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Preface 

There are a lot of building materials and each of them has advantages and disadvantages. 

For residential housing (even for more storeys) the brick is one of the best solutions. Although 

it belongs to the conventional and traditional building materials, reinforced concrete frames 

are favoured in construction industry nowadays. In that case the masonry is used purely as an 

infill wall. The load bearing capacity of the masonry is only significant for the design of one- 

or two-storey constructions. In Hungary many middle-tall buildings are built every year, and 

reinforced masonry could be a good construction course for this sort of buildings. In order to 

show that reinforced masonry can be a competitor of the cast in situ reinforced concrete 

frames some important features are outlined: the specific weight of reinforced masonry is 

smaller, the thermal and soniferous conductivity of the masonry is worse and it also has better 

resistance against fire and chemicals than reinforced concrete. As formwork is not necessary, 

the implementation is simpler and cheaper. Last but not least, the wall can be loaded right 

after finishing the construction. The only disadvantage of masonry is the low tensile strength 

which is important against strong wind and earthquake loading. A lot of middle-tall masonry 

buildings were demolished or at least suffered serious injuries during earthquakes. If they 

were more ductile they would be competitors to monolithic reinforced concrete structures. 

Therefore, the deformation capacity, tensile strength and shear resistance could be enhanced 

by reinforcing masonry. If the ductility of masonry walls was increased, four- or five-storey 

buildings would be built of masonry without using reinforced concrete frames. This solution 

can be an eco-friendly, time- and cost effective possibility to construct buildings. 

Unfortunately, the culture of masonry decayed in the last decades. Smaller emphasis is 

laid on the masonry than on the reinforced concrete or the steel structures in the university 

education. The lack of the knowledge about the constituents, the strong nonlinearity and the 

complexity in the material and the quick spread of the steel and the reinforced concrete forced 

back the structural application of masonry. However, masonry is an important part of the 

building industry because private houses of significant number are and were built from brick. 

Therefore, the main goal of this work was to give a general review on the reinforced 

and plain masonry in order to highlight its advantages. The objective was to summarize the 

basic knowledge by showing its benefits and diversity. An exhaustive experimental program 

was accomplished in order to know more about the shear behaviour of reinforced masonry. A 

modified discrete element model was presented for masonry walls. 
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Notation 

c the cohesion [N/mm2 or N/m2] 

d the diameter of the sample [mm] 

ei the eccentricity at the top of the wall [mm] 

einit the initial eccentricity [mm] 

f*b  the compressive strength of a specimen of 100 mm x100 mm loaded area [N/mm2] 

fb,65  the compressive strength of the brick specimen of 65 mm height [N/mm2] 

fc the joint compressive strength [N/mm2 or N/m2] 

fc,brick  the compressive strength of the brick [N/mm2] 

fc,k,masonry  the characteristic compressive strength of the masonry [N/mm2] 

fc,mortar  the compressive strength of the mortar [N/mm2]  

fd the design compressive strength of masonry [N/mm2] 

fnormc,brick  the normalized mean compressive strength of the brick [N/mm2] 

ft the tensile strength of the joint [N/mm2 or N/m2] 

ft,brick  the tensile strength of the brick [N/mm2] 

ft,mortar  the tensile strength of the mortar [N/mm2] 

fvd the design shear strength of masonry [N/mm2] 

fvk the characteristic shear strength of masonry [N/mm2] 

fvk0 the characteristic initial shear strength [N/mm2] 

fvlt the limit shear strength [N/mm2] 

fyd the yield strength of the reinforcement [N/mm2] 

h the height of the specimen (the size of the sample in the loading direction) [mm] 

heff the effective height of the wall [m] 

htot the total height of the wall [m] 

kn the joint normal stiffness [N/m2/m] 

ks the joint shear stiffness [N/mm2 or N/m2] 

l the length of the wall [mm] 

lc the compressed length of the wall[mm] 

r the radius of the undeformed sample [mm] 

t the thickness of the wall [mm] 

v  the smaller size of the loaded area of the brick (the width of the brick) [mm] 

w the bigger size of the loaded area of the brick (the width of the brick) [mm] 
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Aloaded  the loaded area [mm2] 

Asw the amount of horizontal reinforcement [mm2] 

Ebrick  the compressive Young’s modulus of the brick [N/mm2] 

Ec the joint compressive Young’s modulus [N/mm2 or N/m2] 

Elongterm the compressive Young’s modulus of the masonry for long term loads [N/mm2] 

Emasonry the compressive Young’s modulus of the masonry [N/mm2] 

Emortar  the compressive Young’s modulus of the mortar [N/mm2] 

Et the joint tensile Young’s modulus [N/mm2 or N/m2] 

G the shear modulus [N/mm2 or N/m2] 

Gmasonry the shear modulus of masonry [N/mm2] 

K the bulk modulus [N/mm2 or N/m2] 

K’ the constant for calculation the characteristic compressive strength of masonry [-] 

NEd  the design value of the load on the wall [kN/m] 

NRd  the design vertical load resistace [kN] 

R the radius of the deformed sample [mm] 

Ri  the rebound value of the Schmidt hammer Type N tests [-] 

VEd the design shear load [kN] 

VRd the design shear force [kN] 

VRd1 the design shear force of the masonry wall [kN] 

VRd2 the design shear force of the reinforcement [kN] 

 

δ  the shape/conversion factor for calculation fnormc,brick according to [3] [-] 

εc,∞ the final creep strain [-] 

εc,brick the brick strain measured at the compressive strength [-] 

εc,mortar the mortar strain measured at the compressive strength [-] 

εel the strain at the elastic limit [-] 

εhorizontal the strain measured by the horizontally glued strain gauges on brick samples [-] 

εvertical the strain measured by the vertically glued strain gauges on brick samples [-] 

γM the safety factor for masonry [-] 

ϕ the iternal friction angle [°] 

φ the reduction factor [-] 

φ∞ the final creep coefficient [-]  

Ψ the dilatation angle [°] 
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σd the design compressive strength [N/mm2] 

νbrick  the Poisson’s ratio of the brick [-] 

νmortar the Poisson’s ratio of the mortar [-] 

υ the imperfection angle [-] 

 

Abbreviations 

COV coefficient of variation 

DEM discrete element method 

EC6 Eurocode 6 

FEM finite element method 

IDT inductive displacement transducer 

IST inductive strain transducer 

NS number of investigated samples 

RC reinforced concrete 

RM reinforced masonry 

SD standard deviation 

NM number of different materials in the 3DEC model 
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1. Introduction 

Brickwork can be combined from many of the following components: adobe, ashlars, 

blocks, bricks, bitumen, chalk, cement, lime and mortar. Not only the variety, shape and form 

of the components but also the inhomogenity of the material (voids and joints) make difficult 

to characterize the behaviour exactly. Because of the diversity of the mortar, masonry units, 

their manufacturer and the local producing habits not only the mechanical features of each 

material, but also that of the structures given in the literature is different. Because of the rich 

structural application of masonry a lot of types of units are available in America (Fig. 1): 

concrete block, solid concrete brick, clay block, solid or cored clay brick, clay tile, sand-lime 

units and adobe units. Table 1 presents the types and characteristics of masonry units and 

shows how many types of bricks exist with how different properties. The size and strength of 

the American masonry units are different from the Hungarian types. In our country the bricks 

dispose of the average strength of 7-10 N/mm2 according to the qualification of the producers. 

 
Fig. 1 American brick types: a) concrete block, b) concrete solid brick, c) clay block,  

d) hollow clay brick, e) solid and cored clay brick, f) clay tile, g) sand-lime brick [1, 2] 

Table 1 [1] 
Type Size [mm] fc,brick [N/mm2] Structural use 

Concrete 
block 

100-150-200x200x400, net 
area compared to gross 55-60% 

5-35 
Canada, Chile, Columbia, 

Costa Rica, Mexico, Peru, US 
Concrete 
solid brick 

100x140x240 5-9 Canada, Mexico 

Clay block 

150x200x400, 150x100x300 
net area: 55-60%, two big cores 

 fully or partially filled RM 

290x140x71, 290x175x71 15-22 Chile 
145x395x195, 145x295x90 15 Columbia 

292x114x89 18-100 USA 

Clay brick 

Volume of holes: max. 30 % 5-14 conf. mas., Mexico, Peru 
195x57x92  USA 
24x55x120  Columbia 
67x100x200  Canada 

Sand-lime 113x240x71, 113x240x 113 13-20 Bolivia, Ecuador, Peru 
Adobe - 1 Peru 
Clay tile 115x330x230 5 Columbia 

Clay brick 
440x250x249, 120x250x65, 

300x250x238 
7-10 Hungary 

 

 

In the Eurocode 6 [3] six types of masonry units are defined: clay, calcium silicate, 

aggregate concrete, autoclaved aerated concrete, manufactured stone and dimensioned natural 

 

a) b) c) d) e) f) g) 
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stone units. The units are grouped for 

simplifying the design in the following 

classes: Group 1: solid bricks or bricks 

with low volume of holes, Group 4: 

bricks with horizontal holes, Group 2 

and 3: other bricks that do not belong to 

other groups and contain only vertical 

holes. Some examples of the Hungarian 

brick types are shown in the Fig. 2.  

1.1. Structural application of masonry systems 

The structural wall systems are grouped generally in load bearing and non-load bearing 

wall systems. The latter are the room dividers, parapets, veneer walls, facades that bear only 

loads acting out of plane and the dead weight. Load bearing walls are part of the structural 

system and subjected generally to vertical and horizontal in-plane loads. In the following the 

structural masonry systems are classified according to the number of storeys [1, 2 and 4].  

1.1.1. Low-rise buildings 

Low-rise building nomination covers buildings of few stories (max. 3), usually without 

elevator, whose most frequently building material is the masonry not only in Hungary, but 

also in Latin America. Because of the low cost of the execution, the durability and the better 

heat insulating properties than reinforced concrete it is frequently used for residential housing. 

In the USA and in Canada the timber 

structures are often used as roofing, by 

omitting the reinforced concrete slabs 

because of esthetical reasons, or as 

horizontal and vertical structural 

elements of low-rise residential 

buildings. The timber load bearing 

elements are combined with masonry 

veneer walls or facades. In this case the 

masonry is not part of the load bearing 

system, it covers the load bearing structure from the environmental effects and plays 

esthetical role. In Peru the use of plain masonry is allowed only in those areas that are not 

threatened by earthquakes. Fig. 3 shows the architectural forming of low-rise buildings. 

Fig. 2 The variety of the brick demand in Hungary 

Fig. 3 Low-rise buildings in Latin-America, 
USA and Canada [2] 
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1.1.2. The middle high and high-rise buildings 

Masonry walls have enough compressive resistance to transmit the vertical forces without 

failure. However, their load bearing capacity against the horizontal loads (wind, earthquake) 

and their deformation capacity is low. In order to make them competitive with other middle 

high and high rise structures, their horizontal and lateral resistance should be improved. These 

systems consist of twodirectional load bearing walls and cast in situ or pre-cast reinforced 

concrete (RC) slabs, on the top of which a few cm thick concrete cover is placed generally. 

Thus the slabs and the roof form a stiffening system, the shear-wall system. The slabs act as 

diaphragms, distribute and transfer the lateral forces to the shear walls. The walls are 

subjected to horizontal shear forces and carry the vertical dead and live loads. They are 

generally placed in two perpendicular directions, symmetric and continuous in vertical and 

horizontal directions 

in order to prevent the 

torsion of the buil-

ding. The two main 

types of structural 

masonry are shown in 

Fig. 4: coupled (a, b) 

and connected walls (c, d). Two subtypes of both are presented: the reinforced masonry (RM) 

and the confined masonry (See Chapter 1.2.3 for details). The RM is applied instead of 

reinforced concrete columns. 

In the USA and in Canada RM is applied 

together with RC slabs and the masonry units are 

made of concrete. Walls are constructed on the 

rigid base, the reinforcement is anchored in the RC 

base and slabs. These systems are applicable for 

30-storey buildings even in areas threatened by 

earthquakes. This method allows the construction 

of only 8 storey buildings in Costa Rica and in 

Latin America the height limit is 4-6 storeys. Fig. 

5 shows the general structural systems of masonry 

(the shear wall system) for middle and high-rise 

buildings. Because of these reasons came the idea that in Hungary a reinforced masonry 

system of 25 cm could be applicable for 4-6 storey buildings with RC slabs. 

Fig. 5 Masonry wall system [2] 

Fig. 4 Wall systems a) confined masonry (coupled wall), b) 
reinforced masonry (coupled wall), c) confined masonry 
(connected wall), d) reinforced masonry (connected wall) [2] 

a) c) b) d) 
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1.1.3. Frame structures with more storeys 

In Latin America slabs are often joined to concrete columns and beams in order to stiffen 

the structure. The behaviour of this structural system is beneficial from the seismic point of 

view: the reinforced concrete frames are combined with masonry infill that is not subjected to 

vertical loads; however it stiffens the reinforced concrete frames due to horizontal actions. 

In Hungary the reinforced concrete frames are favoured in building-trade nowadays. Other 

structural types of masonry are applied very rare, except the residential housing. 

1.2. Masonry wall systems 

1.2.1. Mortarless interlocking and dry stacking systems 

In the USA masonry walls are built without mortar. One 

of these systems is the Haener (Fig. 6), in Peru the 

“Mecano” and “Practibloque” systems. These forming 

systems consist of concrete blocks (and concrete infill) that 

meet the structural properties of conventional concrete. 

Time and cost are saved during construction and the quality 

of the execution is more controllably than in case of 

conventional masonry structures with mortar layers. The 

heat insulance properties are worth than that of the masonry. 

As Fig. 6 shows the preformed recesses allow to position reinforcing bars horizontally and 

vertically. The mortarless block wall can be solid grouted or not. If the wall is not grouted, the 

joints have to be sealed by caulking or applying a sealant sprayed or painted on the surface of 

the blocks or they has to be plastered. These systems are very similar to the Hungarian 

“zsalukı” building system that is applied only for building of walls of cellars, generally. 

Two new building methods are 

spreading in Hungary nowadays 

that does not use mortar: thin layers 

of a special glue fluid (Fig. 7a) or 

extra glue foam (b) ensure the bond 

between the elements. Bricks are 

made with exact geometry thanks to polishing of the surface. These technologies allow 50% 

quicker construction [6], wasteless, cleaner building site compared to the conventional wall 

systems and construction in the wintertime, from -5°C. In Hungary these systems need to be 

studied but [3] suggests design formulas to the analysis. 

Fig. 6 The blocks of a mortar- 
less interlocking system [5] 

Fig.7 a and b New building systems in Hungary [7] 
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1.2.2. Reinforced masonry 

„…They said to one another, `Come, let us make bricks and bake them. ´They used bricks for stone and bitumen 

for mortar. Then they said, `Let us build ourselves a city and a tower with its top in the heavens.´” 

The quotation comes from the Old Testament of the Holy Bible, Book of Genesis, Chapter 

XI, Verses 3 and 4, and proves that masonry engaged people’s attention those days. The early 

Egyptians, Romans (and Greeks) built lots of monumental structures from masonry such as 

the pyramid of Cheops in Egypt, the Greet Wall of China, and the Pharos of Alexandria. The 

masonry of that time was different: Romans built walls from two masonry leaves and rubble, 

mixed with mortar in the middle. Greeks used mostly natural stone. Chinese built the walls 

mostly from adobe. According to researchers of Middle-East, Syria is said to be the birth 

place of the masonry arches. In the middle ages many castles and cathedrals were built using 

units, avoiding of metal or wood as a structural support. RM is not much younger than 

masonry since the ancient Greeks and Romans already had built anchors for reinforcing the 

wallwork. The simplest, immature way can be recognized: the adobe was reinforced by straw. 

At that time our fathers built haulm or reed in their cob walls. Actually RM dates back to 

about 1813 or 1825. In 1813, the French-born Marc Isambard Brunel designed a chimney in 

which reinforcement was already used. Ten years later he applied reinforcement in the 

Blackwall Tunnel. He designed two brick shafts with a diameter of 50 ft (15.2 m). The wall 

height of the shafts amounted to 70 ft (21.3 m) with a thickness of 30 in. (76.20 cm). Wrought 

iron ties and hoops of 1 in. (25.4 mm) were let in the brickwork as reinforcement [8]. 

Plain masonry structures resist to vertical compressive forces and the shear ones, they act 

as bearing wall structures, as it was shown. The structures are in possession of large mass and 

carry huge vertical loads. Accordingly they own resistance to any type of lateral loads and to 

overturning. At the end of the 1880´s the Monadnock Building in Chicago was constructed as 

a plain masonry bearing wall structure with a wall thickness of 1.80 m at the base to dispose 

of the required stability against wind load (13 storeys, 46 m high). As known even today if 

this building had been designed according to more modern aspects the wall thickness at the 

base might have accounted for 30 cm [9]. The claim to reduce the thickness of the masonry 

wall in the way not to lose the stability, and to create taller buildings which resist to huge 

lateral loads might have led to the evolution of plain masonry into the composite system, RM. 

The Church of Jean de Montmartre in Paris was built at the turn of the 19th century, 

designed by the architect Anatole de Baudot. The brick and ceramic tile-faced structure had 

exterior brick walls with a thickness of 4.5 in. (11.4 cm), which were reinforced vertically in 

the holes of the brick and horizontally in the mortar joints [10]. 
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The next step in the history of RM was taken between 1900 and 1910. The Park Güell in 

Barcelona, part of the World Heritage, was engineered based on the plans of the Catalan 

architect, Antoni Gaudi. During the reconstruction of the hanging balconies of the Park Güell 

turned out that the reinforcing bars were put in the holes of the flower stands [11]. 

After the Second World War the market was wrestling with the lack of steel; new building 

methods were developed: RC became wide-spread. At the time, masonry was found cheaper 

than structural steel or RC in some countries. Thus, the engineer’s attention was dawn to RM 

because reinforcement enhances the deformability (increases the energy dissipations), 

stabilizes the crack propagation, which ensures adequate safety in areas threatened by 

earthquakes. In lots of countries the RM system was developed forth to avoid tragedies: the 

earthquake damages in Long beach (USA 1933, M6.4) in Chile (1939, M7.8), in Lima (Peru, 

1940, M8.2) and in Popaya (Columbia, 1983, M5.5). At the beginning of the 1950’s years lots 

of RM structures were constructed in the USA, especially in California. Their majority are 

public buildings (schools, warehouses, banks, state buildings, churches). Noteworthy that a 

hospital from RM survived the 1971 San Fernando earthquake (M6.6) with no considerable 

structural damage, meanwhile other plain masonry buildings were seriously damaged [12]. 

Two basic types of RM exist. The first type is the reinforcing of masonry horizontally in 

the bed joint. In this case, the serviceability limit state of the masonry could be preserved: ie. 

not the load bearing capacity of the wall is improved, rather the presence of big cracks is 

avoided. In the second case, when the masonry is reinforced in both directions, horizontally 

and vertically, the load bearing capacity of the masonry is improved.  

1.2.2.1. Bed joint reinforced masonry 

The weaknesses of the masonry have been seen previously: on the one hand, the 

sensitivity to cracks, on the other hand the low flexural bearing capacity. Basically, 

reinforcement in brickwork is applied even for these two causes: the cracks can be prevented 

or the crack width can be significantly decreased by embedding bars or mesh in the bed joint. 

The flexural bearing capacity of the masonry increases considerably by horizontal reinforcing. 

Horizontal bed joint reinforcement is applied in the following cases [13] to prevent cracks 

(Fig. 8): 1. if temperature changes or moisture content variations occur the bricks dry out and 

shrinkage cracks arise. 2. Strains resulting from differential settlement (a) or 3. creep can 

cause big cracks. 4. At the corner and cross junction of buildings the cracks are very common 

due to the different strains of the differently loaded wall sections, which is decreased by the 

reinforcing of the junction. Fig. 8b shows the consecutive layers of a T junction. 5. Infill walls 

(d) in reinforced concrete frames suffer damage due to the deflection of the slab. 6. In the 
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place of concentrated load induction (c) tensile stress occurs in the plane perpendicular to the 

loading, which is handled by the bed joint reinforcement. It distributes the stresses uniformly. 

For example by reinforcing of the masonry lintels or beams around openings (e, f) cracks can 

be prevented by prefabricated reinforcement meshes and lintel hooks. 7. If the walls of cellars 

(g) and retaining walls are unable to carry the loads from the compression of the soil, vertical 

joint reinforcement can solve the problem. The resistance of the walls of silos (h) and shear 

walls of buildings against horizontal loads (i) can be strengthened in the same way.  

 
A detailed description of the bed joint reinforced masonry walls can be found in [14-17]. 

