finite elements 
2) In every subjoin the normal force is registered 
3) Summarize at the end of the cycle this forces and the sum is divided by the contact area 

1) Basic parameters: the desired displacement in one step D, the velocity of the loading V, 
the number of the repetition of the step 

2) The time, how long the displacement should be applied T, thus D=VT, and T=tN, where 
t is the timestep, N is the number of the applied steps 

3) Apply the velocity V on the desired nodes 
4) Load the nodes with this displacement for a period of T=D/V 
5) Stop the moving nodes 
6) Balance the structure/find equilibrium till a given margin of error (1-2%) 
7) Repeat it whenever it was defined 
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Stiffness degradation does not take place before failure in the constitutive model. The aim 
of the improvements is to introduce a constitutive model being able to follow the pre-peak 
softening of the masonry joints, the material defects and stiffness degradation of the joint are 
intended to be built in the model. 
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Fig. 14 The tensile investigation of the joint in 3DEC 

In order to model the material defects in the contact and the softening behaviour, different 
ft tensile strength and kn normal stiffness were ordered to certain parts of the joint before the 
loading (these two parameters influence the tensile joint behaviour). I implemented an 
algorithm in FISH language that assigns random properties to pieces of the joint according to 
a given distribution (Fig. 15). 

 

Fig. 15 Random properties ordering algorithm 

It was determined that the behaviour can be simulated if the values are drawn from 
Gaussian distribution (with uniform distribution it is not possible). If only the tensile strength 
or the normal stiffness have nonzero standard deviation (SD), if 40 material types and at least 
40 joint pieces exist the coefficient of variation (COV) should be 60% to simulate the 
behaviour. In case of other adjustment the tensile strength reduces only, the form of the 
diagram does not change. If both have nonzero SD (the adjustment is the same), at least 30-40 
% COV (Fig. 16 and 17) is needed that corresponds to the standard deviation of the 
experiments. If both have 30-40 % COV, at least 24 joint pieces and 40 types of material are 
needed. If the joint is split into at least 600 pieces, 10 types of material are enough. The 
smoothness of the diagram is influenced by these two parameters. The effects of other 
parameters as loading velocity, material parameters, mesh size, type of the distribution, 
number of joint pieces, number of materials, value of standard deviation were examined in 
[12, 14]. Fig. 17 shows the results of the computational running and the envelopes of the 
experimental results. The numbered diagrams assign the results of the different parameter 
adjustments. 

1) The joint is split into small pieces by dividing the bricks into pieces 
2) The brick pieces are joined, the joint pieces are separated  
3) Generation of a finite element mesh in the brick 
4) Generation of a random number from standard normal distribution (SD: 1, mean: 0) 
5) Generation of the given material parameters according to a given distribution, standard 

deviation and mean value (material parameter=SD*random number+mean) 
6) If the random number is not acceptable (negative) a new one is generated automatically 
7) Generation of a given numbers of material types  
8) Ordering one material type to each joint piece randomly drawn from uniform distribution 
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Fig. 16 The effect of the COV of kn and ft    Fig. 17 A The effect of the defined material types 

6.3. The joint shear behaviour 

Based on the experimental results I modelled the shear behaviour of the joint. Because this 
behaviour is influenced by the compressive stress acting at the same time the loading was 
controlled at one compression level. I applied the loading algorithm and the stress and 
displacement calculating algorithm presented before. The study of the material parameters can 
be seen in Fig. 18. It was determined that the behaviour is influenced the most by the c 
contact cohesion, ft tensile strength and ks contact shear stiffness. The same behaviour was 
found as before: the pre-peak stiffness is too big. 
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Fig. 18 The shear behaviour of the joint 

If the same method was applied as for the tensile tests, numerical problems occurred 
during running. All the shear stress-shear displacement diagrams showed an elastic snap back, 
at a certain point the shear displacement changed its direction, but the direction of the load did 
not change. Therefore, a new algorithm was written that is detailed here and was applied in 
the following (Fig. 19). The results of the new algorithm are shown in Fig. 20 and 21. 