In addition, the thermal conductivity of a RM beam or lintel is smaller than that of the RC; 

accordingly the thermal insulation presents a far minor problem than that of a reinforced 

concrete ring beam. A precast bed joint reinforcement consists of two longitudinal wires, 

welded to a continuous zigzag cross wire, to form a lattice truss configuration. If the mesh or 

bars are embedded in the bed joint the bond strength of the brickwork increases. The use of 

separate reinforcing bars is unlucky, as they may move away from their position during the 

construction easily, and the mortar cover could be unsatisfactory. 

The most characteristic bed joint RM construction 

in Hungary is the walls of the “Papp László 

Sportaréna” in Budapest (Fig. 9). The internal walls of 

the covered stadium are fairly tall, 4-8 m. Thus the 

wind load they are subjected to has high intensity and 

are overloaded with the escaping people in case of an 

emergency. Using reinforcement, the width of the masonry wall decreased from 30 cm to 20 

cm, which resulted reduction in cost and more spectacular sight. The design and the construc-

tion were completed by an international corporation of Hungary, France and the UK [13]. 

b) d) 

e) 
f) g) h) 

a) 

Fig. 8 Applications of bed joint reinforcement [13] 

i) 

c) 

Fig. 9 The “Papp László 
Sportaréna” during construction 
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Moreover RM has architectural and aesthetic benefits. With reinforcement stack bonded 

(no overlapping of bricks), non-load bearing walls can be built. In this case reinforcement 

ensures the better co-operation of bricks. Fig. 10a shows an industrial building in Moan 

without overlapping of bricks. Fig. 10b shows a long wall section, one part of a fence. The 

movement joints are further from each other than usual. The directions of [13] state that 

movement joints can be 35 m far from each other if the masonry is reinforced in every 200 

mm. (If it is not reinforced, the maximal distance between joints amounts to 20 m.) 

1.2.2.2. Both direction reinforced masonry 

The structural forming is very different. Two basic types are distinguished: the single- and 

the multi-leaf walls. In the first case vertical bars are placed in the middle of the holes of 

concrete or masonry blocks being filled by grout or concrete. Horizontal reinforcement is 

located embedded in the bed joints or 

in the bond beam units (Fig. 11). In 

case of two-leaf walls, twodirectional 

reinforcement is placed between the 

two leaves of the wall. In both cases 

the cells and holes are filled by grout or concrete. The reinforcement can dispose of different 

shape and quality, bar or mesh. In the USA and in Canada both types are well-known but the 

first method is the most frequent. Horizontal reinforcement is placed in hollow concrete units 

with recessed top faces (not in the mortar joint) in case of commercial earth-quake resistant 

masonry construction in the seismic areas. The wall is filled with grout, assuring bond and 

protection for the reinforcement. In Middle and South America only single-leaf walls are built 

from clay units. The essential difference in the building strategy compared to the eastern part 

of the continent is that the walls are filled only in those areas where reinforcement is placed in 

the wall. In Middle America, Columbia and Peru the horizontal reinforcement of small 

diameter is placed in the bed joint in ladder or truss form. In Venezuela only the first two 

storeys have to be filled with grout in case of a 5-storey building. 

 

a) b) 

movement joint 

Fig. 10 The examples of RM: a) stack bonded wall, b) long wall without dilatation 

Fig. 11 Placing of reinforcement in masonry [2] 
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Depending on the type and the location of the materials, RM walls can be divided into the 

following classes (Fig. 12): reinforced cavity, reinforced solid, reinforced hollow unit, 

reinforced grouted masonry, and reinforced pocket type walls. RM inherits its advantages 

from the masonry and the steel. The previous disposes of intense compressive resistance, 

stability, durability and benefits as fire resistance, sound control and low maintenance. The 

latter evolves the tensile resistance, the structure possesses more flexibility and ductility 

needed in middle and high-rise building. 

 

a) Reinforced cavity masonry 

Cavity walls can be constructed from bricks, clay tile or concrete blocks. Two separated 

leaves are built (Fig. 12a) and metal ties or other bonding elements embedded in the bed joint 

adjoin the facing and the backing leaves. According to the recommendation of [10], the 

minimum thickness of the wall accounts for 8 in. (20.3 cm) if the height of the building does 

not exceed 35 ft. (10.7 m) or three stories. The separating cavity should account for 1-4 in. 

(2.5-10.2 cm). [10] attracts the attention to the following: if both sides of the wall are 

subjected to axial forces, each leaf must be considered to act independently. This type of RM 

is very effective considering the thermal insulation capacity because of the central cavity. 

b) Reinforced solid masonry 

Solid masonry is built from clay bricks or concrete blocks, laid in mortar continuously (b). 

The mortar bonds to clay brick better than to concrete unit. The latter could suffer from drying 

shrinkage but the previous is sensible to moisture content variations. All joints (bed, head and 

wall joints) are filled by mortar solidly. The bricks or blocks should be placed staggered, with 

a required lapping according to the bonding rules of bricks. The masonry could be reinforced 

with horizontal wires. Fig. 10a shows a building constructed with stack bonding. Reinforced 

solid masonry consists of more leaves. To the better joining the facing and backing leaves are 

bonded with headers vertically and horizontally. 

e) Brick:  plan view 

section view 

plan view, upper course 

bed joint  

vertical  

b) c) d) a) 
Reinforcement:  

Fig. 12 a) Reinforced cavity wall, b) Reinforced solid masonry, c) Reinforced hollow 
unit masonry, d) Reinforced grouted masonry, e) Reinforced pocket type wall 
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c) Reinforced hollow unit masonry 

As the name says, for this type of masonry, hollow units (both clay and concrete blocks) 

are applied (Fig. 12c). The units are laid with full-face shell mortar beds, the head and bed 

joints are filled with mortar. The bonding tiles in the courses need to be placed staggered. The 

vertical or horizontal reinforcing bars are positioned to improve the tensile strength. This 

construction is applied in grouted or in ungrouted form, but the previous is preferred. 

d) Reinforced grouted masonry 

It is very similar to the cavity wall; however the spaces are filled out with grout or 

concrete (d). The consistence of the grout is important, because the grout is able to penetrate 

even into the small spaces if the aggregate is well graded, smooth, and consists of small 

grains. It is important to fill the space around the bars thoroughly because of the danger of the 

corrosion. Two procedures exist to grout the masonry wall: the low-lift and high-lift case. In 

the first case after the construction of each course the cavity is filled out, in the other case the 

whole storey is constructed, when the grouting begins.  

e) Reinforced pocket type wall 

Reinforced pocket masonry is a common type of engineered structural masonry. The 

bricks are placed in so called “quetta bond”, as can be seen in the Fig. 12e. They are laid in a 

circle and the space is filled out with concrete or grout. The vertical reinforcing bars or 

stirrups are positioned in the corner or in the middle of the space. This type of RM is similar 

to the composing small columns next to each other and joined together. Horizontal bed joint 

reinforcement can be placed embedded in the bed joint. 

In Hungary those types of RM could be applied that contain bed joint reinforcement 

because of the easy construction. The masonry wall type of Fig. 12c is necessary to build 

from hollow blocks. These blocks are applied in Hungary and made of concrete. Vertical 

reinforcement is placed in the middle of the element and then they are grouted with concrete. 

Therefore they are designed as concrete members. It is suggested to use other types of RM, 

because the units in Hungary could be adapted for all types of RM walls easily.  

1.2.3. Confined masonry 

According to [18] if the plain or reinforced masonry walls are confined on all four sides 

by RC members or RM, the construction system is called as confined masonry (Fig. 13a). The 

confining elements are neither intended nor designed to perform as a moment-resisting frame 

[18]. In Peru the mortar joints of the 4-5 storey buildings are reinforced to resist the total 

horizontal shear force, the vertical bars are placed at the end of the wall. The bed joint 

reinforcement is anchored in the confinement elements (Fig. 13b). Because this building 

system is almost unknown in our country, the forming of the confined masonry is reviewed. 
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When RC frames are constructed and the masonry walls are 

for space partitioning and shear stiffening, the system is 

called as masonry-infilled frames. In that case the reinforced 

concrete frame is constructed first, the masonry is built 

later. In the case of the confined masonry, the masonry 

walls are load-bearing and carry the gravity and the lateral 

loads. Thus, both horizontal and vertical ring beams are 

constructed. This way, the reinforcement is placed around 

the perimeter of the masonry. The horizontal confining 

elements are RC 

beams running 

continuously at every storey. The wall sections are 

mostly quadratic, but confining elements can be 

placed not only at the level of the floors, but also at 

the level of half storeys. The vertical reinforcement 

of the wall is similar to the column armature 

(Fig.14), the longitudinal bars are joined by 

stirrups. The vertical bars are anchored into the 

base and run along the entire wall height. 

1.1. RM in the history of the Hungarian architecture 

Reinforced masonry has been used in the 1950’s in Hungary. The standard gave methods 

to calculate load bearing capacity of reinforced masonry at that time. [20] prescribed 

minimum mortar and brick strength if the masonry is intended to be reinforced, and 

distinguished horizontal (mesh) and 

longitudinal (vertical) reinforce-

ment. The horizontal mesh or zig-

zag reinforcement was placed into 

the mortar layer (Fig. 15a and b). 

The maximal distance between the 

reinforced layers is 3 courses of 

bricks. Fig. 15c shows the applica-

tion of reinforcement in masonry 

column for bed joint and for vertical reinforcement [20]. Fig. 15d and e show the concrete and 

brick composite columns. One construction method of columns is shown in Fig. 15f.    

Fig. 13 Confined masonry a) 
with RC members and b) with 
bed joint reinforcement [2] 

a) 

b) 

Fig. 14 Details of 
confined masonry [19] 

a) b) c) d) 

e) f) 

brick 

concrete 

mortar 

Fig. 15 Suggestions for application of RM [20, 26] 



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

2.Mechanical properties of masonry 

 - 17 - 

In the 1960’s emphasis was put rather on RC and the building culture of masonry 

decayed. The Hungarian Standard [22] only dealt with plain masonry. At the beginning of the 

21st century, the issue of [3] in 2006 brought RM back into the practice. 

2. Mechanical properties of masonry 

The basic mechanical properties and failure modes of masonry are shown for the better 

understanding its behaviour, in certain cases compared to the design prescriptions. In the 

literature no basic state of the art report can be found that describes the behaviour of as well 

as reinforced and plain masonry walls subjected to different loads, or loads acting in the 

plane or out of the plane. These were not available before in that complete form. Therefore, a 

theoretical and practical summary is presented here. The failures are considered as strength 

failures and they depend on the stress state. Thus, they are defined as local failures. 

2.1. Behaviour of masonry subjected to compression 

The compressive resistance of the masonry wall is influenced by lots of parameters shown 

in Fig. 16. Fig. 17 presents the stress-strain diagram of a fired clay brick, mortar and masonry 

and reflects that the properties of the brick and the masonry are different.  

 
Fig. 16 Parameters influencing the compressive resistance of the masonry walls 

In case of smaller stress than the mortar’s compressive strength, the deformation of the 

masonry is very similar to the deformation of the mortar and the bricks. If the stress from the 

neighbouring brick is equal to the uniaxial compressive strength of the mortar, the mortar 

deforms laterally. The stiffer brick prevents the lateral deformation of the mortar through the 

bond between them. As a result of this strain check, tensile stress in the bricks and compres-

sive stress in the mortar occur perpendicularly to the loading direction (Fig. 18). In case of 

adequately strong vertical compression, multiaxial compressive stress condition appears in the 

bed joint while compression-tension condition evolves in the bricks. The compressive 

strength of the mortar is higher than the real uniaxial compressive strength due to the strain 

obstruction. The compressive strength of the masonry is smaller than the uniaxial comp-

ressive strength of the bricks owing to the additional tensile stresses parallel to the bed joint. 

Compressive resistance of a masonry wall 

Mortar - surface roughness 
- quality 
- size 
- building direction 
- firing temperature 
- production technology 
- volume of voids 

- quality 
- quantity 
- tensile strength 
- constituents 

Execution Masonry unit Joint 
- quality 
- overlapping of bricks 
- formation of bed 
  and head joints 
- quantity of joints 
- support conditions 

- infill of head joints 
- size of the bond area 
- adhesion 
- quality of execution 
- thickness of bed joint 
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Fig. 17 Stress-strain relationship for fired clay Fig. 18 Stress in the mortar layers and 

brick, mortar and masonry [23] in the quadratic bricks 

The characteristic compressive strength of the masonry, fc,k,masonry can be determined 

according to experimental investigations or in terms of Eq. (1):  

3.0
mortar,c

7.0norm
brick,c

'
masonry,k,c ffKf ⋅⋅=      (1) 

where K’ is a constant (0.55 for solid bricks) depending from the type of the units, and its 

value should be reduced by 0.8, if there is a mortar joint parallel to the face of the wall 

through all or any length of the wall. The nomination fnormc,brick means the normalized mean 

compressive strength (the compressive strength of a unit with the dimensions of 100x100x100 

mm3 in case of air-dried condition) of the unit in the 

direction of the applied action effect and fc,mortar is 

the compressive strength of the mortar. However, 

fnormc,brick should be obtained from tests where the 

direction of the application of the load to the 

specimen is the same as the direction of the effect in 

the masonry. For the application of Eq. (1) in every 

direction, the fnormc,brick should be determined in 

three directions (the compressive strength 

perpendicular to the flatwise direction is mostly 

determined by the producer) and it has to be proved 

that the coefficient of variation of the strength of 

the masonry unit is smaller than 25 %.  

The compressive strength of the masonry perpendicular to the bed joints can be 

determined according to [24] from at least 3 specimens. The Young’s modulus of a wall is 

determined according to Fig. 19, from the mean of the strains at the 1/3 of the biggest 

compressive stress. In the Americas a quite similar to the European testing method is applied 

on masonry prisms, however only stack bonded prisms are investigated. 

Masonry 

Mortar 

Fired clay 
brick 
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Fig. 19 Young’s modulus a) in Europe 
[24] and b) in the Americas [1] 

a) 

b) 
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[3] distinguishes different types of masonry walls: single-leaf, cavity, double-leaf, grouted 

cavity, faced, shell bedded and veneer walls. The load bearing walls are shear walls or 

stiffening walls. Therefore, it is necessary to overlook the design prescriptions. Masonry is 

grouped according to [3] from the design point of view: reinforced-unreinforced, members 

(flanged members, deep beams, composite lintels) and walls, and from the mortar point of 

view: thin layer mortar, shell bedded, general purpose mortar. 

[3] deals the partial safety factor for the masonry and not for the brick and mortar. The 

safety factors for masonry are shown in Table 2. Therefore, characteristic values exist only for 

the strength of the masonry, determined by the properties of the brick and the mortar. [3] 

recommends the determination of the structural properties of new masonry types by testing. 

National choice is allowed in certain clauses that are proved by experimental investigations. 

Table 2 The γM safety factors for masonry [3] 

Masonry made with 1 2 3 4 5 
Units of category I, designed mortar 1.5 1.7 2.0 2.2 2.5 
Units of category I, prescribed mortar 1.7 2.0 2.2 2.5 2.7 

Units of category II 2.0 2.2 2.5 2.7 3.0 
Reinforcing steel 1.15 

 

For the better explanation of the Table 2 following terms are cleared: designed masonry 

mortar is a mortar type, whose composition and manufacturing method is chosen in order to 

achieve specified properties (performance concept). Prescribed masonry mortar is a mortar 

type made in predetermined proportions, the properties of which are assumed from the stated 

proportions of the constituents (recipe concept). Units of category I means that the strength of 

the sample is under the declared value has the probability of only 5 %. Category II means a 

lower reliability level, however the COV of the compressive strength of the units is not greater 

than 25 %. In order to determine the class of the masonry wall, the following table can help: 

Table 3 The execution classes of masonry [25] 

Type of the execution,       the work is 
Class 

1 2 3 4 5 
overlooked by an experienced, well-educated employee of the 

building contractor 
x x x x x 

controlled by an independent, experienced, well-educated person x x x   
Samples are made at the building site in order to check the 
strength of the mortar and the concrete infill in a laboratory 

x x    

Designed and factory made mortar is applied x     
Prescribed and site-made mortar can be applied  x x x x 

The infill of the joints is at least [%] 100 100 100 90 80 
Type of the bricklaying method: the wall does not contain units 

smaller than 
a 1/2 brick a 1/4 brick  
The bricks are split by saw  
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During the design of masonry walls subjected to compression imperfection and initial 

eccentricity, einit should be taken into account. The imperfection it should be assumed that the 

structure is inclined at an angle, υ to the vertical (htot is the total height of the wall [m]): 

toth100

1
=υ  [rad]     (2) 

250

h
e ef
init =       (3) 

The effective height of the wall, heff shall be assessed according to the relative stiffness and 

efficiency of the elements connected to the wall. The general control for walls (any difference 

does not exist between reinforced and unreinforced walls): 

dRdEd ftNN ⋅⋅φ=≤      (4) 

where t is the thickness of the wall and fd is the design compressive strength of the masonry, 

and φ is the reduction factor, calculated from Eq. (5). 

t

e
21 i−=φ       (5) 

t05.0ee
N

M
e inith

id

id
i ⋅≥++=     (6) 

Mid and Nid are the design value of the bending moment and the vertical load at the top or at 

the bottom, eh is the excentricity at the top or at the buttom from horizontal loads. The control 

should be done at the end and in the middle section of the wall. In the latter case the 

eccentricity of the creep should be added to Eq. (6) and φ is calculated otherways. For 

reinforced masonry there is not any different design method. 

 

Fig. 20 The failure modes of masonry 

According to the design principles being presented here, the following failure modes can 

be distinguished (if the masonry is fixed at the two sides): bending, bending and shear, or 

compressive failure. If the force is eccentric, global out of plane failure can occur. The 

possible failure modes and crack patterns are shown in Fig. 20 and 21. 

brick failure 

bending 
and shear 

bending 
I. 

compression 

mortar failure Crush and fall out 

Due to 

compression 
due to compression 
due to transversal tension 
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Fig. 21 The failure modes of masonry 

2.2. Behaviour of masonry due to horizontal compression (bending) 

The tensile strength of the brickwork perpendicular to the bed joint is determined from 

the cohesion between the brick and the mortar or from the tensile failure of the bricks; the one 

that offers the smaller resistance will cause the actual failure mode. The tensile strength may 

have a significantly different value and consequently, the tensile strength of the masonry 

perpendicular to the bed joint is not considered during the design.  

In case of tensile stresses parallel to the bed joint, the failure occurs when either the 

adherence between the brick and the mortar disappears or the tensile strength of the brick 

exceeds the limit. In Fig. 22 the thick lines demonstrate the location of the cracks. The two 

types of the tensile failure parallel to the bed joint are the stepped cracks through head and 

bed joint, and the cracks running vertically through the unit and the head joint. The first one 

is typical if the mortar’s compressive strength is smaller than the half of that of the unit. In 

case of the same compressive strength the bricks are damaged, too [26]. 

Two different failure modes of walls subjected to 

horizontal forces exist depending on the type of the 

support conditions: (1) the plane of the failure is 

parallel and (2) it is perpendicular to the bed joints 

(Fig. 23a) [3]. The flexural strength having a plane of 

the failure parallel to the bed joint, fxk1 could be 

determined from test series or is considered in case of 

clay units and general purpose mortar as 0.1 N/mm2. 

The flexural strength having a plane of the failure 

perpendicular to the bed joint, fxk2 is 0.2 N/mm2 for 

mortar strength smaller than M5, otherwise 0.4 

N/mm2 (in case of clay unit).  

A standard method exits to determine the flexural 

bond strength of masonry prisms, the test setups of 

which are shown in Fig. 23b. The failure modes are summarized again in Fig. 24. 

Eccentric 
compression II. 

a) 

b) 

Fig. 23 a and b The flexural 
strength of masonry walls [3, 27] 
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Fig. 24 Failure modes of masonry subjected to horizontal compression 

2.3. The shear strength 

The behaviour of a masonry wall subjected to shear is influenced by the parameters shown 

in Fig. 25. If a wall is subjected to vertical and horizontal loads in its plane skew principal 

stresses will arise. In the case of wind loading, a biaxial stress condition occurs in the plane of 

the wall resulting from the normal and shear stresses.  

 

Fig. 25 Parameters influencing the shear behaviour of a masonry wall 

The following failure mechanisms arise for walls subjected to horizontal loads: 1. in case 

of lower vertical load the failure occurs in the joints of bricks due to friction (stepped 

cracking). 2. If the load acting vertically has higher intensity, the bricks are damaged due to 

the tensile principal stresses. 3. The highest load intensity will result in compressive failure of 

the masonry. In case of plain masonry walls the smallest resistance is governed by the failure 

of the joint generally. The possible types of the joint failure are shown in Fig. 26 [28]. 

Assuming that the head joints resist marginally shear stresses the failures are the following: 1. 

tensile stress arise between the unit and mortar, the adhesion disappears due to the shear force 

acting on the wall (Fig. 26a). This failure is characteristic in case of low values of 

compressive stress acting simultaneously. 2. Slip in the bed and head joints in case of low 

compression and high unit tensile strength (b). 3. The tensile failure of the unit and diagonal 

crack of the unit in case of high compressive stress and low tensile strength of the wall (c, d). 

4. The compressive failure of the joint and the unit (e). The presentation of the failures and the 

stress limits are shown in the plane of the shear and normal stresses in Fig.27. 
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Fig. 26 Joint failures in masonry: a) joint tensile failure, b) joint slip, c) tensile failure of the 
brick and the joint, d) diagonal crack of the brick, e) compressive failure [28] 

[3] suggests calculating the shear strength of the 

brickwork from tests. If no test results are available the shear 

strength of the masonry can be worked out from the sum of 

the shear strength without the effect of the compressive stress 

perpendicular to shear. The characteristic shear strength of the 

masonry, fvk can be calculated as the sum of the initial shear strength of the wall and one part 

of the compressive stresses perpendicular to shear ([3] determines the additional 40 %). The 

characteristic initial shear strength of masonry, fvk0 is determined from tests in accordance 

with [30] or [31]. For masonry with general purpose mortar, if all joints are considered as 

filled, the characteristic shear strength of masonry can be calculated from the Eq. (7): 

norm
brick,cd0vkvk f065.04.0ff ⋅≤σ⋅+=  or vltf     (7) 

where fvk0 characteristic initial shear strength under zero compressive stress (in case of clay  

masonry units, M3 mortar fvk0 = 0.2 N/mm2, and in case of M10 mortar 0.3 N/mm2), σd design 

compressive stress perpendicular to the shear in the member, fnormc,brick is interpreted in the 

direction of the load perpendicular to the bed face, fvlt is a limit related to the tensile strength 

of the unit and overlap in the masonry. ([3] suggests 

applying the normalized mean compressive strength of the 

brick on the actual direction.) 

[30] deals with the determination of the initial shear 

strength of masonry. The test setup of the standard 

investigation procedure is shown in Fig. 28. In [1, 32] a lot 

of test setups can be read that are different from the 

European standard. Some of them are presented in Fig. 29. 

           

Fig. 29 Other test setups for determination of the shear strength of masonry [1, 32] 

a) b) c) d) e)  

σ 

τ 

1. 

2. 
3. 

4. 

Fig. 27 Shear resistance 
of a masonry wall [29] 

Fig.28 Determination of the 
initial shear strength [30] 
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One of the most common failures of masonry is the diagonal cracking due to horizontal 

shear load. Appearing cracks is explained by the fact that a diagonal, compressed strut 

evolves and principal compressive stress arises in this direction. Principal tensile stress raises 

perpendicularly to the strut (Fig. 30). Generally, if the compressive strength of the mortar is 

lower than half of the unit compressive strength, shear crack occurs in the mortar: diagonal, 

stepped cracks in the head and bed joints. If the compressive strength of the mortar is higher, 

vertical cracks may go through head-, bed joints and units [9]. If the tensile stresses are 

transferred to materials disposing tensile resistance (reinforcement), the failure, directly after 

diagonal cracking, of the masonry could be prevented. If the floors are rigid diaphragms, the 

horizontal forces may be distributed to the shear walls in proportion to their stiffness. The 

verification of the masonry shear walls subjected to shear can be calculated by Eq. (8): 

cvdRdEd ltfVV ⋅⋅=≤      (8) 

fvd is the design shear strength, over the compressed part of the wall lc, calculated by dividing 

the characteristic value by the partial safety factor. 

 

Fig. 30 The shear failures of masonry walls IV. 

The verification of the RM walls is almost the same. Two ways are possible: 

1. if the wall contains vertical reinforcement, and shear reinforcement is ignored (the 

minimum area of shear reinforcement is not provided, ie. the area of the main steel is less 

than 0.058 % of the effective cross-sectional area of the member taken as the product of its 

effective width and effective depth), and l the length of the wall. 

ltfVV vd1RdEd ⋅⋅=≤      (9) 

2.if the wall contains vertical reinforcement and horizontal shear reinforcement is taken into 

account (at least the minimum area of reinforcement is provided) In walls where bed joint 

reinforcement is placed to enhance the resistance to lateral loads, the total area of 

reinforcement is minimum 0.03 % of the cross-sectional area of the wall and the area of the 

secondary reinforcement is minimum 0.05 % of the cross-sectional area of the member. 
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ydswvd2Rd1RdEd fA9.0ltfVVV ⋅⋅+⋅⋅=+≤    (10) 

2
2Rd1Rd

mm

N
2

lt

VV
≤

⋅

+
     (11) 

For reinforced masonry, in [3] the minimum compressive strength of the mortar is prescribed: 

for bed joint reinforced wall it is min. 2 N/mm2, for other joint it is min. 4 N/mm2. 

 
Fig. 31 The shear failures of masonry walls V. 

2.4. Deformation properties of masonry 

In this chapter only the properties, being declared in [3], are interpreted. The stress-strain 

relationship of masonry in compression is shown in 

Fig. 32. The short term secant modulus of elasticity, 

E could be determined by tests in accordance with 

[24]. For structural analysis the Young’s modulus 

of a wall may be taken to be 1000·fc,k,masonry. The 

long term modulus of elasticity, Elongterm is calculated 

from the final creep coefficient, φ∞ and from the final 

creep strain, εc,∞ Eq. (12-14). The shear modulus of a 

masonry wall can be calculated from Eq. (15). 

masonry,k,cmasonry f1000E ⋅=     (12) 

∞φ+
=

1

E
E masonry

longterm      (13) 

el,c εε=φ ∞∞  and 
Eel

σ
=ε     (14) 

masonrymasonry E4.0G ⋅=      (15) 
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Fig. 32 Stress-strain relationship of 
masonry in compression [3] 
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It should be noted that no standardized European test method exists to determine the creep or 

moisture expansion, currently. Long term value of moisture expansion or shrinkage is a 

negative number if it indicates shortening, if it is a positive number, it indicates expansion. In 

case of clay masonry the deformation properties are shown in Table 4. In Table 5 the 

compressive strength, the shear strength and the Young’s modulus values are collected for 

typical walls (P:l:s means Portland cement:lime:sand ratio). 

Table 4 Deformation properties of the clay masonry 

 φ∞ [-] 
Long term moisture 

change in length [mm/m] 
Coefficient of thermal 
expansion αt [1/K] 

Clay unit 0.5-1.5 -0.2-+1.0 4-8·10-6 
 

Table 5 Typical compressive strength of masonry prisms [2] 

Country 
Type of masonry 

unit 
Mortar (P:l:s) fc,masonry 

[N/mm2] 
Emasonry 
[N/mm2] 

fv,masonry 
[N/mm2] 

Chile 
Hollow clay brick  5-7 5300  

Concrete block 
No grouting 4-5 2800-3600  
Full grouting 13-16 11000-15000  

Columbia 

Clay brick 

1:0:5 12 8700 0.9 

1:0:3 14 8080 1 

1:0:1 13 4880 0.9 

Clay tile 
1:0:5 2 1560 0.4 
1:0:3 3 1410 0.5 
1:0:1 3 1570 0.5 

Mexico 

Hand made clay 
brick 

1:0:3 5  0.65 
1:2:9 3  0.4 

Concrete block 
1:0:3 8   
1:1:6 7  0.57 

Cored brick 
1:0:3 14  0.36 
1:2:9 8  0.26 

Perforated brick 
1:0:3 7  0.46 
1:2:9 6  0.31 

Sand-lime brick 
1:0:3 11  0.63 
1:2:9 10  0.38 

Peru   8-14 2000-4500 0.5-1 

USA 
Clay brick  21-42   

Concrete block  grouted 14-28   
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3. 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 it is stated that 

reinforced masonry can be applied instead of reinforced concrete frames. The possibility of 

application of a new reinforced masonry system is intended to be 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 intended to be 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 and determine the shear 

behaviour. Compressive and out-of-plane behaviour is not intended to be studied. 

3. As it was seen before, [3] does not contain the design of the reinforced masonry 

structures with mortar and brick for small pockets. It contains only the design of reinforced 

masonry with concrete filling for bigger holes. Therefore the design prescription of [3] should 

be studied in case of the new system according to the experiments. 

4. The characteristics of the Hungarian mortar and brick should be examined and 

compared to the results of the international literature. The basic mechanical parameters, if 

missing, should be determined. 

5. It is intended to build a model for a masonry wall and verify according to experiments. 

With this model the effect of the brick bonding should be determined. 

6. It is intended to be shown the possibility that the model is able to examine the effects of 

the reinforcement in the wall. 

4. The developed brick bonding 

In the previous sections the types and commonly used forms of RM were introduced. It 

was shown that there are not available systems that allow placing the reinforcement in the 

head joint of walls, or in those joints that run through the entire height of the wall. 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 
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overlapping requirements of [3]. 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. One of the considerations in choosing the brick 

type was that the highest compressive strength was intended to be used, the applied unit has 

the same compressive strength in almost all directions. This advantage is exploitable in case 

of reinforced walls at blast or earthquake hazarded areas or next to temporarily vacant 

building site or for walls that are loaded by earth pressure. No other than solid bricks can be 

applied in these loading cases. Fig. 33 shows the forming of the brick bond of walls. 

77.5

25
467.5 467.5  
Fig. 33 The brick bond developed 

The new type of bond fulfils the bonding and the covering requirements of [3] for 

unreinforced walls and reinforced walls, as well. For reinforced masonry it is not prescribed 

in [3] the requirements to meet. [3] prescribes for plain masonry that units, less than or equal 

to a height of 250 mm should overlap by a length equal to at least 0.4 times the height of the 

unit or 40 mm, whichever is the greater. At corners or junctions the overlap of the units 

should not be less than the thickness of the unit. The other requirements of [3] can be seen in 

Fig. 34. Because of the fulfilling the requirements, this is a construction that can be designed 

according to [3]. It contains reinforcement in an amount that can be taken into account to 

enhance the strength in the plane of the member, against lateral loads, controls cracking and 

provides ductility. In this case it is necessary to experience the behaviour of the wall, as well.  

 
In order to confirm the behaviour of the bond, experimental investigations were carried 

out being detailed in Chapter 5. Therefore, in this work only walls are examined built from 

one typical solid clay brick. Fig. 35 and 36 show the cross- and T-junction of the new bond. 

� Minimum overlapping: 47.5 mm≥40 mm 
� Thickness of the mortar joint: Max. 15 mm 
� Min. overlap at corners or junctions: Min. 26 mm 
� Min. mortar cover: 25 mm>Φ8+5mm 
� Min. diameter of the reinforcement: minΦ5 
� Min. and max. area of the reinforcement 

Horizontally:0.1 %, Vertically:0.14 % 
� Max. spacing of tensional reinforcement  

Vertically and horizontally: 600 mm 
� Distance between adjacent steel: 12 mm>10 mm 

77.58.
5

8

14.7 12 25

52.552.5 47.51515 15120

65
15

Fig. 34 Overlapping requirements of [3] 
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It is necessary to note that there exist brick bonds based on similar principles to this one, 

however it is the only one which applies for 25 cm thick walls. 

 
Fig. 35 Forming of a T-junction 

 
Fig. 36 Forming of a cross-junction 

5. Experimental investigation of the developed bonded wall 

The purpose of the experimental series was to find out for both reinforcement directions 

whether they enhance the bearing capacity (if yes than to what extent), decrease the crack 

width, modify the type of the failure or alter the crack pattern. With this wall purely the effect 

of vertical reinforcement could be determined. Proper experiments dealt only with solid, clay 

bricks, reinforcing bars placed in mortar infill and in mortar joints. Small joints have not 

served for placing vertical reinforcement up to the present days [3]. The code does not contain 

the effects of vertical reinforcement on the bearing capacity of walls, nor any direction for the 

amount of vertical steel that being taken into account during shear, probably because of the 

dowel action. In order to analyze the effect of the vertical reinforcement, the new bond of 

bricks was tested. The vertical mortar joint possesses a small cross section, 25x77.5 mm2. 
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5.1. Test specimens 

Two test series were made on 1.60x1.20 m walls built from conventional Hungarian solid 

masonry units of 120x250x65 mm3 and a compressive strength of 10 N/mm2 according to [7]. 

Both of them consisted of testing plain, vertically, horizontally and both directions reinforced 

solid masonry walls. The first series were built from mortar compressive strength of 3 N/mm2, 

and the second with 10 N/mm2. To perform an accurate study concerning the effect of vertical 

reinforcement, the new type of bond was applied. The application of the same solid bricks and 

putting the reinforcement between bricks are allowed by this bond for all types of walls, even 

for vertically reinforced walls. This new type of bond was applied for the vertically reinforced 

and both direction reinforced walls. To make comparisons easier, a bond was intended to be 

chosen that is similar to the developed bond and widespread in practice. The most analogous 

way of bond is one course of brick in stretcher bond and one course placed in header bond, 

alternatively. This English bond was applied for horizontally reinforced and plain masonry. 

Fig. 37 shows the two 

different types (A and 

B) of walls. As vertical 

reinforcement, three 8 

mm bars were put in 

every joint (quality: 

S500B). As infill the 

same standard, general-

purpose mortar was 

used as for the bed 

joints. Vertical joints 

were filled after placing one course of brick. The horizontal reinforcement (RND/Z-5-200, 

fyk=580 N/mm2 [33]) was a lattice truss configuration that was laid in every second joint. The 

two longitudinal wires were of 5 mm diameter, the zigzag cross wire was 3 mm. The amount 

of reinforcement in every direction far exceeded the minimal amount prescribed in [3]. The 

both directions reinforced walls have the same amount, shape, type, placing and adjustment of 

reinforcement in each direction as the vertically plus the horizontally reinforced walls had. 

5.2. Characteristics of the tests carried out 

At the beginning of testing specimens, constant vertical compression was applied to 

simulate the upper floors of a wall. The maximal vertical load that could be transmitted safely 

Fig. 37 The bond of bricks in case of the four types of walls 
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by the two hydraulic jacks was total 200 kN. It corresponds to the load of a lower wall of a 2-

storey building with 6 m span. It was the maximum that could be transferred by these jacks. 

The vertical reinforcement (if applied) was welded to a steel plate and the plate was 

welded to the framework of the concrete foundation, to a U300 beam. At the end of the beam 

two steel plates were welded to close the end of the beam. After that the framework was filled 

with concrete. After hardening, one layer of mortar was placed and then bricks were put in the 

form of the bond. In every second joint the horizontal reinforcement (if applied) was placed 

on a thin mortar layer and it was covered with the adequate amount of mortar. The vertical 

joints were filled after construction of each course. On the last unit course a thin mortar layer 

was placed, followed by the upper U300 beam. Vertical reinforcing bars were welded to 

plates and plates were welded to the beam. Therefore vertical reinforcement was considered 

as fixed. The framework was anchored into the floor by two drifts in order to prevent slip. 

Altogether, the aspect ratio (h/l=0.7), the vertical force applied, the bricks, the amount, the 

layout and the type of 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 (3 N/mm2) 

than that of the brick (10 N/mm2) 

and their compressive strength 

was the same, respectively. Every 

wall was tested 28 days after being built. Walls were subjected to monotonic in-plain shear 

during constant vertical compression. Vertical and horizontal loading forces and 

displacements were measured at the top, bottom and in the middle of the wall, at the side 

opposite to the loading. The test setup is shown in Fig. 38. 

5.3. Results: crack patterns and force-displacement diagrams 

After vertical loading was applied in five sections, horizontal force was increased in small 

steps (10-20 kN). After reaching the end of the step an unloading process occurred, followed 

by the beginning of a new step. Looking at all types of walls, the following can be 

established, as Fig. 39 shows the crack pattern of masonry walls with the different reinforcing 

types and with the weaker (3 N/mm2) mortar. 

Fig. 38 Test setup 
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Fig. 39 Crack patterns of masonry walls with different reinforcement and weaker mortar 

 
Fig. 40 Force-displacement diagrams of masonry walls with weaker mortar (At the beginning 

of the diagrams the first couple of cycles are cleared for better visibility of the lines) 

In case of the plain masonry wall the first crack occurred at 145 kN. After a faint smack 

the wall cracked diagonally and then it decayed completely. The shear crack occurred in the 

mortar joints, bricks remained undamaged. The upper part of the wall slid on the lower 

‘triangle’ like a rigid body. The end phase of the failure (the dash double-dot line in Fig. 40) 

indicates that a residual load bearing capacity remained. This fact is caused by the friction of 

the two wall parts because of the standard compressive force at the top of the wall. 
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To investigate the effect of mortar, a wall was built 

with no mortar between units. Instead of mortar a 1-3 

mm thin sand layer was strewed. Noteworthy, that the 

sand layer is necessary for the load distribution because 

of the irregular shape of the bricks, but it does not 

necessary reflect the brick-brick friction. Probably the 

bricks on the sand slide easier than the bricks on the 

bricks. The wall was destroyed by the same geometry, 

vertical force and loading conditions. The shape of the crack pattern of the wall without 

mortar is shown in Fig. 41. (It is not concentrated into one line.) The force-displacement 

diagram of the wall can be observed in Fig. 40, as it is shown by the dotted line. The maximal 

force that can be endured by friction is 91 kN. 75 kN arose as residual resistance force.  

In case of the vertically reinforced, developed bonded wall, the first crack appeared earlier 

than in the case of plain masonry. The reason might be the smaller interaction face of the 

bricks due to the other bond or because of the lower quality of implementing. The character of 

the crack pattern was similar to that of plain masonry; the difference was caused by the 

distinct bond of bricks. The line of the crack avoided bricks, it run in the joints. The masonry 

did not decay immediately after cracking, it carried extra load in an amount being provided by 

the reinforcement. Loading was finished at displacement level of 60 mm. After unloading 

totally undamaged vertical mortar joints were observed, the mortar and the steel deformed 

together, the bond between them was adequate. The right edge of the wall (Fig. 39b) broke 

owing to the large compression. Therefore, the wall might have carried loads by bending.  

In case of the horizontally reinforced wall, reinforcement did not work over the full length 

of the wall, being broken off by approx. 10-12 cm before the end. Only two out of all the 

seven reinforcements could be anchored, which means an additional 45 kN extra load (580 

N/mm2 yield strength) that the reinforcement could carry. The horizontally reinforced wall 

had the first cracks after 173 kN, that is a realistic value compared to 145 kN, that of the plain 

masonry. For this reason, the crack pattern changed: the way of the failure altered partly, 

whereas the reinforcement, where not anchored, was not able to carry loads. Therefore the 

cracks appeared first in this region; the shape of the crack is like a letter Z. On the loaded side, 

almost every third bed joint rent and uplifted. At a place, the reinforcement was torn. 

The both directions reinforced wall inherited the positive features of both horizontally and 

vertically reinforced walls: the first crack appeared almost at the same level, 176 kN (at a 

Fig. 41 Crack pattern of the 
masonry wall without mortar 
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higher load level than in case of plain masonry). The wall did not decay after improving a 

diagonal crack; it had an increasing load-displacement diagram till the vertical reinforcement 

broke. The crack pattern was similar to that of horizontally reinforced masonry because of the 

same leading and ending of bed joint reinforcement. The run of the crack changed partly: not 

only a diagonal crack occurred, but the cracked zone was also more extensive. The width of 

the cracks was smaller even though the maximal load was much higher. 

 
Fig. 42 Crack patterns of the masonry walls with different reinforcement and stronger mortar 

Fig. 42 shows the crack patterns of the walls built with stronger mortar. Fig. 42a shows the 

cracks of the plain masonry wall. The first crack appeared later than in case of the wall with 

weaker mortar. The character of the failure was the same, the upper part slipped on the lower 

part of the wall. The crack pattern changed because of the stronger mortar, the run of the 

cracks began lower, under the fifth course, instead of the third course, although the position of 

the load was the same. The difference in residual resistance amounted to approx. 15 kN owing 

to the stronger mortar as it is shown in the force-displacement diagram in Fig. 43. 

The vertically reinforced wall was the first and the only one type of this series that 

produced failures in the bricks. In this case failure occurred not only in the mortar joints but 

also in units. The first crack appeared almost at the same loading level as in the plain masonry 

wall. Therefore the stronger mortar cannot have an influence on the appearance of first cracks. 