 
Fig. 19 The algorithm for the shear tests 

1) Loading process 
a. Moving of the chosen nodes with a given velocity and displacement 
b. Stopping of the nodes and balancing till a given tolerance 
c. Registration of the results 
d. New displacement cycle 

2) Registration of the results 
a. The brick’s displacement is registered as the average node’s displacements in a certain range 
b. The applied force is registered as the sum of the reaction forces of the nodes loaded by the 
given velocity 
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Fig. 20 The shear capacity is simulated                     Fig. 21. The initial stiffness matches 

6.4. The wall model 

The plain masonry wall built from the weaker mortar was simulated. After vertical 
compression of 200 kN, the wall was loaded horizontally by a steel plate. Fig.22 shows the 
algorithm being written in FISH for the simulation. The lower surface of the wall is 
considered as fixed in every direction. Velocity loads were applied at the gridpoints of the 
loading plate surface, and the changes of the loads and the displacement at the opposite side 
were monitored. The model results in the same crack pattern as the experiment (Fig. 23) and 
force-displacement diagram. The same behaviour is experienced as in case of monitoring the 
joint behaviour: the pre-peak stiffness of the model is different from the experiment. 

 
Fig. 22 Algorithm for the wall model 

  

Fig. 23 Crack pattern from the experiment and from the model  

1) Geometry: brick + half mortar thickness + loading plate 
     Parameter: the size of the brick, the thickness of the mortar, how many brick are in a raw, 

what is the type of the first raw 
2) Type of the support conditions, generating the internal FE mesh 
3) Definition of the material and joint parameters 
     Parameter: Possibility of nonzero SD of the material properties 
4) Application of the vertical loads as a stress load and balancing  
     Parameter: the place of the load, in how many cycles it is applied 
5) Horizontal loading with velocities 
     Parameter: in how many cycles, how much displacement in a cycle, velocity of the loading 
6) Balancing, Parameter: the tolerance  
7) Saving data: a program that calculates the sum of the reaction forces of the nodes loaded by 

velocity, calculates the displacement and unbalanced forces at certain places  
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Fig. 24 Force-displacement diagram from the model and from the experiment  

6.5. Further improvements 

In order to build the material defects in the 
model, a simple program was written in FISH 
language. It is similar to the one being written for the 
simulation of the tensile tests. Joint properties were 
generated drawn from Gaussian distribution and 
were ordered to the joint contacts (different colours 
in Fig. 25 show different material properties). The 
desired behaviour could not be achieved with the 
modification of the material and other parameters. It 
is suggested to divide the joint into joint pieces, and 
assign different properties to the different subjoints.  

Computational runnings were performed with another brick arrangement: the first course 
of brick is not running, but header. In that case, the failure mode was the same diagonal 
cracking, but the load bearing capacity decreased from 154 kN to 136 kN.  

7. Application and suggested further research 
Comparing the numerous experimental investigations of masonry walls subjected to shear 

with the numerical model helped suggesting model parameters for plain and reinforced 
masonry. This work can be the base for further numerical analysis. The results of the 
experiments of more than 100 brick and 50 mortar specimens provide mechanical material 
parameters for forthcoming researches and projects. In the future, a larger scale model of 
buildings should be developed to prove applicability of the new masonry system as masonry 
shear wall in 3-5 storey buildings and that it fulfils the requirements of the earthquake design. 

Suggestions are given to the application of the main results of this work. 
1. The reinforcement could be built in the model, geometrically. 
2. The head and bed joints dispose of different properties. 
3. During loading the stiffness of the joint could be changed as it was experienced under 

vertical load. With a simple algorithm it can be tried.  
4. Vertical joint under the head joints could simulate the possible crack in the brick. 
5. More walls should be studied under shear in order to make a detailed study for the design. 
6. The out of plane and vertical behaviour of the new bonded wall is worth studying 

experimentally and numerically.  
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8. New scientific results 
Thesis 1 

I worked out a special, new type of brick laying method for Hungarian solid bricks that 
makes possible to place reinforcing bars in the middle pocket of the wall, between the bricks. 
It was proved that this bond fulfils the overlapping requirements of EC6 for reinforced and 
plain masonry. In order to determine the shear behaviour of the new system (bond, vertical 
and horizontal reinforcement, same mortar in the bed joint and in the pockets) I worked out 
and executed an experiment of the test series of 9 walls that allows the determination of the 
effect of the reinforcing direction on the shear load bearing capacity separately. 

a) I determined the parameters influencing the failure (the aspect ratio of the wall, the 
ratio of the horizontal and vertical loading forces, the strength of the mortar and the brick, 
the direction and amount of the reinforcement). I developed that the run of the crack 
pattern depends on the bond of the brick, also on the original arrangement of the brick. 