The diagonal crack occurred at 176 kN that was 55 kN higher, the stronger mortar caused 55 

kN extra capacity. However, the shape of force-displacement diagram is the same (Fig. 43).  
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Fig. 43 Force-displacement diagrams of masonry walls with stronger mortar 

A special failure happened during loading of the horizontally reinforced wall. The crack 

pattern changed, the run of the cracks began lower, under the twelfth course. The failure 

concentrated in one section of the wall, between the third and fourth courses that did not 

contain reinforcement. The first crack appeared in these cases at the same level as before, but 

this level is 20 kN higher than in case of the horizontally reinforced walls with weaker mortar. 

The horizontal and vertical reinforced wall was tested at the same compression level, 

(however, it was not enough because at 200 kN horizontal load the concrete foundation and 

the welded reinforcement moved away from the framework, the wall was uplifted). Then the 

compressive force was enhanced to 240 kN and the same happened. At the 200 kN level no 

considerable crack could be observed. Table 6 shows the forces where the first crack appeared 

in mm and kN, the maximal load that could be reached during experiments, the maximal 

displacement, the incidental residual force, the force at 25 mm displacement, and the initial 

stiffness of the wall.  

Table 6 Summary 

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 (378) 32 32 (38), 33 (378) 304 220 
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Studying the initial stiffness values of the walls (Fig. 44), the following can be stated: the 

vertical reinforcement does not alter the initial shear stiffness, but the horizontal one increases 

it. Therefore, the shear stiffness of the plain and vertically reinforced masonry is the same, 

and the shear stiffness of the horizontally and both direction reinforced wall matches. 
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Fig. 44 Force-displacement diagram of walls M3 and M10 

It was determined according to the experiments which type of failure occurs in the joint 

depending on the type of masonry. Table 7 contains the failure types observed in the joint. 

The signs are in conformity of [28], shown in Chapter 2.2.1. 

Table 7 Observed failure modes of joints in case of different types of reinforcement 

Type of masonry wall 
Observed failure modes 

M3 M10 

Plain masonry b, d b, c, d 
Vertically reinforced b, d b, c, d 
Horizontally reinforced a, b, c, d b, d 
Reinforced in both directions a, b, c, d, e - 

5.4. Conclusion of this chapter 

A new type of brick bond was developed in accordance with the requirements of EC6. 

Vertical joints serve for placing vertical reinforcement although they are smaller than those 

applied in practice. 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 developed bonded, vertically reinforced wall cracks at the same load as the 

conventional plain masonry wall, built from the same constituents. However, the vertically 

reinforced masonry wall does not decay immediately after cracking, carries load in an amount 

provided by the reinforcement. Vertical reinforcement does not alter the run of the cracks. 

The crack pattern is different because of the different bond pattern. However, the use of 

stronger mortar in vertically reinforced walls causes a crack pattern running through bricks. 
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Horizontal reinforcement increases the shear capacity of masonry and delays the 

appearance of cracks in case of the weaker mortar. Independently of the anchoring, horizontal 

reinforcement alters the run of the cracks and decreases the width of cracks. 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 compared to the plain masonry. Attention is drawn on another 

failure mode: the rupture occurred in one cross section of the wall. This can be prevented by 

applying vertical reinforcement. Thus, the walls containing horizontal reinforcement should 

be applied with vertical reinforcement. By applying weaker mortar, horizontal and vertical 

bars, the extension of the cracked zone is wider, cracks appear less closely and the crack 

width is smaller than in the case of plain masonry, at the same load. The stronger mortar, the 

horizontal and vertical reinforcement resulted in a wall where the type of failure changed. The 

concrete foundation and the welded plate were torn out from the U300 beam and the wall 

could not be damaged under this test setup. Compared to the plain wall first cracks appear at a 

21% higher force and 2-times bigger horizontal displacement than in case of the both 

direction reinforced masonry. All in all, the new bond reinforced in both directions has much 

more ductility, deformation and shear capacity, modifies the crack pattern and decreases the 

crack width. According to the experiments carried out the following failure modes of the 

masonry can be typised (Fig. 45) depending on the reinforcement directions, which was 

missing from the literature: sliding, diagonal cracking 1. and 2., “Z” cracking and rocking. 

 
Fig. 45 The failure modes of the masonry wall depending on the reinforcing directions 
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The failure modes of the masonry joint were grouped for the reinforced masonry, which 

has been already missing from the literature. The joint failure types of the reinforced masonry 

are mostly the same as in case of the plain masonry subjected to in-plane shear. Based on 

former experimental investigations the failure occurred at the mortar-unit surface of plain and 

reinforced masonry walls subjected to shear. 

5.5. Consequences for the design 

According to the design rules of [3] the characteristic shear load is calculated for the 

experiments. Assuming that the design load is the load at that the first crack appears due to 

shear, the wall is compressed along the entire length, the shear force accounts to the value in 

case of wall mortared by M3 according to Eq. (7, 8): 388.047.04.02.0fvk =⋅+=  N/mm2 and 

87.1651710250388.0 =⋅⋅=RkV  kN, and for the M10 walls 488.047.04.03.0fvk =⋅+=  N/mm2 and 

45.2101725250488.0 =⋅⋅=RkV  kN. These values seem to be different from the experimental 

values, if characteristic forces are defined at the level of appearing first crack. The reason of 

that could be: either (1) not 0.4 is the multiplicator before the compressive stress, or (2) the 

wall is not compressed along the entire length, or (3) fvk0 is smaller than given in the standard 

or (4) not VRk was measured. The (1) statement is disproved easily. During the experiment it 

was investigated a wall that do not have mortar layers. Therefore, the frictional coefficient 

calculated from Eq. (7, 8) 1710250)47.00(89000 ⋅⋅⋅µ+=  44.0=µ⇒  offers. This reflects that the 

part of the compression that can be taken into account is in this case as much as it is suggested 

in [3]. Noteworthy, the former Hungarian standard [22] fixed this value at 0.3.  

Table 8 

Type of the wall First crack [kN] fvk [N/mm2] fvk0 [N/mm2] 
M3 plain 145 0.34 0.13 

M3 vertically reinforced 121 0.28 0.08 
M10 plain 180 0.41 0.21 

M10 vertically reinforced 176 0.41 0.20 
 

Thus, the values of fvk0 can be calculated from the experiments. Table 8 proves that the 

mortarless wall bear the load with friction and the initial shear strength of the wall was almost 

0. And the initial shear strength of the wall is smaller than it is written in [3]. It is suggested 

to take fvk0 for 0.1-0.15 in case of the M3 mortar and 0.2-0.25 in case of the M10 mortar. It 

should be noted that the bricks before building have to be dipped into water. According to 

this computation it can be stated that if vertical joints are running through the one course 

of the wall, the initial shear strength determined by [3] is suggested to take into account as 

0.1 and 0.2 N/mm
2
. This principle can be applied for the developed bond of bricks. 
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This statement is similar to the design of the compressive strength of the walls. 

If the design shear forces are calculated for the reinforced masonry:  
kN3099.0mm/N580mm274kN87.165VVV 22

2Rk1RkRk =⋅⋅+=+=  and  

kN3549.0mm/N580mm274kN45.210VVV 22
2Rk1RkRk =⋅⋅+=+=  

The design forces do not correspond to the experimental values. In order to suggest new 

design method further experiments should be done, which is not part of this work. However, 

general design statements are worked out (the shear strength is the load when appearing first 

diagonal crack): If the shear strength of the plain masonry is given the shear strength of the 

vertically reinforced wall, if the vertical joints are the smallest possible, is almost the same.  

6. Masonry components 

For the design and modelling of structures it is necessary to know the basic properties of 

the masonry and their constituents. Now let us take the most important characteristics and 

features of masonry one by one separated for the brick, for the mortar, for the joint and for the 

masonry. To avoid the complication caused by the different brick types, in this work 

experiments and further investigations are restricted on the properties of the solid clay brick. 

6.1. The properties of the brick 

In Table 9 the characteristics of the solid clay brick were collected from the literature in 

order to show the variety of the properties of the bricks similar to the Hungarian. Additional 

information about the measuring and the references are shown in the column Comments. 

Table 9 Properties of the solid clay brick 

Ebrick [N/mm2] νbrick [-] fc,brick [N/mm2] Comments 
11 000 0.2 52.0 [33] 
4 220 0.31 - [34] 

7 000-14 000 0.17-0.29 - Pressed [35] 
A:12750, C:10450 - A:56.8, C:51.0 40x40x120 mm3, lvdt [36] 

12 700 - 61.7 φ50, 120 mm, strain gauges rosette [36] 
4 620 0.015 19.2 120x65+5x250 mm2 [37] 
2 890 - - 250x120x55 mm3, lvtd [38] 
4 482 - - 40x40x120mm3, strain gauges [38] 

2 400±200 0.05±0.007 18.7±2.1 ft,brick=3.4±0.25 N/mm2 [39] 
4 865 0.094 26.9 ft,brick=4.9 N/mm2 [40] 
16 700 0.28 66.0 [41] 

5 000-7 500 - 16-20.8 230x110x75 mm3 [42] 
A:906, C:1 377 - A:7.7, C:10.2 [43] 

1 314 0.1 9.97±2.2 handmade, ft,brick=3.12±0.47 N/mm2[43] 
13 900 - 23.5 89x194x57 mm3, colonial red [44] 
16 700 0.15 15.0 [45] 
13 000 0.2 - [46] 
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Most of the reports do not mention the way how the compressive strength of the brick was 

obtained, under what kind of circumstances. As a result, the most papers do not provide 

whether the value of the compressive strength is a mean value of the brick, or a normalized 

mean value. Even less publications contain empirical results for the determination of the 

relationship between the compressive strength and the Young’s modulus of the brick. Table 9 

shows that the Young’s modulus of the brick measured can be divided into two groups. The 

first one is the value of ca. 5000 MPa, and the second one is the twice-thrice of this.  

In Hungary even the manufacturers do not dispose of parts of the features, as Young’s 

modulus, Poisson’s ratio of mortar and brick. Standard investigation methods exist only for 

determining the Young’s modulus of the masonry. However, for the design it is necessary to 

know the basic material properties of the brick. Therefore, in the following lines the 

compressive behaviour of one type of Hungarian brick is characterised. 

6.1.1. The investigated brick type 

In order to determine the characteristics of the compressive behaviour of the solid, fired 

clay brick applied for the new bond and clarify the contradictions shown before, experimental 

investigations were carried out. The brick is commonly and traditionally used in Hungary as 

infill material of RC frames and produced by extrusion in the western region of Hungary, in 

Pannonhalma, 2007 by Wienerberger. They are red in colour and the average dimension of 

250x120x65 mm3. In the middle of the bricks several shrinkage cracks can be observed 

helically. It is hard to determine whether the Hungarian brick has the characteristics being 

found in the literature. The producers give the mean of the compressive resistance of the brick 

as a value of 10 N/mm2 in one direction. It is considerably lower value than those being found 

in Table 9. A comprehensive experimental investigation of the solid bricks has been missing. 

In this work all the bricks originated from the same bundle, and manufacturer. 

6.1.2. The compressive strength 

Determination of the compressive strength of the brick is important because it is necessary 

for the calculation of the masonry’s compressive strength: as it was seen before, [3] suggests 

using the normalized mean compressive strength. For most of the bricks, the size of the unit 

makes it impossible to determine it directly. The standard [47] does not allow to investigate 

the compressive strength on a sample that has a height/smaller length ratio smaller than 0.4 or 

if the height of the specimen is smaller than 40 mm. Therefore, in case of units with small 

height, samples have to be cut or [47] suggests applying multiple samples. This raises the 

issue of contact, thus it is intended to be avoided. The surface of the brick should be plane; the 
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number of the tested specimens should be at least 6. A further problem is that brick size 

tolerance is 6 mm in 65 mm. [47] suggests determining the mean value of the compressive 

strength of six bricks in real sizes and then calculating the effect of the size by multiplying the 

mean compressive strength by a shape factor, δ in order to get fnormc,brick. The δ factor can be 

applied in every loading direction. It contains the effect of the height and the smallest width of 

the unit. The height of the brick is defined as the dimension of the sample in the direction of 

the load. Therefore it is applicable for calculation the fnormc,brick in every direction of the units. 

The δ factor does neither contain the effect of the other dimension of the brick, nor the 

difference because of the production direction. 

The compressive strength of the brick can depend strongly on the production technology. 

The amount of additional sawdust, the splitting process and the firing temperature, the 

restraint effect of the platens, the height and shape of the specimen can have an effect on the 

compressive strength. The size and shape of the loaded area have an influence on the results. 

In addition, the moisture content of the specimen can also have an effect on the strength. In 

this work the effect of the surface polishing, the height, width and length of the specimens, the 

type of the sampling and the effect of the production technology and the effect of the burn in 

were investigated on the compressive strength. If the compressive strength of the brick is 

dependent on the type of the production technology then brick anisotropy can be assumed. 

[3] does not contain the effect of the anisotropy. 

The investigation of the effect of the loading direction on compressive strength is 

important in the following cases: 1. the unit is placed not only in the lengthwise direction into 

the wall or 2. it is built in lengthwise but loaded from the other direction (in case of retaining 

walls). 3. It is important in case of determination of the compressive strength of buildings. 

There are lots of buildings in Budapest constructed at the 1900´s from solid clay brick being 

investigated herein. This brick is built in the wall normally lengthwise, the height of the unit 

is 65 mm and as usual it is loaded on the 120x250 mm2 area. The thickness of the wall is 120 

mm. In the case of buildings, the cores obtained by horizontal drilling from building always 

show the compressive strength of the other two directions. 

6.1.2.1. The production technology 

Throughout the world, there are two possible ways of brick producing: the brick can be 

formed either by extrusion or by moulding. The former is applied in case of clays with high 

level of plasticity. When the plasticity of the clay is lower, the latter procedure is used 

characteristically [48]. In this case the clay cake is filled into brick moulds, and then pressed. 
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In Hungary the former technology is typical. First, the clay exploited from the field is 

transferred into the factory where it is smashed with additional water and sawdust. After 

mixing it is pressed into a machine, and upon extrusion a column arises that is split into brick 

pieces. The raw bricks are conveyed into the drier where the majority of the moisture content 

is lost under 40-100 °C. Then units are transferred into the brick burning oven, they are fired 

and afterwards burnished and bundled. That is the reason of the visible shrinkage cracks. 

Table 10 shows the results of a survey of the Brick Institute of America for the bricks in 

the United States. It shows that fc,brick depends strongly on the production technology. 

Table 10 Effect of the production method [49] 

Type of production Mean value of fc,brick [N/mm2] SD [N/mm2] COV (%) 
Extruded 77.9 30.8 39.5 
Moulded 36.5 12.6 34.5 

6.1.2.2. Standard (destructive) compressive tests 

A comprehensive experimental investigation was worked out with testing of more than 

110 specimens in order to determine the effect of the parameters mention below on the 

compressive strength of the brick. The bricks were tested under air-dried conditions. 

18 specimens were investigated experimentally to determine the effect of the roughness of 

the surface, 45 for defining the influence of the length (loaded area) of the brick. 17 full size 

brick and 10 drilled cores were tested in order to determine the effect of the type of the 

sampling and the size of the brick and 24 specimens to investigate the anisotropy of the brick. 

Two types of testing machines were applied in order to reach the ultimate loads in the 2/3 

part of the loading capacity for all types of specimens. In both cases the experiments were 

force-controlled. The loading velocity was applied to reach the ultimate load in 1-2 minutes 

after beginning the loading. Both machines were jointed at the top and fixed at the bottom. 

6.1.2.2.1. Results 

a) Effect of the production technology 

In order to determine the anisotropy of the brick without the 

influence of the size effect it is necessary to test bricks of the 

same sizes under the same circumstances. The biggest cubic 

specimen that could be formed from this brick is 50x50x50 

mm3. To examine the effect of the location of the tested specimens (the effect of burning in 

during the firing process) specimens were produced from the side and from the middle of the 

brick. Fig. 46 shows the adjustment and nomination of the specimens. S indicates that the 

specimen originated from the side part, M indicates that it was situated in the middle. 

Fig. 46 Nomination of the 
specimens within the brick 
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For better identifiability of the effect of the production 

technology, the following directions are defined: A is the 

direction of extrusion (flatwise), B is the direction of 

cutting (the second shortest side) and C is lengthwise 

behaviour. Fig. 47 shows the definition of the directions.  

Altogether 24 specimens were investigated, 8 pieces in each directions. The experiment 

brought the result that it has no significant effect on the compressive strength of the brick 

where the sample was situated in the brick. Table 11 presents that the compressive strength 

is different in each loading direction, the brick shows a clear orthotropic material behaviour. 

Table 11 Orthotropy of the brick measured on specimens of same sizes 

Direction NS Mean of fc,brick [N/mm2] SD [N/mm2] COV [%] 
A 8 29.32 5.17 17.63 % 
B 8 20.70  4.57 22.06 %  
C 8 24.64  4.72 19.13 % 

 

A statistical analysis was carried out to prove that suspicion. As the SD of the samples was 

not the same, Welch’s test could be applied to determine the existence of heterogeneity. 

Therefore, supposing the normal distribution of the strength of the samples it is stated that the 

difference 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 % (degrees of freedom in all cases appr. 14).  

The experiments show that the samples are anisotropic and have a fibrous construction. 

The production technology of this type of brick leads to an orthotropy whose direction 

corresponds to the brick edges, an orthotropy of the brick is assumed. Therefore, the 

difference between the loading direction A, B and C dependably exists; the brick shows an 

orthotropic material behaviour. Thus, a difference of 30 % and 16 % occurs in the 

compressive strength in case of this brick due to the investigated loading direction. The 

loading direction A corresponds to the direction of the extrusion, the brick has the highest 

compressive strength, which is obvious 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. Looking at the values of the 

δ multiplicator, the modification in the compressive strength caused by δ takes 45-55 %. This 

reflects that the effect of the loading direction cannot be neglected in case of this brick type 

and this production technology if the effect of the height is taken into account. 

 

Fig. 47 The directions defined 
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b) The effect of roughness of the surface 

In order to investigate the effect of the smoothness of the surface of the brick, specimens with 

raw and polished surfaces were produced. The specimens were polished by a diamond saw.  

Table 12 Effect of the surface 

Specimens NS Mean of fc,brick [N/mm2] SD [N/mm2] COV [%] 
Raw surface 7 35.10 1.14 3.25 % 

Polished surface 7 44.22 5.35 12.10 % 
 

Table 12 shows the mean value of the compressive strength, the SD and the COV 

resulting from the tests of 7 specimens. All sizes of the bricks were the same. Furthermore, it 

shows that the polishing process results in a 26 % increase of the fc,brick; however, it is coupled 

with an increasing COV. [47] orders to carry out the compressive tests on polished bricks, 

however Table 12 shows that polishing increases the COV and the mean value of the fc,brick. It 

is necessary to note that to avoid local effects of the small bulges on the surface of the brick, 

thin carton layer was placed on the brick surface and the platens. 

c) Effect of the length of the loaded surface 

The effect of the extension of the loaded surfaces full, ¾ and ½ length bricks were 

examined. Comparing the results of Table 13, the difference in the mean values of the 

compressive strength of the full length and three-quarter length brick is only 7.59 %. Fig. 48 

clearly shows that decreasing the length of the brick, if the height and the width of the sample 

are constant, the COV increases. In case of a half length brick, the brick length is 125 mm, 

being a bit longer than the other horizontal size of the brick. Thus, in case of this test the 

smaller horizontal dimension of the loaded area is the same and it is clear that the fc,brick can 

depend on the other size of the specimen. This statement does not correspond to the 

application of the conversion factor. Therefore, any size of the loaded area can have an effect. 

Table 13 Effect of the length (loaded area) of the specimen 

Specimen NS Mean value of fc,brick [N/mm2] SD [N/mm2] COV [%] 
Raw surface, full size 11 35.66 2.31 6.49 
Raw surface, ¾ length 11 38.59 3.13 8.12 
Raw surface ½ length 11 36.66 5.12 13.96 

 

If the lowest values of the strength in Fig. 48 are approached by a linear function or the whole 

assembly by a constant function, than (1) the strength depends only on the smaller width; (2) 

it will depend linearly on the larger dimension of the loaded area in case of the same smaller 

width; (3) it depends linearly on the extension of the loaded area and (4) it does not depend on 

the loaded area. Furthermore, Fig. 48 shows that an optimal size of the specimen exists. The 

optimal size of the loading area presenting max. compressive strength is ca. 21000 mm2. 
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Fig. 48 Change in compressive strength in the function of the length of the brick 

While investigating specimens of relatively small height, the size effect should be 

considered. Between the loading platens and the specimen’s surface friction exists that 

prevents the lateral deformation along the platens. Therefore, the crack pattern of a high 

sample consists of an upper and lower triangle, and an undisturbed zone takes place only in 

the middle of the specimen. However, the height of this type of brick is only 65 mm. It is not 

reasonably to investigate specimen with loaded surface smaller than 40x40 mm2 because it 

can not contain the same amount of cracks than the brick contains. 

d) Effect of the height of the samples 

In order to determine the effect of the specimen’s height and the type of the sampling, full 

size bricks were loaded in every direction, on the polished surface. The height is defined as 

the dimension of the brick in the loaded direction. Table 14 contains the results measured. 

Table 14 Test results of the full size bricks 

 NS v [mm] w [mm] h [mm] 
Mean value of 
fc,brick [N/mm2] 

SD 
[N/mm2] 

COV 
[%] 

A 5 117.8-118.7 246.5-251.0 55.6-56.3 45.3 6.23 13.73 
B 5 63.4-65.1 246.2-246.9 110.0-112.6 16.73 4.76 28.45 
C 5 64.2-64.8 118.6-119.3 231.0-241.1 10.48 2.26 21.56 
 

It could be clearly observed that the failure mode was different in case of the different 

testing directions due to the different testing sizes. In case of investigating direction A, a 

typical compressive crushing could be observed. An elliptical compressed zone remained 

almost hurtless, and the other part of the brick got crushed (Fig. 49a and b). 

 
Fig. 49 a and b Crushing and vertical splitting of testing direction A (compressive failure) 
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Fig. 50 a and b Shear failure in case of testing direction B 

In case of direction B, as it is not usual, horizontal crack occurred along the length of the 

brick and then the well-known vertical splitting could be observed and shear failure occurred. 

An upper and a lower triangular prism could be observed. Fig. 50b shows the two triangular 

prisms. In case of testing the direction C, a compressive failure could be observed (Fig. 51). 

 
Fig. 51 Typical compressive failure in case of testing direction C 

e) Effect of the type of sampling 

Cylindrical samples were drilled in 3 directions, the height of the specimen changed only. 

Every sample was full of cracks almost in every direction because of shrinkage. No directivity 

could be observed. The results are shown in Table 15. There were a few samples investigated 

because it was hard to gain intact samples during the coring process, especially in direction B.  

Table 15 Experimental results for the drilled cylinders 

 NS d [mm] h [mm] Mean value of fc,brick [N/mm2] SD [N/mm2] COV [%] 
A 4 

44.5 
56.3-58.8 29.84 9.17 30.74 

B 2 66.2-75.6 11.58 - - 
C 4 89.6-132 10.41 2.34 22.48 
 

Fig. 52 shows that the failure modes were 

distinct. If direction A was tested, the compres-

sive failure was crushing or vertical splitting 

independent of the discontinuities in the sample. 

In testing direction B, the inhomogenity in the 

brick played a role: half of the samples failed at 

the location of the cracks, the other half suffered 

compressed crushing. In every case of direction C the brick cracked along the initial crack. 

After cracking at the discontinuity, the two parts of the samples remained almost hurtless. 

Fig. 52 Failures of the drilled samples 
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6.1.2.2.2. Consequences 

According to the experiments carried out for the same value of the smaller size results 

almost the same compressive strength with bigger SD. Two possibilities are considered 

according to Fig. 48: the compressive strength does not change with the loaded area if the 

width does not change. In this case the compressive strength depends only on the height and 

the smaller size of the specimen. The second possibility is that the compressive strength is 

approached by a linear function of the loaded area, thus the following formula can be obtained 

(fb,65 is the strength of the brick of 65 mm height in N/mm2, Aloaded the loaded area in mm2): 

fb,65=0,0003*Aloaded+24                                                 (16) 

According to these two different approximations the measured compressive strength can be 

transformed into an equivalent compressive strength measuring on a 100x100 mm2 loaded 

area. Fig. 53 shows the compressive strength with the normalized and the unconverted area. 

All the values of Fig. 53 are transformed into the A-directional compressive strength. Two 

curves can be drawn for the results. The lower curve, signed by a thin dashed line, represents 

the mean values of the compressive strength of the drilled samples and the highest one signed 

by a thin continuous line shows that of the rectangular samples of the full brick tests. To the 

measured data of the brick tests, transformed into the compressive strength of direction A, 

curves can be fitted with linear regression by the least squares method. The equation of the 

regression curves with the untransformed area can be seen in the Fig. 53. The equation of the 

regression curve for the results of the brick tests with the normalized area is:  

f*b=525/h
0.68                                                               (17) 

where f*b is the compressive strength of the specimen of 100x100 mm2 loaded area and h is 

the height of the specimen. The reliability of the relationship is with a correlation coefficient 

R2=0.96. A similar, simple curve can be fitted to the results of the drilled specimens and the 

cubic specimens with an equation of  

f*b=831/h
0.87.                                                          (18) 

The correlation coefficient is R2=0.83. It is worth mentioning that one curve can be fitted to 

all the data with the correlation coefficient of R2=0.75. In case of the measured normalized 

data the following equation can be obtained:  

f*b=521.3/h
0.72.                                                          (19)  

Supposing that the compressive strength depends on the height of the specimen and the 

smaller size of the loaded area only, then – if the results are compared to the suggestions of 

[3] –, Fig. 54 could be derived. The continuous, almost parallel curves show the effect of the 
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δ factor on the compressive strength in case of different smaller size, v. If the normalized 

compressive strength is derived from the cubic samples, the desired value is 25 N/mm2. All 

the values and the mean values from the experiments are shown in Fig. 54. It shows that the 

height of the specimen has the biggest effect on the compressive strength of the brick (values 

are not transformed into the equivalent area and they are transformed into the A direction).  
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Fig. 53 Mean compressive strength in the function of the height 

In order to determine the function that makes possible to get fc,brick
norm from every type of 

sample, a function is needed to be found. As a first step, functions that are similar to the 

relationships given for concrete were investigated. For example [50] covers lots of types of 

relationship of the compressive strength and the geometry of concrete specimens. The 

compressive strength of concrete is given as the function of the edge length of the cube, of the 

loaded area/volume and of the height/diameter ratio. 
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Fig. 54 The effect of height compared to the suggestion of [3] (mean values, all the results) 

Fig. 55 shows the experimental results of the compressive strength in the function of the 

loaded area/specimen volume ratio. Linear functions were defined for the brick and for the 

cylindrical specimens with a good correlation. All results are converted to the compressive 

strength of the direction A. The height /loaded area ratio does not conduce to a result. 
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If the compressive strength is a function of the ratio of the smaller size and the height of 

the specimen, Fig. 56 can be derived. The smaller width is the diameter of the samples in case 

of the cylindrical samples. Data are transformed into the A-directional strength. 
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Fig. 55 fc,brick in the function of the A/V ratio       Fig. 56 fc,brick and the specimen’s width/heigh 

In case of studying the cylindrical samples only the height has an effect on the compressive 

strength. The measured values are shown in the function of the height in Fig. 57 that shows 

the dependence of the compressive strength on the height in case of cylindrical samples. If the 

equation of Fig. 57 is applied to convert the height of the specimen into 100 mm height, the 

loaded area or the smaller size will be a function of the compressive strength. In case of the 

drilled samples, the compressive strength of the 100 mm high specimen is 13.31 N/mm2. If 

each of the other samples is shown in the same diagram (Fig. 58), it can be seen that the COV 

of the strength of the samples is relatively high (Table 14, 15). Taking the smaller size into 

account is not reasonable, as the standard deviation has bigger effect than the smaller size. 

The height of the specimen has the biggest effect on the compressive strength. Therefore, the 

compressive strength of the unit is inversely proportional to the height of the specimen. For 

the whole brick tests the dashed line, for 

the cylindrical samples the continuous 

line of Fig. 58 is suggested taking the 

effect of the specimen’s height into 

account. Each of the results are converted 

into the A-directional compressive 

strength. In case of this brick, the 

normalised mean compressive strength in 

direction A is appr. 20-25 N/mm2. 

 

Fig. 57 The fc,brick in the function of the height 
(the cylindrical samples) 

0

5

10

15

20

25

30

35

0 50 100 150 200

Height [mm]

C
o
m
p
re
s
s
iv
e
 s
tr
e
n
g
th
 [
N
/m
m
2
] 
  
  
  
 

Cylindrical samples

Approach

y=1459.50 x 
-1.02

R
2
=0.61



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

6. Masonry components 

 - 50 - 

0

10

20

30

40

50

60

0 50 100 150 200 250 300

Height [mm]

C
o
m
p
re
s
s
iv
e
 s
tr
e
n
g
th
 [
N
/m
m
2
] Approach for cylinders

v=65
v=118
Approach for bricks
Cylinder A
Cylinder B
Cylinder C
Cubic

y=1680.2 x
 -0.9

R
2
=0.87

y=1459.5 x 
-1.02

R
2
=0.61

 
Fig. 58 Compressive strength in the function of the height for all experimental results 

6.1.2.3. Schmidt hammer type N tests (non-destructive) 

Schmidt hammer tests are important in case of the investigation of the compressive 

strength of buildings. Experimental investigations were worked out in order to determine the 

compressive strength in every direction with a non-destructive method, which is not 

standardised in Europe. According to the directive [51] it is possible to determine the 

compressive strength of a brick by a Schmidt hammer type N in Hungary. It is not known 

whether the strength obtained by Schmidt hammer test is in conformity with the normalized 

mean compressive strength or this testing method gives the compressive strength of a brick. 

Rebound tests were carried out using Schmidt hammer type N (two times 15 samples were 

examined, each with 9 beating). Full size bricks were investigated in directions B and C. In 

the direction A it was not possible to measure because of technical reasons. The brick has to 

be pressed in order to prohibit the moving of the brick. It was determined that the value of the 

rebound index strongly depends on the hold-down force. Each measurement published here 

was carried out under 1.33 N/mm2 compressive stress (because under this compression the 

rebound index was constant), applying horizontal beating directions. 

Pál Gábory investigated the compressive strength of brick, fc,brick by Schmidt hammer type 

N. In [51] he suggests applying Eq. (20) for determination the compressive strength of a brick 

by Schmidt hammer type N. Dulácska suggests a linear relationship (21) of these two 

parameters in [52]. Dulácska, Józsa and Borosnyói modified the latter equation in [53], for 

determination the compressive strength of bricks of old buildings. The modified Eq. (22) and 

(21) apply to horizontal beating directions. Dulácska [54] found in 2008 that the relationship 

between the rebound index Ri and fc,brick obtained by [51] has to be modified. He corrected the 

Eq. (20) of Gábory and suggested applying Eq. (23) for horizontal beating direction.  

fc,brick=Ri
2/90,                                                               (20) 
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fc,brick=0.6 Ri-7                                                               (21) 

fc,brick=0.75 Ri-16                                                               (22) 

fc,brick= Ri
2/110                                                               (23) 
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Fig. 59 Comparison of the relationship of [51], [52], [53] and [54] 

Fig. 59 shows the change of the compressive strength in the function of the rebound 

number according to the Eq. (20), (21), (22) and (23). Noteworthy, that an orthotropy of the 

compressive strength can be observed in directions B and C in case of this type of measuring. 

The range of the mean value of the rebound numbers determined by 9 rebound index on each 

sample amounted to 42-50. The normalised mean compressive strength of the brick in loading 

direction A amounts to 20.0-25.0 N/mm2, fc,brick
norm is 14.1-17.7 N/mm2 in direction B, in 

direction C it is 16.8-21.0 N/mm2, according to Table 11. The normalized mean compressive 

strength from the cubic test and from the standard compressive tests is shown in Table 16. 

The last four columns present the results of the Schmidt hammer tests calculated from Eq. 

(20), (21), (22) and (21), respectively. Table16 shows that Eq. (21), (22) and (23) is applicable 

to determine fnormc,brick in the A direction. If f
norm

c,brick has to be determined in the other 

directions the relationships of Ri and f
norm

c,brick need to be modified. It is suggested for the 

Schmidt hammer tests, in case of this brick, 1.33 N/mm2 hold-down stress and horizontal 

beating direction, that the relationship between Ri and f
norm

c,brick are in directions B and C:  

fnormc,brick =Ri
2/160,                                                               (24) 

fnormc,brick =Ri
2/130,                                                               (25) 

Table 16 Mean values of compressive strength 

 Normalized mean compressive strength [N/mm2] 

 
Standard 

compressive test 
Schmidt test 
acc. to (20) 

Schmidt test 
acc. to (21) 

Schmidt test 
acc. to (22) 

Schmidt test 
acc. to (23) 

A 20.0-25.0 - - - - 
B 14.1-17.7 24.8 21.36 19.45 20.3 
C 16.8-21.0 24.2 21.00 19.00 19.8 
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To get fnormc,brick in the loading direction A from the B- and C-directional beating, the 

normalized mean compressive strength of the unit in the direction B is suggested multiplying 

by 1.42 and in case of direction C by 1.19. Testing directions B or C, applying the Eq. (22) 

and (23), the A-directional normalized mean compressive strength can be obtained safely. 

6.1.2.4. Conclusion of this chapter 

The novelty of this chapter is a comprehensive experimental investigation of the 

compressive strength of one type of brick using more than 100 brick specimens. The influence 

of the effect of the production technology (direction of the loading), the surface polishing, the 

height, width and length of the specimens and the type of sampling (drilled or cut) were 

studied on the compressive strength. The aim was to find a correlation between the 

compressive strength and the mentioned features. 

In case of the investigated solid, fired clay brick a clear orthotropy was found. The reason 

of the orthotropy is assumed to exist because of the production technology. Due to the 

orthotropy in the compressive strength three characteristic directions were defined that 

correspond to the direction of the manufacturing. Every relationship being defined is 

considered as true if the ratio of the compressive strength in the three directions does not 

depend on the size of the specimen. After studying the reasonably smallest and the biggest 

specimen, correlations were found between features mentioned. It was determined that the 

height of the specimen has the biggest effect on the compressive strength. The compressive 

strength of the unit is inversely proportional to the height of the specimen. The differences are 

in the same order of magnitude as the size of the specimen. An optimal loading surface was 

determined that results in the maximal compressive strength. The method examined here is 

applicable to estimate fnormc,brick. The size, shape and extraction (drilled, cut or whole brick) of 

the specimen is not restricted, the normalized compressive strength of this type of brick can  

be evaluated from every type of sample according to the equations that were presented.  

Instead of the time consuming method of [47] a simple, quick method, the Schmidt 

hammer test is appropriate for determining fnormc,brick. A modified calculation function was 

suggested for measuring the compressive strength by Schmidt hammer type N in order to 

receive directly the normalized mean compressive strength.  

It is proposed to control the applicability of the correspondence of the equations for other 

types of bricks of other manufacturers, especially for bricks with vertical voids. 
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6.1.3. The Young’s modulus and Poisson’s ratio 

In order to clarify the contradictions of the brick’s Young’s modulus, a comprehensive 

experimental study was carried out in the Laboratory of the Department of Structural 

Engineering and of the Department of Construction Materials and Engineering Geology. 

Because of the material brittleness, intrinsic variability and stiffness degradation of the 

material due to loading the Young’s modulus of the brick is hard to be determined. The 

restrain effect of the loading platens, the base length of the measuring devices and also the 

size of the samples have an effect on the Young’s modulus of the brick.  

6.1.3.1. Methods 

A) Method 1 – measurement by strain gauges on cylindrical samples 

To measure the Young’s modulus and Poisson’s ratio of the brick cylindrical samples were 

bored randomly in the 3 producing (flatwise A, widthwise B and lengthwise C) directions as 

Fig. 60 shows. The upper and lower surfaces of the cylinders were cut parallel by a diamond 

saw under vaporization of water. The specimens were dried. Three strain gauges (1, 2 and 3) 

were glued vertically on the cleaned surface of each sample with 120° offset and two gauges 

(4 and 5) were fixed horizontally. The vertical strain gauges were fixed in the middle third of 

the height of the sample. The height of the samples amounted to 57-130 mm, and every 

specimen had the diameter of 44.5 mm. The gauge length was chosen for 20 mm.  

 
Fig. 59 The specimens of the method 1 

The height of the brick is only 65 mm, and therefore the highest specimen cut flatwise is 

56 mm. [55] suggests not using samples of diameter smaller than 50 mm for intact rock and 

the h/d ratio is preferably recommended between 2-3. 

Where it is not mentioned otherwise the following is considered as true. Servo-controlled 

testing machines were used manually to perform the tests that were carried out under axial 

displacement control. Unloading reloading cycles were not done. The type of the testing 

machine was chosen to reach the ultimate load in the 2/3 part of the loading capacity. The 

applied force was measured by means of the machine load cell. All specimens were tested 

under air-dry conditions. The loading velocity was chosen to reach the ultimate load in 3-4 

minutes. The machine was jointed at the top and fixed at the bottom. 
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5 d 

h 
3 5 
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B) Method 2 – inductive displacement transducer measuring (IDT) on whole brick samples 

The surfaces of the whole samples were cut parallelly by a diamond saw in every loaded 

direction. The tests were done under axial force control in every three directions (Fig. 61). 

The compression between the loading plates was measured by two IDTs, on the opposite 

sides of the brick. The average of the data measured on the two sides was calculated. 

 
Fig.61 The test setup of method 2 

C) Method 3 – measurement by inductive strain transducer (IST) on cubic samples 

Cubes of 50x50x50 mm3 were cut from different brick specimens by a diamond saw under 

vaporisation of water. In order to reduce the frictional effect of the loading plates, teflon was 

placed on the specimen. The brick pressed in into the teflon plate (µ=0.05-0.20) even at low 

levels of stress, the polytetrafluor-ethylen plate behaved softly. Thus it was impossible to get 

results excluding the effect of friction. This plate was replaced by a harder one disposing of 

small frictional resistance, ZEDEX ZX-100MT that has the frictional coefficient of µ=0.09-

0.20. The compressive strain was registered by an IST (base length: 40 mm) on the opposite 

side of the specimen. The average of the measured values of both sides was calculated. 

D) Method 4– measurement by inductive strain transducer on prisms 

Prismatic specimens with the area of 50x50 mm2 were cut. The samples were cut as high 

as possible, in direction B 100 mm, in direction C 150 mm. The loading machine, the platens, 

the method and other properties were the same as for method 3. 

6.1.3.2. Results  

A) Method 1 (strain gauges on cylindrical samples) 

Observing the failure modes of the specimens and Fig. 62, it can be stated that every 

sample in directions A and B failed in a compressive failure, ie. parallel, vertical cracks 

appeared, independently from the cracks included the sample originally. However, in case of 

testing direction C it was 

determined that if a visible crack 

was in the specimen the half of the 

failures happened along the crack, 

the other half sustained a 

compressive failure (Fig. 63, the 

A direction B direction 
Measuring the 
displacement 
between the 
loading plates 

C direction 

Fig. 62 Compressive failures of directions A and B 
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letter after the specimen’s number shows the loaded direction). One of the samples was cut 

from the brick so fortunately that no visible crack could be observed on the surface of the 

cylinder. The specimen was so strong that it was not failed by the applied machine. Therefore, 

the peak stress in Fig. 64 is the peak of the machine capacity not the ultimate strength of the 

specimen. Fig. 64 shows the strain values of the gauges, there was not any big difference 

between the values of the three vertical strain gauges (compression: + and tension: -). 
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Fig. 63 Testing direction C  Fig. 64 Stress-strain diagram of specimen 1A 

Assuming that the strain is the same in every material direction, R signs the 

deformed (Fig. 65), r the original radius, the change of the perimeter is equal to 

the change in the radius, thus the measured strain along the perimeter is equal to 

the strain in the radial direction (Eq.26). 

r

rR

r2

r2R2 −
=

⋅π⋅

⋅π⋅−⋅π⋅

    (26) 
Therefore, the Poisson’s ratio is calculated from Eq. (27). The Poisson’s ratio and Young’s 

modulus was calculated from the average of the strain gauges measurements. 

verticalhorizontal εευ /−=      (27) 

Fig. 66 shows that the 

Young’s modulus and 

Poisson’s ratio change under 

loading. 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. At a 

higher compression the cracks 

R 

r 

Fig. 65 
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Fig. 66 Poisson’s ratio and Young’s modulus of specimen 1A 
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interlink and grow, the Young’s modulus decreases and the volume of the specimen increases, 

thus the Poisson’s ratio increases. The right side of the diagram in Fig. 66 presents that failure 

occurs within 5-8 N/mm2. This sample was damaged by another machine, and the failure 

happened at 42 N/mm2. The same phenomenon could be read in [34] for stone specimens: the 

Poisson’s ratio amounts to 0.5 in case of high loads, only the most frequent loading direction 

was investigated. Noteworthy, that measuring by strain gauges glued on the surface can result 

in higher Young’s modulus because of the glue penetration into the brick.  