b) I collected, analysed and systematized the possible failure mechanisms of the 
masonry walls for all types of loading cases. The characteristic failure modes and 
mechanisms of the reinforced masonry walls were typed based on the experiments. I 
grouped the joint failure types of the reinforced masonry and it was stated that the joint 
failure modes are the same as in case of the plain masonry: the occurrence of the failure 
was stated at the unit-mortar surface of plain and reinforced masonry walls subjected to 
shear. 

c) I declared based on my experiments that the first crack appears in case of 
considerably bigger displacement at a higher load level, compared to the conventional 
masonry wall. The deformation and shear capacity of the masonry walls can be 
significantly enhanced by this system. I stated that the vertical reinforcement does not 
modify the shear stiffness of the wall and the horizontal one increases it. The extension of 
the cracked zone can be decreased, and the crack width is smaller than in case of the 
conventional wall at the same load level.  

Related publications: [1, 2, 9, 10, 11, 12, 16, 17] 

Thesis 2 

I worked out and executed an experimental series on the Hungarian solid clay brick in 
order to determine its normalized mean compressive strength. The following parameters were 
studied using 110 specimens: the roughness of the surface, the height, width, length and shape 
of the specimen, the shape and size of the loaded area, the type of the sampling (cut or 
drilled), the direction of the loading and the effect of the burn in. 

a) I gave relationships and formulae for the estimation of the effect of the investigated 
parameters on the normalized mean compressive strength. I determined that the height of 
the specimen has the biggest effect and I gave formulae for the dependency of the 
compressive strength of the sample on the height (C/xk). 

b) I proved that the brick shows an orthotropic behaviour in the compressive strength. 
Three characteristic directions were defined that correspond to the three producing 
directions. The orthotrophy is in the same order of magnitude as the size of the specimen. 

Related publication: [3] 

Thesis 3 

Cylindrical, cubic and prismatic brick specimens were investigated (110 pieces) in order to 
determine the Young’s modulus of the brick.  

a) I determined the initial values of the Young’s modulus and I gave explanation to 
the reasons of the differences being found in the literature. According to my 
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measurements I gave suggestion to the standard investigation method of the elastic 
modulus.  

b) I determined that the three different elastic modulus values can be determined from 
the normalized mean compressive strength. The Young’s modulus of the brick is in every 
direction ca. 1000-times the normalized mean compressive strength. 

c) I determined that the orthotrophy of the compressive strength and the orthotrophy 
of the Young’s modulus have the same ratio in the defined directions. 

d) I determined that during the loading the Poisson’s ratio changes in different ranges 
in the defined directions. I proved the reason of that is the different amount of cracks in 
the different directions. 

Related publication: [3, 4] 

Thesis 4 

According to the experiments carried out on mortar prisms (12 pieces), the Young’s 
modulus of the mortar is ca. 1000-times the compressive strength. A method was suggested 
for standardisation of the measuring the Young’s modulus of the mortar.  
Related publication: [4] 

Thesis 5 

Based on the non-destructive, Schmidt hammer type N tests on bricks:  
a) I evaluated the applicability of the relationship and I determined that all the 

relationships of the rebound number of horizontal beating directions and compressive 
strength given in the literature results in the normalized mean compressive strength in the 
A direction. The relationships of Dulácska, 2008 and Dulácska-Józsa-Borosnyói give the 
best match in the investigated rebound range. 

b) I determined relationships for the rebound values and the normalized mean 
compressive strength in the producing directions in case of horizontal beating directions. 

Related publication: [3] 

Thesis 6 

With the 3DEC 3D discrete element code the tensile and shear failure of the mortar-unit 
joint was simulated and in one complex model I simulated the behaviour of the plain masonry 
being tested experimentally. I suggested the values of the basic parameters for the simulation 
based on the 3 different behaviours (tensile test (1), shear test (2) and wall test (3)). 

I proved that the contact can be modelled as a plastic joint area contact with Coulomb slip 
failure with cohesion and tensile strength, displacement weakening and till the failure linear 
for the joint. The results correspond to the result of the experiment in case of the load bearing 
capacity, initial shear stiffness and crack pattern. 

I determined that in every three case the pre-peak stiffness is bigger than in the 
experiments. To simulate the pre-peak and post-peak softening, I developed a new method 
with simple modification of the joint parameters of the constitutive model. 

Based on the new model I gave suggestions to the values and standard deviation of the 
joint parameters and the parameters of the model. This method was verified according to 
results of tensile tests of other researchers.  

I showed that with the adequate choosing of the parameters of the plain masonry model 
the behaviour of the reinforced masonry can be simulated.  
Related publications: [13, 15, 20] 
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