Fig. 67 shows the behaviour of the cylindrical sample in case of one unloading-reloading 

cycle in direction B. First, the cracks are closed the tangential Young’s modulus increases and 

the Poisson’s ratio decreases. When every crack is closed the Poisson’s ratio is constant. Then 

an unloading cycle follows that is not presented in Fig. 67. After unloading, the cracks are not 

opened, because the loading plate was not lifted, cracks stay closed, therefore the value of the 

Poisson’s ratio and Young’s modulus are almost constant. When the macrocracks interlink the 

Poisson’s ratio increases, the sample fails. It was stated that the value of the Poisson’s ratio 

changes in a bigger range in direction B than in the other cases. 

This investigation indicates that the changes of the Poisson’s ratio and Young’s modulus 

assign the amount of the cracks found in the bricks. The average crack amount is different in 

each direction they are not the same value in each direction. Table 17 shows the results of all 

samples calculated from the strain gauges. In the second column the Young’s modulus vales 

are calculated from the average of the vertical strain gauges and from the average slope of the 

linear portion of the stress-strain diagram in the middle third. The Poisson’s ratio was 

calculated from that part of the diagrams where the cracks are already closed. 

 

 

Fig. 67 Young’s modulus and Poisson’s ratio 
of the sample 1B 
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Table 17 Results of method 1 

 
Ebrick 

[N/mm2] 
νbrick 
[-] 

εc,brick 
[‰] 

fc,brick 
[N/mm2] 

1A 26 890 0.13 1.5 35 
2A 33 537 0.11 1.27 29 
3A 18 158 0.15 1.35 22 
4A 20 780 - - 24 
1B 13 812 0.18 1.6 14 
5B 14 300 0.29 - 9 
2C 9 574 0.25 1.29 13 
3C 7 211 0.22 1.15 7 
4C1 8 856 0.1 1.76 11 
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B) Method 2 (by IDT on whole bricks) 

As before, two IDTs were placed on the opposite 

sides of the loading plates. The displacements were 

measured between them. The results in Fig. 68-70 

are the average of the two devices. The Young’s 

modulus is defined as the average slope of the linear 

portion of the stress-strain diagram in the middle. At 

the begin-ning of the diagrams a quite long flat 

section can be observed, the reason of which is the 

initial adjustment of the sample and the loading 

plates. The characteris-tics of the diagrams can be 

read in Table 18 and the values are defined without 

the bedding down effect.  

It is interesting to observe the slope of the 

diagram. In every 3 directions the run of the diagram 

is different and typical. By testing direction A, the 

bedding effect is the most dominant because of the big loaded surface. In case of B, this effect 

is smaller, and for testing direction C it is the smallest. Therefore the length of the “plastic” 

range (plateau) in the diagram changes reversely: it is the longest in case of C and the 

shortest, almost zero in case of direction A. The reason of that is the size effect being detailed 

in the previous chapter. 

 

 

 

 

 

 

 

 

C) Results – Method 3 (by IST on cubes) 

If a crack opened under loading, slow crackle could be heard and a change in the slope of 

the diagram was observed (Fig. 71-74). When local failure took place two possibilities 

existed: 1. the machine sensed the failure as a global failure and decreased the load automati- 

Fig. 69 σ-ε diagram of sample 4b 

Fig. 68 σ-ε diagram of sample 3a 
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Fig. 68 σ-ε diagram of sample 5c 
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Table 18 Results of method 2 

 
Ebrick 

[N/mm2] 
εc,brick 
[‰] 

fc,brick 
[N/mm2] 

2a 4 787 7 32.74 
3a 4 136 9 31.86 
4b 1 470 9.8 9.18 
5b 1 682 10 16.57 
4c 4 170 2.2 9.95 
5c 4 224 1.9 9.30 
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cally. The 2. possibility was when the machines sensed the failure as a local failure and if the 

loading wheel was wrenched the load increased; however with different slope (see Fig. 74). 

Thus, the final unloading occurred two ways: accomplished by the machine or manually by 

the loading wheel. If the final unloading was accomplished manually the slope of the loading 

and of the unloading part of the diagram matched almost fully (Fig. 73-74). In the first 

column of Table 19 the Young’s modulus is calculated from the initial part of the diagrams, 

the values in the second column are calculated from the middle linear section. 

 

0

2

4

6

8

10

12

14

0 1 2 3 4 5

Strain [‰]

S
tr

e
s

s
 [

N
/m

m
2
]

      

0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5

Strain [‰]

S
tr

e
s

s
 [

N
/m

m
2
]

 
Fig. 73 σ-ε diagram of specimen B1     Fig. 74 σ-ε diagram of specimen B5 

Table 19 Results of method 3 

Sign Secant Ebrick [N/mm2] Tangential Ebrick [N/mm2] εc,brick [‰] fc,brick [N/mm2] 
A1 4 418 22 357 1.3 17.79 
A5 3 749 3 749 4.88 18.58 
B1 10 580 4 324 2.1 13.04 
B5 5 735 5 735 4.5 16.43 
C1 1 823 1 823 10.3 14.07 
C5 12 715 8 733 5.4 19.61 

D) Results – Method 4 (by IST on prisms) 

In Table 20 the same two groups of values can be seen, as in [33-46]. It was noticed that 

the difference between the results is the failure mode. 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 75a and b present the two types of failures: horizontal 

cracks that are different from the typical frictional crack pattern when the cracks run vertical. 
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Fig. 72 σ-ε diagram of specimen C5 
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Table 20 Results of method 1 

Sign Secant Ebrick [N/mm2] Tangential Ebrick [N/mm2] εc,brick [‰] fc,brick [N/mm2] 
1B4 11 014 9 254 1.2 10.3 
2B1 15 334 3 079 (after crack) 1.1 8.5 
1B1 15 785 4 799 1.4 8.7 
2B2 3 198 1 650 1.3 8.3 
1B3 1 956 1 331 1.4 11.4 
2B3 2 477 1 010 1.4 15.0 
1C1 16 114 14 334 1.0 14.8 
2C1 15 593 10 796 1.1 13.3 
1C2 20 177 11 256 >1.5 >18.7 
2C2 3 752 3 600 1.4 8.1 

These samples contained horizontal cracks before loading. Thus the failure occurred first 

with closing of the existing cracks and than a crushing along the crack. If the crack took place 

in the range of the device, the machine decreased the load and after a few minutes it was 

stabilized. When it was stable, the loading could go on and the slope of the diagram changed 

(Fig. 76). Sometimes the diagram turned into another direction, especially after the peak. The 

diagrams of Fig. 76 and 78 show the load-displacement relationship in case of real 

compressive failure and the crack closing failures in case of Fig. 77 and 79.  

    

Fig. 75 Crack pattern of specimen 1C1 and 2B2 
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Fig. 75 Stress-strain diagram of specimen 2B1 Fig. 76 Stress-strain diagram of specimen 2B2 
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In every direction the strain at the failure is almost the same. At a strain of 0.001 crack 

occurs that can lead to failure or after a further 0.001 strain another crack happens, which is 

shown in Fig. 76-79. The changes of the slope indicate that crack and internal damage occurs 

in the material. Fig. 76 shows that the brick is the weakest and most plastic in direction B.  
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Fig. 77 Stress-strain diagram of sp. 1C2 Fig. 78 Stress-strain diagram of sp. 2C2 

6.1.3.3. Conclusion of this chapter 

The novelty of the chapter is a comprehensive experimental investigation of the fully 

compressive characteristics of one type of brick using more than 30 brick specimens. Four 

types of methods were introduced for measuring the secant (initial) and tangential Young’s 

modulus of the brick. The results of the methods are demonstrated and analysed. The method 

4 (measuring by ISTs on brick prisms) is suggested for standardisation of the determining of 

the Young’s modulus of solid bricks. In this case only those values could be taken into 

account that do not sustain horizontal crack closing failure (values under 10000 N/mm2). The 

reason of that is that this failure happens never in case of entire bricks (see previous chapter). 

This failure is typical only in case of cut specimens. Therefore, the mean can be calculated in 

each direction shown in Table 21. It is noticed that Ebrick is the smallest in direction B, as in 

case of the compressive strength and the ratio of the orthotrophy between the B and C 

directions is the same in case of Ebrick and f
norm

c,brick. Therefore, assuming that the ratio of the 

orthotrophy is the same in each direction the Young’s modulus can be calculated in the A 

direction. Linear relationship was found between Ebrick and f
norm

c,brick in each direction. 

Table 21 

 fnormc,brick [N/mm2] Ratio [%] Ebrick [N/mm2] COV [%] of Ebrick Ratio [%] 
A 20 100 20325 - 100 
B 14.1 70.5 14044 18.8 69.1 
C 16.8 84 17294 14.5 85 

A statistical analysis was carried out to prove the suspicion that the Young’s modulus is 

different in the directions B and C. As the standard deviations of the samples were not the 
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same, a Welch’s test could be applied to determine the existence of heterogeneity because of 

the different producing directions. Therefore, supposing the normal distribution of the Ebrick it 

can be stated that the difference in Young’s modulus between the directions B and C exists 

with a probability of more than 90.5 %. (degrees of freedom: 4). The experiments show that 

the samples are anisotropic and have a fibrous construction. Thus, the orthotropy of the brick 

is proved not only in the compressive strength, but also in the Young’s modulus values. 

For measuring the Poisson’s ratio of the brick only method 1 is applicable. In case of the 

method 1 in the direction B the measurement resulted in the same Ebrick as in case of method 

4. Method 1 gives the Ebrick of cylindrical samples with the diameter of 44.5 mm along 20 mm 

length and method 2 of prismatic samples with the loaded area of 2500 mm2 along 40 mm. 

The Ebrick measured by method 1 in direction A resulted in 1.22-times bigger Young’s 

modulus values than in case of the method 4. An aspect ratio of 2.9 causes 2-times smaller 

Ebrick in case of the strain gauges measurement. For measuring the Young’s modulus by strain 

gauges it is suggested choosing the specimens with a h/d ratio of 1.5-2 in case of the diameter 

44.5 mm or it should be calculated by the Eq. (28) shown in Fig. 80 (k is the value that the 

Young’s modulus of method 1 is multiplied by). 

17.0dh75.0k −⋅=      (28) 

y = 0.747x - 0.171

R
2
 = 0.999

0

0.5

1

1.5

2

2.5

0 1 2 3 4
h/d [-]

k
 [

-]

 
Fig. 80 Calculation of the Young’s modulus from measurement method 1 

The aspect ratio of at least 2 governs the adequate Young’s modulus. This corresponds to 

the assumptions given in [50] for concrete compressive strength. Observing the results of 

method 3 and extracting the values are under 5000 N/mm2, the remaining two results show 

the same ratio of the orthotrophy that was determined before between directions B and C. 

In case of the investigated solid, fired clay brick orthotropy was determined in Young’s 

modulus values in the defined three directions. Linearity was found between Ebrick and 

fnormc,brick in each direction. The ratio of the orthotropy of Ebrick in each direction matches the 

ratio of fnormc,brick values in each direction. It was determined that the Young’s modulus of the 

brick can be taken into account as 1000-times the normalized mean compressive strength. 
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The work [56] contains that the relationship between Ebrick and fc,brick is linear for low 

compressive strength. In case of higher strength Ebrick increases exponentially. The 

relationship was determined between the firing temperature and fc,brick and Ebrick. It was not 

defined which type of compressive strength (normalized or mean) was taken into account. 

The compressive strength was investigated in one direction only. 

6.1.4. The flexural - tensile strength 

The tensile strength of the brick was measured by a 3-point bending test setup. Whole 

bricks were tested in one direction and the 13 measurement resulted values between 2.5-6 

N/mm2. The average of the tensile strength amounted to 4.28 N/mm2 (COV: 48,8 %).  

6.1.5. Internal friction angle of the surface 

The internal friction angle was measured by an easy test setup. Two bricks were placed on 

each other. The corner of the bottom one was 

uplifted. The height of the uplift was measured when 

the upper brick begins to slide on the bottom one. 

The friction angle could be calculated from the two 

sizes of the triangle shown in Fig. 81. 

6.2. The properties of the mortar 

In the Americas different types of mortar are used: Portland cement-lime, masonry 

cement, Portland cement boulder sand and ready mixed mortar. Table 22 shows their 

composition. Masonry cement (Mc) consists of Portland cement (Pc), plasticizing additives, 

air-entraining additives, water retention additives and ground limestone. It may also contain 

mason’s lime (L). Grout for masonry is composed of Portland cement, hydrated lime (Hl), 

sand (S) and pea gravels. It is not rare that the compressive strength of the grout is about 140 

N/mm2. Table 23 shows the changes of the compressive strength of the Portland cement-lime 

mortar in the function of the proportion specification. 

Table 22 The constituents of mortar types [1] 

Mortar Pc Mc L S Use 

Pc lime + - + + 
Canada, USA, 
Chile, Mexico, 
Columbia, Peru  

masonry cement + + - + USA 

Pc boulder sand +   + 
Columbia, 
Mexico 

ready mixed + +   Columbia, USA 
grout +  + + USA 

Table 23 Proportion specification 
for Portland cement-lime mortar [1] 

 Pc Hl S fc,mortar 
[N/mm2] 

M 1 ≤1/4 3 17.3 
S 1 ½ 4 1/2 12.4 
N 1 1 6 5.2 
O 1 2 9 2.4 

 

height 
registered 

distance measured angle calculated 

Fig. 81 Measuring the friction angle 
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[3] defines three types of masonry mortars based on the constituents: general purpose, thin 

layer or lightweight mortar. According to the composition masonry mortars are considered as 

designed or prescribed. According to the method of manufacturing masonry mortars are 

classified as factory, semi-finished factory or site made. They are nominated by their 

compressive strength, expressed by the letter M, followed by the compressive strength in 

N/mm2. Prescribed masonry mortars are described by the cement:lime:sand ratio by volume. 

In Table 24 the properties of the mortar are collected. Two groups of elastic modulus values 

are shown: 100-500 and 2000-5000 MPa. Additional information is shown in the last column. 

Table 24 Properties of masonry mortars 

Emortar [N/mm2] νmortar [-] fc,mortar [N/mm2] Comments 
2 200 0.25 4 [3] 
2 280 0.29 - [4] 
5 480 - 5.7 φ80 mm, 80 mm [7] 
335 0.2 14,7±0.6 ft,m=1.4 N/mm2 (1:1:5) [9] 
1 178 0,06 3,2 ft,m=0.9 N/mm2 [10] 
1: 100 
2: 532 

3: 3 325±164 
4: 235±190 

- 

0.79±0.1 
4.47±0.3 
34.5±3.0 
4.20±0.9 

ft,m=0.52±0.03 N/mm2 [13] 
ft,m=1.34±0.11 N/mm2 [13] 
ft,m=5.82±0.24 N/mm2 [13] 
ft,m=1.13±0.24 N/mm2 [13] 

3 900 0.2 5.6 [15] 
4 000 (8 300) 0.2 - [16] 

1: air hardening lime mortar, 2: hydraulic lime mortar, 3: cement mortar and 4: hybrid (lime/cement) mortar. 

To determine the properties of the mortar commonly used in Hungary an experimental 

study was undertaken. This mortar is a semi-finished one, packed into bags. For application 

water should be added to the mixture. The pre-mixed mortar contains lime hydrate, cement, 

sand and additives and has a compressive strength of more than 3 N/mm2 (nomination: M3). 

6.2.1. The compressive strength and flexural strength 

A standard test method exists in Europe to determine the flexural and compressive 

strength of the hardened mortar. [57] prescribes the investigation of at least six mortar prisms 

of sizes 40x40x160 mm3. The exact composition of the mortar was unknown. The amount of 

the additional water corresponded to the working instructions of the manufacturer. In case of 

the first mixing, after 5 days hardening, the mortar prisms were got out from the formwork 

and placed under water. In a couple of minutes (ca. 1-3) the mortar prisms mouldered. The 

mortar mixture probably contained an amount of calcium hydrate that does not harden under 

water. In case of the second mixing after six days hardening in a plastic bag, the prisms were 

removed from the formwork and placed back into the bag for further 14 days. After 28 days 

the loading was undertaken. The compressive strength of mortar prisms was measured in 
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conformation to [57]. First the flexural bond strength of the prisms was determined, and on 

the two remained half of the mortar prism standard compressive tests were undertaken (the 

mean value of the mean of the two half prisms are shown in Table 25 for the mortar type M3, 

from the second mixing). The test setups of the experiments are shown in Fig. 82. 

Table 25 Results from standard mortar tests 

NS Mean value of fc,mortar [N/mm2] COV [%] Mean value of ft,mortar [N/mm2] COV [%] 
7 3.27 7.5 1.19 7 % 

 
Fig. 82 The tested mortar samples 

6.2.2. The Young’s modulus 

In order to determine the Young’s modulus of the mortar 70x70x250 mm3 (specimens 1, 

2, 3, 4) and 40x40x160 mm3 prisms were made (signed by 5 and 6). The IST was placed on 

both sides, in the middle third of the height of the prisms in order to avoid the restrain effect 

of the platens. The strain is calculated from the average of the two sides (Fig. 83). The same 

loading machine and measuring devices were applied, and the same loading conditions were 

used as on the cubic and prismatic brick samples. Table 26 shows the compressive strength 

calculated from the area of the mortar prism in the first column, the strain at the compressive 

strength in the second column and then the initial and after the tangential Young’s modulus 

calculated from the middle third of the compressive stress values. Table 26 shows that the 

initial Young’s modulus is 1000-times the compressive strength.  

Table 26 Measurement results 

Sign 
fc,mortar 

[N/mm2] 
εc,mortar 
[‰] 

Initial Emortar 
[N/mm2] 

ε at the beginning 
of the plateau [‰] 

Tangential 
Emortar [N/mm2] 

1 2.58 0.73 3 267 - 2 143 
2 1.98 4.47 3 067 3.5 1 292 
3 1.95 2.90 3 483 2.8 2 188 
4 1.82 3.20 2 430 2.7 1 001 
5 2.16 2.44 3 290 2.4 1 088 
6 2.13 2.07 3 169 1.5 1 849 

Mean 2.10 2.63 3 117 2.58 1 593 
COV 12.6% 47.2% 11.7% 28.1% 33.4% 
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Fig. 83-86 show the stress-strain diagrams with long plastic sections. The continuous line 

at the end of the diagram indicates that the unloading was manually. If single points are 

shown the machine made the unloading. For example in case of sp. 3, an unloading after the 

peak was made by the machine and then manually loading took place. The failure modes of 

the prisms are shown in Fig. 87-90. The sp. 1 has one vertical crack in the middle, the others 

failed by diagonal cracks or compressive crushing. 
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Fig. 83 Stress-strain relationship of sample 3     Fig. 84 Stress-strain relationship of sample 4 
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Fig. 85 Stress-strain relationship of sample 5     Fig. 86 Stress-strain relationship of sample 6 

     
Fig. 87 Failure mode of specimen 1          Fig. 88 Failure mode of specimen 2 

     
Fig. 89 Failure mode of specimen 3   Fig. 90 Failure mode of specimen 6 
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6.2.3. Conclusions 

Results of experimental investigations on the mechanical parameters of Hungarian brick, 

mortar and masonry are hardly available. An experimental investigation was carried out in 

order to determine the parts of the properties of masonry constituents. It turned out that the 

compressive strength and the Young’s modulus strongly depend on production technology 

and building tradition. Investigation of all the properties of mortar, brick, joint and masonry is 

cumbersome; however they are necessary for the analysis of the masonry wall. 

The novelty of the chapter is a comprehensive experimental investigation of the fully 

compressive characteristics of one type of mortar using more than 13 mortar specimens. Table 

27 contains the measured results summarized for the brick and for the mortar. It shows that 

the ratio of the orthotropy of the B- and C-directional Young’s modulus corresponds to the 

ratio of the B- and C-directional normalized compressive strength. Therefore, the A-

directional Young’s modulus can be calculated from the orthotrophical ratios. The Young’s 

modulus of the brick is ca. 1000-times the value of the normalized mean compressive 

strength. It was determined that in case of this brick the average strain at the compressive 

strength is about 1-1.5 ‰ for brick samples. The behaviour of the brick corresponds to the 

expected one: it is almost linear with relatively small plastic range.  

Table 27 Properties of the brick and the mortar 

Brick: [N/mm2] Stress-strain diagram almost 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 acc. to [57] 3.27 
Ebrick A direction 20 325 ft,mortar acc. to [57] 1.19 
Ebrick B direction 14 044 Emortar 3117 
Ebrick C direction 17 294 εc,mortar ca. 2.5 ‰ 

εc,brick ca. 1-1.5 ‰ Stress-strain diagram significant plastic range 
 

The complete compressive characteristic of one type of mortar was determined. The 

flexural strength of the mortar can be considered as the 1/3-part of the compressive strength 

according to [57]. The secant and tangential elastic moduli were measured. The initial 

Young’s modulus is considered as 1000-times the compressive strength. The plasticity begins 

at ca. 2.5 ‰.The strain at the compressive strength occurs at a value of 2.6 ‰. The tangential 

Young’s modulus is almost the half of the initial Young’s modulus. The maximal strain is in 

case of specimens of 70x70x250 mm3 is 4-5 ‰, in case of 40x40x160 mm3 it is 2,5-3 ‰.  
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6.3. The properties of the masonry joint 

As it was shown before, the failure occurs at the surface of the joint mostly. Thus it is 

important to overlook the most significant properties of the joint measured experimentally. 

6.3.1. Tensile behaviour of the joint 

The tensile behaviour of unit-mortar joint was investigated in [58]. Van der Pluijm carried 

out deformation controlled tests in mortar, unit and masonry specimens. He investigated four 

different types of bricks and 3 types of mortar. The properties of bricks, (mortar and joints 

most similar to Hungarian) are shown in Table 28. Ec means the compressive Young’s 

modulus, Et the tensile Young’s modulus, fc the compressive and ft the tensile strength of the 

joint. An observation revealed that the bond area was smaller than the cross sectional area of 

the specimens. The estimated 

average net bond surface was 35% 

of the cross sectional area for single 

specimens and this value amounts to 

59% in case of walls. The tensile 

behaviour of a joint of one type of 

mortar and one type of brick is 

shown in Fig. 91. The ft amounts to 

0.14-0.81 N/mm2 and show a huge 

SD. The test setup is shown in Fig. 91. The lower brick is fixed, and the upper is moved 

upwards. The displacement is measured between the two bricks [58].  

Table 28 The properties of the brick, mortar and joint investigated by [58] 

Type Ec [N/mm2] Et [N/mm2] fc [N/mm2] ft [N/mm2] Comments 
Wire cut solid clay 
brick (extruded) 

16 700 16 605 66 2.36 204x98x50 mm3 
1900 kg/m3 

Mortar - - 8.2 - 1:1:6 (C:L:S) 
Joint - 2370 - 0.4 15 mm 

6.3.2. Shear behaviour of the joint 

The shear behaviour of the joint was investigated in [32], [59] and [60] by Van der Pluijm. 

He carried out an exhaustive investigation of the mortar joint due to shear. Displacement 

controlled tests were carried out to determine the shear strength, the friction angle and the 

cohesion of the unit-mortar joint. The thickness of the joint amounted to 15 mm, and unit size 

was 200x150x50 mm3. The test setup of the experiment is shown in Fig. 92. The experiments 

were carried out under different confining compressive stress levels, 0.1, 0.5 and 1 N/mm2, 

respectively. The experimental results yield an exponential softening diagram with a residual 

Fig. 91 The experimental investigation of [58] 
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dry friction level. The envelopes of the results of the experiment are indicated in Fig. 92 by 

the shaded area. The properties of the mortar-brick surface are shown in Table 29. 

Table 29 The properties of the joint in case of one type of brick, in case of mortar 1:1:6 

Young’s modulus [N/mm2] Mean tensile bond strength [N/mm2] φ [°] c [N/mm2] 
2974 0.62 36 0.88 

 
Fig. 92 Experimental investigation of [60] 

7. Measuring of the masonry properties 

In case of the tested walls shown in 

Chapter 5, just before the shear loading, 

compressive tests were carried out. It 

was stated that the shear tests were 

performed under constant 200 kN 

compression. During the vertical loading 

the displacement of the walls was 

measured in the loaded direction in order 

to determine the Young’s modulus of the walls. Therefore the compressive strength is not 

governed from the experiments. The investigation was done for every type of the wall, for 

reinforced and plain walls. The surface of the concrete base was mortared that the bricks were 

laid on. At the top of each wall a mortar layer was placed to avoid the unconformities. The 

height of the walls was about 123.5 cm with the mortar layer under and above the wall that 

contained 15 courses of brick and 16 courses of mortar layers. An aluminium plate was fixed 

with two components adhesive on the top of each wall. In case of the first series of walls a 

magnetic inductive displacement transducer was fixed (Fig. 93) on the floor. The 

displacement was measured between the aluminium plate and the floor by the IDT. The 

displace-ment of the 10 cm thick concrete beam can be neglected compared to that of the 

wall. Therefore the displacement measured is the displacement of the 15 layers of mortar with 

 

Hydraulic 
jacks 

Aluminium 
plate 

Inductive 
transducer 

Fig. 93 The test setup of the masonry walls 
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the average thickness of 16 mm and the 15 courses of bricks. The loading occurred in every 

cases in loading-unloading steps of 50 kN, the maximum compressive strength was about 

0.47 N/mm2. At the beginning of the loading there could be a possible gap between the floor 

and the U300 beam. After 50-100 kN it is surely closed. Therefore the measured values are 

considered as the displacement of the wall.  

Fig. 94 shows the force-displacement diagram of the plain wall with mortar type M3. The 

lines of the figures show how the different moduli were calculated. After 50 kN extra loading 

and unloading, the residual displacement is in the 2., 3. and 4. cycle 0.1 mm. Calculating the 

displacement from the 150-200 kN loading section, 0.26 mm displacement occurs from 50 kN 

loading. Therefore, the average initial Young’s modulus of the diagram is at least 530 N/mm2. 

The tangential Young’s modulus is almost the twice of the initial Young’s modulus, 1045 

N/mm2. Table 30 presents the chord modulus values that show a typical behaviour of 

materials resisting compression, in every cycle the chord modulus is decreasing. 

 
Fig. 94 Force-displacement diagram of the wall mortared by M3 

Table 30 Young’s modulus of wall M3 [N/mm2] 

Sign Initial Emasonry Tangential Emasonry Chord 1 Chord 2 Chord 3 Chord 4 
M3 530 1 045 1 238 987 944 876 
M10 2 687 5 707 5 421 3 970 3 348 2 848 

 

The other plain masonry wall built from the same brick and from a mortar type M10 was 

tested under the same circumstances, except that the IDT was fixed on the U300 beam. The 

average thickness of one mortar joint was about 15.6 mm. The initial Young’s modulus of the 

wall is 2687 N/mm2 in case of the first loading. In case of the second loading, the vale of the 

tangential Young’s modulus is 5707 N/mm2. The calculations are shown in Fig. 95. 
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Fig. 95 Force-displacement diagram of wall mortared by M10 

These two walls are built from the mortar M3 and M10 and from the brick, that has the 

compressive strength of 10 N/mm2 according to [36]. The δ factor, used for calculation of the 

normalized mean compressive strength, is 0.81. Therefore, fnormc,brick can be considered as 8.1 

N/mm2. K is a constant, and its value is 0.55, because the brick is solid, and has to be 

multiplied by 0.8, because one vertical head joint is in the middle of the wall along the whole 

length in every second course. The fnormc,brick was determined before in every three direction. 

Table 31 shows the initial Emasonry calculated according to [3].  

3.0
mortar,c

7.0norm
brick,cmasonry,c ffK8.0f ⋅⋅⋅=

     (29) 

Table 31 Calculated properties according to [3] [N/mm2] 

Wall fnormc,brick fc,mortar fc,k,masonry Initial Emasonry fnormc,brick fc,k,masonry Initial Emasonry 
M3 8.1 3 2.65 2 650 20 4.98 4 980 
M10 8.1 10 3.80 3 800 20 7.15 7 150 

7.1. Conclusion 
It was determined that the Young’s modulus of the wall after the second loading is almost 

the twice of the first loading elastic modulus because of the compaction of the mortar. The 

mortar particles are pressed into the brick, thus the wall has at least two times higher Young’s 

modulus after the second loading than under the first loading. In the wall’s Young’s modulus 

the modulus of the mortar is the most significant factor. However, the Emasonry is the 1/3-part of 

the Ec,mortar. The reason of that is that the Ec,mortar is measured under artificial circumstances: the 

mortar specimens were compacted, their surface is plane, and they were held under plastic 

bag in order to hold their moisture content because the cement requires water to harden. 

However in the wall the bricks were put in water before mortaring, but the brick absorbed the 

water from the mortar, therefore the mortar was weaker in the wall than in the specimens.  
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[38] collected the compressive strength and the Young’s modulus of fired clay bricks, 

mortars and masonry walls for a statistical analysis and investigated the connection between 

the elastic modulus and the compressive strength of the masonry units, mortar and walls. A 

direct proportionality was found between the compressive strength of the unit, mortar, and 

wall but the values have an extremely high standard deviation. 

8. Measuring of the Young’s modulus of RM 

The load-displacement diagrams of the reinforced walls are collected. Table 32 presents 

the results of M3 and Table 33 of M10 walls. Fig. 96-101 shows how the values were 

counted. Here are only the results presented, because no significant statements could be 

remarked. In both cases those walls that contained horizontal reinforcement, were softer, but 

probably because their layer was thicker, they contained more mortar for the better quality. 

Table 32 Young’s modulus of walls M3 [N/mm2] 

Sign Init. Emasonry Tang. Emasonry Chord 1 Chord 2 Chord 3 Chord 4 
Plain 530 1 045 1 238 987 944 876 

Vertically 600,1 150 1 060-1 600 685 774 877 977 
Horizontally 223,590 600-1 090 288 389 484 535 

Both directions 550 600-1 000 633 657 667 672 

Table 33 Results of walls mortared by M10 [N/mm2] 

Sign Init. Emasonry Tang. Emasonry Chord 1 Chord 2 Chord 3 Chord 4 
Plain 2 687 5 707 5 421 3 970 3 348 2 848 

Vertically 787,1 537 1 417,1 172 - 1 990 1 613 - 
Horizontally 1 701 - 723 932 1 033 1 192 

Both directions 1 794, 2 385 2 753, 2 998 2 580 1 975 1 975 2 135 

 
Fig. 96 Force-displacement diagram of   Fig. 97 Force-displacement diagram of 

vertically reinforced masonry wall    horizontally reinforced wall
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Fig. 98 Force-displacement diagram of  Fig. 99 Force-displacement diagram of 

 both directions reinforced wall M3    vertically reinforced wall M10 

 
Fig.100 Force-displacement diagram of  Fig. 101 Force-displacement diagram of  

 horizontally reinforced wall     both directions reinforced wall 

9. Current methods of modelling masonry 

Two main types of masonry models are distinguished: the micro- and macromodels. The 

detailed micromodels contain the brick and the mortar layer in real sizes. Both are continuum 

elements and the contact between them is the surface where the slip, the cracks and the failure 

occur. This type of modelling allows taking into account all types of failures, even of the units 

and the mortar. There is a simplified type of micromodel containing only brick elements, 

whose size is increased with the half of the mortar thickness. The surface of the joint 

represents the mortar and the possible failure plane. In case of macromodels, the brick, the 

mortar and the joint is one homogenous material representing the behaviour of the masonry. 

Micromodels are used when local actions need to be analyzed. In case of macromodelling, the 

global behaviour of the structure is studied by a homogeneous material, so the behaviour is 

described by the global properties; thus, it is not attempted to calculate with local failures. In 

practice, the modelling mostly represents the analysis on the element level. 
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Fig.102 Levels of modelling masonry: a) Micro-, b) Simplified micro- and c) Macro level[28] 

For the description of the macromodel a characteristic unit, representative volume element 

(RVE) is chosen whose physical state, stress and strain mark the material. Its dimensions are 

big enough to characterize, but even little enough to analyze the behaviour of the material. 

RVE amounts from a couple of decimetre to even one meter in case of masonry. Continuum 

mechanics has to be applied if a bigger volume needs to be analyzed than RVE. If it is smaller 

than RVE the micromechanical model is applicable. 

The purpose of the micromechanical models is to 

estimate the macro attribution of the material. The 

values at the macro level are the average of the micro 

level’s variables. This method is called as homogeni-

sation. As a masonry wall practically consists of 

many frequent elements of homologous size, their 

properties are periodical in a wall section. Using these features, different homogenization 

methods are introduced. [61] choose a basic unit for masonry as RVE that has adequate 

boundary conditions and contacts from that the whole wall can be built with reflection and 

translation (Fig. 103). It is not applicable for walls built in other than running bond. 

Continuum damage mechanics is also suitable for modelling of brittle materials. The 

elements do not collapse, only their material properties change. In the continuum damage 

mechanics the physical state of material depends on momentary state of microstructure. 

However, the real material is not continuous. The energy function of the material is described 

by damage parameters that are attached to the distribution and frequency of the microcracks 

and describe the local failure of the material. They give the connection between stresses and 

strains to characterize the loading history. For the analysis of anisotropic masonry with 

inelastic behaviour, the following models can be found. A continuum model is shown for 

masonry in which two internal parameters are represented for the damage in [62]. The 

proposed anisotropic model predicts the behaviour, the crack pattern and the possible places 

of the failure of any types of masonry, such as solid, hollow, clay or concrete masonry. An 

orthotropic damage model is developed by [63] for masonry with four independent internal 

variables which are controlled by the equivalent stresses. 

Failure 
surface 

a) 
Unit Mortar + Failure surface 
b) c) 

Homogeneous material Mortar Unit 

Basic 
unit 

Homogenised 
continuum 

Fig. 103 The basic unit of the 
homogenisation [61] 
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The continuum mechanics assumes also that the space consists of continuous mass of 

material points that are infinitely near to each other. Another type of the modelling is the 

discrete element modelling, which is efficient in the analysis of crack conveyance of masonry. 

This type of modelling belongs to the interface models (discontinuum models) that comprise 

the non-linearity to the bond surface of the masonry unit and mortar. The discrete element 

modelling can describe the possible process of decomposition, and follow new adjoining 

elements in the materials. The structure is modelled as an aggregation of individual and 

independent elements. 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 advantage of this modelling is that owing to 

its time-dependent features it is particularly suitable to analyze cracking patterns due to 

earthquakes. A discrete element approach can be found for masonry structures in [64]. The 

authors applied the non-smooth contact dynamics resolution method, and masonry is 

modelled by assemblage of rigid or deformable elements. 

9.1. Cracks of ceramics and brick 

Brick is a structural type of ceramic products that is modelled in micro- and macrolevel, 

too. The micro level is the level of the atoms. Solids are built by primary bonds that form 

between atoms and involve the exchanging or sharing of electrons. Ceramics have strong 

internal covalence or ionic bond. Both of that mean stabile, strong and rigid contact between 

the atoms. The microstructure of ceramics inclines to realign less, the failure of the whole 

bond system commences abruptly (the atomic bonds are released due to little local defects of 

the crystal-lattice). In a macro level this effect leads to the brittle material behaviour. 

Typically, ceramics are characterized by brittle, cleavage breaks. Due to the strong contact 

system, their compressive strength and Young’s modulus are high, but their toughness is 

much lower than that of the metals, and they are especially sensitive to cracking. Increasing 

toughness is possible by using reinforcement. Failure of bricks is caused by cracks that are 

different depending on the type of loading. If the element is subjected to tension, the stress 

concentration at the crack tip brings first the propagation of microcracks and then the 

macrocracks into action. If the propagation is unstable, the material stability is lost, a sudden 

failure occurs. In case of compression the propagation of the microcracks is stable, and the 

material disaggregates and moulders. The basic stability parameters to characterize the brick 

are the Young’s modulus, the ultimate stress, and the critical stress intensity factor (limit 
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toughness). Reaching the latter’s limit signs the beginning of the uncontrollable propagation 

of the macrocracks. 

The inhomogeneous or reinforced materials are quasi-brittle. In their cases composite 

types of cracks and fractures occur. A bridging zone is formed between the undamaged 

material and the open crack with a fully stress-free surface. If reinforcement is used in the 

material, it ensures the bond in this range, causes more stable state, and local plastic points 

may occur. A micro-cracking-zone can develop in the surroundings of the crack top [65]. 

9.2. Modelling of masonry materials 

Masonry is a heterogeneous material that has different properties in different directions. 

While analyzing masonry, non-linearity is caused by the material differences. Studying the 

joint properties of the masonry revealed that strong non-linearity exists at the contact for 

tensile, compressive and shear loading. Softening behaviour of the joint before and after the 

peak stress makes the modelling difficult. Softening is a gradual decrease of the resistance (or 

stiffness) under continuous increase of deformation. The brick, the mortar and also the joint 

demonstrate softening behaviour under uniaxial loading, under tension and under 

compression, and they failed due to a progressive internal crack growth. This behaviour is 

attributed to the heterogeneity of the material: the mortar contains micro-cracks due to 

shrinkage, the brick encompasses inclusions and material defects due to shrinkage during 

firing and the adhesion is not perfect at the surface of the brick. 

10. DISCRETE ELEMENT MODELLING (DEM) 

As it was shown before, the failure of plain and reinforced masonry occurs almost in every 

case in the joint. The bricks can move separately, they are damaged in rare cases. This is one 

reason why discrete element (DE) models are applied for modelling the shear behaviour of 

masonry. In this chapter a short description is given about the DEM. 

DEM is applicable to problem analyses that could be hardly solved by approximation 

methods based on continuum mechanics. These deficiencies emerge during analysis of the 

behaviour of partitioned, segregated, independent elements, e. g. granulated materials (corns, 

sand, etc) frequently. Comparing to the FE analysis, the most essential difference is that 

elements are able to move separately, and not only the disappearance of the contacts, but also 

the appearance of new contacts are handled. (In case of FEM, displacement fields are 

continuous at the points of contact of finite elements.) A short summary about the operation 

of the DEM is shown in Fig. 104 according to [66, 67]. 
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Fig. 104 Steps of discrete element modelling 

Each model consists of elements (blocks) and joints. The elements could be defined as 

deformable blocks and split into triangular finite element ranges, zones therefore the 

deformation due to the contact forces could be determined. The apexes (gridpoints) of the 

zones are the nodes that are within the elements or at their periphery. Every node can be 

displaced in the x, y and z directions. The equation of motion could be considered as true in 

one moment (timestep). Observing one timestep: the mass of the gridpoints, the location of 

the elements and the “external” forces (loads and contact forces) are known in the studied 

moment. The velocity of each gridpoint is known in the middle of the previous timestep. 

Therefore, by solving the equation of motion, the new velocities and displacements can be 

determined. Fig. 105 shows how the stresses are calculated at each point of the model. 

 
Fig. 105 Calculation of the stresses in 3DEC 

If two blocks contact, constantly distributed force system is transferred at the contact area 

that consists of a normal and tangential component. The two surfaces of each block perform 

relative displacement. The displacement can be reduced to two components: a normal and a 
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tangential one. The former is perpendicular to the surfaces and governs the joint normal force, 

and the shear displacement governs the joint shear force. In case of bounded joints tensile 

force can be transmitted: therefore the shear and normal stiffness, as well as tensile and shear 

strength are defined. The forces being transferred from one element to the adjacent one can be 

calculated from the displacements determined at the end of the timestep.  

10.1. Checking the applicability of the DEM 
From one point of view, masonry consists of discrete elements: units and mortar joints. 

Deformation of the more rigid units comparing to the mortar causes the failure of the wall less 

in case of a shear load than the slip of the units on each other or the debonding of the mortar 

joints. From the three types of masonry modelling defined by [28] the simplified micromodel 

was chosen. As it was seen before the failures of reinforced masonry are very similar to plain 

masonry. This gives the idea to control how the joints of reinforced and plain masonry behave 

in a DE model. The approach was developed by the use of 3DEC 4.10 [69] 

The applicability of the modelling technique was verified by a 2D model build up in the 

UDEC 4.0 [68]. Different failure modes and crack patterns were intended to be obtained in 

case of two different brick bonding types: the simple running and the English bond. 

First of all the intention was to find the correct failure mode for masonry, for the same 

load as applied in the experiments. The purpose of the next step of the modelling was to find 

the failure mode and the crack pattern of a plain masonry wall built in the same bond as in the 

experiment. At the end it was noticed that the possible failure modes of the plain masonry 

matches the failure modes of reinforced masonry found in the experiments. 

In Fig. 106 the theoretical failure modes of the masonry wall in a simple running bond are 

presented. The size and the direction of the arrow of the vector of the nodes denote the 

magnitude and the direction of the displacements. If the mortar joint is too rigid, the excessive 

extension of the bricks (impossible) would cause the failure (a). In case of other stiffness ratio 

it is possible that the bottom course of the masonry wall tears from the fixed foundation and 

the failure is a kind of bending, which can be seen in Fig 106b. The right side of the wall is 

compressed the other, loaded side is tensioned. This is one failure mode of the reinforced 

masonry. The third theoretical failure (c) is that the directly loaded three course slips at the 

unloaded lower part of the wall, which is possible failure of reinforced masonry, too. In this 

case the failure is shear but it happens in one cross section. The fourth theoretical failure 

mode (d) is the actual one for plain masonry, the diagonal cracking. 
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Fig. 106 Theoretical failure modes of masonry wall 

Then a model was prepared for the behaviour of a wall built in the bond of the plain 

masonry. Rectangular elements were applied with a height and length of one unit plus half of 

the mortar joint from both sides. Mohr-Coulomb plasticity model was chosen for modelling 

the behaviour of the bricks, Coulomb slip, with residual tensile strength and cohesion for the 

joint contact. The parameters applied were the following: ρ=1427.7 kg/m3, K=7500 N/mm2 

according to [70], G=8181 N/mm2, ft,brick=0.015 N/mm2, and internal friction angle 36-38° 

according to own measurements. For the joint: kn=ks=Emortar according to [70], φ=26°, 

ft,joint=0.015 N/mm2, c=1 N/mm2 and Ψ was chosen according to [68]. The explanation of the 

parameters and material models are detailed in the previous chapters. The geometry, size of 

the units and support conditions were the same as during the experimental investigation, with 

an exception of the third dimension of the wall. The 2 dimensional modelling presents rather 

plane strain state, but the plane stress state is more realistic. The vertical load was applied in 4 

steps, the value of 0.47 N/mm2 corresponds to 200 kN. The size of the loading surface, where 

the horizontal load acted, was the same as in the experiments.  

 
Fig. 107 a and b The crack pattern of the wall from the experiment and from the model 

Fig. 107a and b compare the results of the experiment and the computational running. The 

crack pattern of the plain masonry wall matches the crack pattern calculated by the model. 

When about 120 kN was reached in the model 5.6 cm maximal displacement resulted at the 

a) b) 

b) c) a) d) 
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unloaded end, at the top of the wall. At the end of the second course, where horizontal 

displacement was measured during the experiment, the horizontal displacement was 3.2 cm 

compared to the displacement of 2.6 cm in the experiment, at the load of 130 kN. Fig. 108 

shows the direction of the compressive principal stresses that corresponds to the direction of 

the cracks at the compressed toe. 

 
Fig. 108 Comparison of the principal stresses to the crack pattern form the experiment 

10.2. The aim and method of the modelling 

The aim of the modelling was to build a discrete element model for plain masonry wall. 

With a DE model it is possible to investigate the effect of the bricklaying types and 

parameters that have an influence on the shear strength of the walls. Based on this model it 

would be possible to build a model for reinforced masonry. Before, it has been already 

mentioned that the parameter determination is the biggest problem of the DEM. Two types of 

parameters are in the model: the mechanical, material parameters that can be determined by 

measurements, and the modelling parameters that can be experienced during modelling.  

The method is composed of the following steps: 1. All the possible material parameters of 

the joint, mortar and brick were measured experimentally. 2. The joint behaviour of a couplet 

is intended to simulate and the missing loading and material properties are determined. The 

same behaviour is needed to be found for the tensile and shear tests. The material parameters 

of the brick and mortar of [58, 60] are known. 3. The model developed for the joint is verified 

by the experimental results of [58,60]. Therefore all the missing properties and parameters of 

the mortar, the brick and the joint are known. 4. With these joint models the behaviour of the 

Hungarian type of mortar and brick could be simulated, and 5. the behaviour of the plain 

masonry wall could be modelled. If there were any parameters missing for the Hungarian joint 

model, this model could give the exact joint properties. 6. As a final aim of the modelling 

would be to find the material parameters of reinforced masonry (not part of this work). 

Three conditions were set to be fulfilled for the models in order to prove its accuracy: a) 

the crack pattern (failure mode) of the model should be the same as in the experiments and b) 

the joint has to show the same behaviour as in the experiments, and c) the load-displacement 

diagram (maximal forces, displacements) should matches in both cases. 
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10.3. Geometry 

The modelling begins by the creation of the geometry. As indicated before, most of the 

failures of masonry walls occur at the surface. Accordingly, the properties of the mortar and 

the joint are joined in one surface and they are modelled as a zero thickness joint. To hold the 

exact geometry, the size of the brick was enlarged by half mortar thickness in every direction. 

In the wall experiments and in the model all mortar joints have a thickness of 1.5 cm. 

10.4.  Material models 

Observing Fig. 92, the running of the curve is similar to the curve of the Mohr-Coulomb 

plasticity criterion. This assumes that joint behaviour can be described by the Mohr-Coulomb 

criterion effectively. In the model the plasticity conditions govern the failure. Plasticity 

conditions (failure criteria) describe, for each point of the solid, what kind of stress state 

results in the plasticity of the point of a solid. Flow rules specify how the point of the material 

behaves after plasticity and they are activated when plasticity conditions are fulfilled. 

The Mohr-Coulomb plasticity condition assumes that failure (or plasticity) occurs in a 

point if a plane exists in the point where the stresses satisfy the following condition: 

ctg +ϕ⋅σ=τ .     (30) 

 
Fig. 109 The Mohr-Coulomb criteria [70] 

The shear stress τ, that depends on the normal stress σ, the cohesion c and the internal 

friction angle ϕ from the external loads equals the shear strength of the material in one plane 

of the examined point. If this failure criterion is completed by a compressive condition (ie. the 

compressive failure of the joint) and a tensile limit, all types of failure of the joint can be 

considered. The compressive criterion governs a compressive cap, the tensile criterion yields 

a tension cutoff. Fig. 109 shows the failure criteria in 3D. 

Accordingly, in the DE model developed, the failure criterion applied is the Mohr-

Coulomb model specified by the tension cutoff. When any principal stress component in a 

zone exceeds the tension cutoff, all principal stress components in the zone are set to zero. 

The criterion for block material failure is the Mohr-Coulomb relation, which is a linear failure 

surface corresponding to shear failure: 
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ϕϕ +σ−σ= Nc2Nf 31s  (31) 

)sin1/()sin1(N ϕ−ϕ+=φ  (32) 

where fs is the yield function, σ1 is the major principal stress, σ3 is the minor principal stress. 

Shear yield is detected if fs = 0. The two strength parameters ϕ and c are constants. The 

surface of the Mohr-Coulomb criterion is extended into the tensile region to the point at 

which σ3 equals the uniaxial tensile strength, σt. The minor principal stress can never exceed 

the tensile strength, when the normal stress becomes tensile.  

t3tf σ−σ=  (33) 
Tensile yield is detected if ft = 0. Tensile strength cannot exceed the value of σ3. This 

maximum value is yielded by 

ϕ=σ tg/cmax,t  (34) 

If the post-failure behaviour of the material is to be simulated, it is performed by 

properties which define four types of post-failure response in 3DEC: shear dilatancy, shear 

hardening/softening, volumetric hardening/softening, tensile softening. These properties are 

only activated after the onset of failure. In the model presented here the shear dilatancy was 

applied, therefore, this one is detailed here. The dilatancy is the change in volume that occurs 

through the shear distortion of a material. Dilatancy is characterized by a dilation angle ψ, 

which is related to the ratio of plastic volume change to plastic shear strain. The definition of 

the dilatancy angle is shown in Fig. 110 for granular materials and masonry. It is defined as 

the uplift of the upper brick upon shearing because of the surface roughness. Noteworthy that 

the value of the dilatancy angle depends on the level of the confining stresses linearly. At high 

levels of compression, its value drops to zero, due to the smoothing of the sheared surface. 

 
Fig. 110 Definition of the dilatancy angle [28] 

The materials behave elastically under load, and the strains are reversible. In this case 

plastic deformation takes place and stresses are within the plasticity surface. The increments 

of the plastic strains are equal to zero if the yield function is smaller than 0. If it is equal to 

zero, plasticity (failure) occurs. If the behaviour of the material is plastic, the strains are 

calculated from two parts: the elastic and the plastic, irreversible strains. If there are plastic 

strain increments, the gradients of the potential functions yield the direction of the plastic 

δs 

δn 
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strain increment. Plastic strain increments can be determined by applying flow rules. 

Accordingly, flow rules specify how the point of the material behaves after plasticity (failure), 

how the yield surface changes. If the potential function gs equals to the yield function, the law 

of plasticity is associated. If they are not the same, plasticity is non-associated. Fig. 111 

shows the movement of the plasticity surface (change of the slope), presenting one type of 

softening, the isotropic softening. 

 
Fig. 111 Isotropic softening [70] 

In the Mohr-Coulomb model in 3DEC there is a non-associated flow rule for shear failure. 

No flow rule for tensile failure is considered in this model. The potential function gs is used to 

define shear plastic flow and has the form 

ψσ−σ= Ng 31s  (35) 
)sin1/()sin1(N ψ−ψ+=ψ  (36) 

where ψ is the dilation angle. If shear failure takes place, the stress point is placed on the 

curve fs = 0 using a flow rule derived using the potential function gs. If tensile failure is 

declared, the new stress point is simply reset to conform to ft = 0. 

In these 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. Failure of the joint in shear or tension of Coulomb slip model results in 

the use of joint cohesion, joint dilatation angle, joint friction angle, joint normal stiffness kn, 

joint shear stiffness ks, joint tensile strength and joint residual friction angle. 

10.5. Tension tests 

Two types of parameters can have an effect on the results: the material parameters (brick: 

K, G, c, Ψ, φ, ft; joint: kn, ks, c, Ψ, φ, ft, cres, φres, ft,res) and the model parameters (type of the 

support conditions, type of the loading, velocity of the loading, desired displacement, number 

of steps, registration method of the load and displacement, finite element mesh sizes). In order 

to simulate the tension test of [58], two deformable blocks were created enlarged by the 

height of half mortar thickness. The bottom plane of the brick was fixed in all three directions. 
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After applying the gravity load, a constant velocity of v=0.001 m/s was set on the gridpoints 

of the upper brick in 150 timesteps. Therefore, in every timestep the brick was moved by this 

velocity and then the bricks were stopped till the computational process of the new places was 

finished. To make the loading easier a short loading program was written in FISH 

programming language embedded in the 3DEC, because the size of the timestep could not be 

influenced. The desired displacement, the loading velocity and the number of the repetition 

are given as parameters. The time till the computational running lasts is the desired 

displacement divided by the loading velocity. Then the loading velocity is applied as long as 

it is needed. And then the loading velocity is set to zero, and we wait till the nodes are in 

equilibrium. In order to calculate the average tensile stresses arising in the joint, a stress 

calculating program was written in FISH. 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.  

Tension test
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Fig. 112 The tension test of the masonry prism in 3DEC and in the experiments of [58] 

The loading conditions were chosen that first the effect of the joint parameters was invest-

tigated: all the nodes of the upper brick were moved and the properties of the brick were 

maintained during the study. The mesh sizes were applied the densest possible and kept 

constant. The parametrical investigation of the joint is shown in Table 35. The 3DEC works 

dimensionless, and all values are provided in SI. The results are shown in Fig 112 reflecting 

that the adjustments signed by 1,4,5 and 7 fit the best to the results of [58] that corresponds to 

the experimental parameters of [58]. The pre-peak behaviour is not correct, the failure is 

sudden. All the subjoints loose the load bearing capacity in the same minute, independently 

from the material parameters because of the joint material model being chosen. Furthermore, 

it turned out, that the tensile strength has the biggest effect on the tensile behaviour of the 

joint and the cohesion if it is out of a certain range. Fig. 113 and 114 show the changes of the 

joint normal and joint shear stress: at the beginning of the loading and after a few cycles. 
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Table 35 Changes of parameters for the tension test 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m
2] Ψ [°] 

Mohr-Coulomb 2.5e9 1.875e9 38 1e6 2.5e6 10 
Contact jcons=1 kn [N/m

2/m] ks N/m
2/m] φ [°] c [N/m2] ft [N/m

2] Ψ [°] 
1 1.3e11 2e10 38 1e6 3.5e5 20 
2 1.3e11 2e10 38 1e5 3.5e5 20 
3 1.3e11 2e10 45 1e5 3.5e5 20 
4 1.3e11 2e10 38 8e5 3.5e5 20 
5 1.3e11 2e10 38 8e5 3.5e5 10 
6 1.3e11 2e10 38 1e5 2e5 20 
7 1.3e11 2e12 38 1e6 3.5e5 20 

       
Fig. 113 The distribution of the normal stress in the joint 

          
Fig. 114 The distribution of the shear stress in the joint 

10.6.  Shear test 

In order to simulate the test of [60], two deformable blocks were created with the height of 

half mortar thickness. The bottom plane of the brick was fixed in all three directions. As the 

results of shear tests depend strongly on the level of confining stresses, the bricks were tested 

under 1 N/mm2 vertical compression. Therefore, after the gravity load, compressive forces 

were simulated. Then a constant velocity v=0.01 m/s was applied on the gridpoints of the 

upper brick in 30 timesteps. The loading were made with the loading program. To calculate 

the joint stresses the stress calculating program were used. The average shear displacements 

are calculated by summarizing the shear displacements of subcontacts. The measured average 

shear stresses are shown in the function of the average shear displacements in Fig. 115. The 

parametrical investigation of the behaviour is shown in Table 36. Fig. 115 indicates that 

diagram 4, 5 and 6 fit the best to the results of [60]. It was determined that the most 

influencing parameters are the joint cohesion, tensile strength and joint shear stiffness. The 
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load bearing capacity of the joint can be set on the experimental level; however the pre-peak 

stiffness is much bigger than in the experiment was. The loading velocity, the values of the 

displacement increments were applied in the smallest steps, all subcontacts failed in the same 

minute, independently from the material parameters. The other effects were studied later. 
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Fig. 115 Parametrical investigation of shear tests 

Table 36 Parameters of the shear test 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m
2] Ψ [°]  

Mohr-Coulomb 2.5e9 1.875e9 38 1e6 2.5e6 10  
contact jcons=1 kn [N/m

2/m] ks [N/m
2/m] φ [°] c [N/m2] ft [N/m

2] Ψ [°] φres [°] 
1 1.3e11 6.7e10 38 1e6 3.5e5 5 36 
2 1.3e11 6.7e10 38 1e6 3.5e5 20 38 
3 1.3e11 7e10 38 3e6 3.5e5 20 38 
4 1.3e11 7e10 38 2e6 3.5e5 20 38 
5 1.3e11 8e10 40 2e6 3.5e5 5 38 
6 1.3e11 8e10 45 2e6 3.5e5 5 38 
7 1.3e11 8e10 50 2e6 3.5e5 5 38 
8 1.3e11 8e10 50 1e6 3.5e5 5 38 

10.7. Improvements of the joint tests 

10.7.1. Tensile tests 

It was demonstrated that the joint stiffness matches the experimental results at the 

beginning of the loading, but the pre-peak behaviour is not perfect. 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 under shear. 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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It was proved that kn and ft have the most dominant effect on the joint tensile behaviour. 

In [58] the tensile strength was stated between 0.14-0.81 N/mm2 (COV 40 %). One diagram 

was selected to be approximated by numerical calculations. The method developed is to assign 

different normal stiffness and tensile strength in certain places of the joint before the loading. 

A program was implemented in FISH language ordering random properties to pieces of the 

joint according to a given distribution. The operation of the algorithm can be seen in Fig. 116.  

 
Fig. 116 Random properties ordering algorithm 

In the next chapters the different parameters of the constitutive model are presented. The 

following effects have an influence on the model behaviour: the velocity of the loading, the 

size of the mesh within the block (the joint has the same mesh that the bricks), the type of the 

distribution, the amount of the pieces that the joint is split into, the amount of material types 

generated, the properties having nonzero standard deviation. All these effects are investigated. 

10.7.1.1. Type of the distribution, loading velocity and mesh sizes 

Fig. 117, diagram 1 shows the contact behaviour in case of zero standard deviation and the 

tensile strength of 0.35 N/mm2. Diagram 2 shows if the joint is divided into 12x50 pieces and 

every piece has the same characteristics and the tensile strength of 0.65 N/mm2. If one of 40 

different normal stiffness values, according to uniform distribution, is assigned to each of the 

600 joint pieces almost the same diagram, 3, is obtained. If the stiffness values are generated 

according to Gaussian distribution with the same standard deviation the desired softening can 

be obtained. Diagram 5 shows the behaviour with the same parameters as 1, however, with 

denser mesh. The denser mesh affects only the post-peak behaviour of the joint and the 

running time is three times longer than in case of a looser mesh. Looser mesh means the 

loosest mesh density giving the same result as the denser. Therefore, every run was performed 

with the looser mesh. The loading velocity was chosen for the value that does not alter the 

behaviour compared to the lowest velocity and provides reasonably quick convergence. 

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 according to 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 pieces randomly drawn from uniform distribution 
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10.7.1.2. The effect of the COV of the joint normal stiffness 

Different normal stiffness values, drawn from normal distribution, were assigned to the joint 

pieces. Fig. 118 shows the joint behaviour in case of the same parameters as diagram 4. In 

case of results 4, 6 and 7 the COV of the normal stiffness is 56%, 66% and 73%, respectively. 

However, the approximation of the results is not only possible with the COV of 66-73 %: for 

example diagram 8 presents 56% COV of the normal stiffness and 40% of the tensile strength. 
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Fig. 117 Stress-displacement diagrams  Fig. 118 Effect of the COV of the normal stiffness 

10.7.1.3. The effect of the COV of the joint tensile strength 

It is necessary to investigate the effect if only the joint tensile strength has nonzero standard 

deviation. Diagram 11 of Fig. 119 shows the result with 0 COV, and tensile strength of 0.35 

N/mm2. 12, 13, 14 and 16 present the 1.42 %, 14.2 %, 33% and 65.7% COV of the tensile 

strength. Diagram 15 shows the behaviour in case of 33 % COV of the normal stiffness. 

Diagram 15 is almost the same as the experimental results; it has to be “magnified”, by 

increasing the tensile strength of the joint to 0.74 N/mm2 and COV of 65.7 % (diagram 17). 
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Fig. 119 Effect of the COV of the ft                       Fig. 120 Effect of the COV of the kn and ft 

10.7.1.4. Effects of SD of the normal stiffness and tensile strength 

These effects were investigated by splitting the joint into 12x50 pieces. In case of diagram 19 

and 20 of Fig.120 the normal stiffness and the tensile strength also have the COV of 33 % and 
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50 % and the tensile strength is 0.9 instead of 0.65 N/mm2. Diagram 21, 22 and 24 present 50 

% COV of the stiffness and 55, 62.5, 30.7 % of the tensile strength. Diagram 22 and 23 have 

the same, 62.5 % COV of tensile strength, the stiffness values are different (COV 50, 62.5 %). 

10.7.1.5. The effect of the number of the joint pieces 

Fig. 121 shows how the joint behaves by splitting it into in the case of a: 12x50 pieces, b: 

6x24, c: 2x1, d: 1 and e: 3x8. Every parameter was the same in all cases, only the number of 

the joint pieces is modified. Both the normal stiffness and the tensile strength have nonzero 

standard deviation (COV 33% and 50%). 
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Fig. 121 The effect of the joint pieces   Fig. 122 The effect of the material types 

10.7.1.6. The effect of the amount of the material types 

Fig. 122 shows the effect of the number of material types that can be assigned to the joint 

pieces. Every other parameter is the same as in the previous chapter. In case of a, f, g and h 

40, 30, 10 and 5 material types are defined. In the case i 2 types of materials are distributed 

between 600 joint pieces. Varying the number of the joint pieces and of materials every 

diagram of Fig. 91 can be obtained. If one single diagram needs to be demonstrated the most 

pieces and materials have to be defined. If all the diagrams in the envelope of Fig. 91 should 

be obtained 24 joint pieces are enough in case of 40 material types or for 600 joints 5 types of 

materials are adequate. 

10.7.2. Conclusion of this chapter 

In order to simulate the pre-peak behaviour of the joint a program was written in FISH 

that orders random stiffness and tensile strength values to certain places of the joint. If this 

behaviour is intended to be simulated the values should be drawn from Gaussian distribution. 

If only the tensile strength or the normal stiffness have nonzero SD, if 40 material types and at 

least 40 joint pieces exists the COV should be 60% to simulate the behaviour. In case of other 

adjustment the tensile strength reduces only. If both have nonzero SD (the adjustment is the 
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same), at least 30-40 % COV is needed. If both have 30-40 % COV, at least 24 joint pieces 

are needed. If the joint is split into at least 600 pieces, minimum 10 types of materials are 

needed. The smoothness of the diagram is influenced by these two parameters.  

10.7.3. Shear test 

It is necessary to study the effects of other parameters that were not investigated before, 

because they can be studied only in case of shear loading. The influencing parameters were 

outlined before and they are investigated here. 

10.7.3.1. Registration of the load and displacement 

Two types of method were examined to register the load and the displacement. The first 

one was detailed before. If the same method was applied here as for the tensile tests, 

numerical problems occurred during running. This method is a built in function in the 3DEC, 

and all the shear stress-shear displacement diagrams showed an elastic snap back, however 

the nodes were displaced in the opposite direction. At a certain point the shear displacement 

changed its direction, but the direction of the load did not change. Therefore, a new loading 

program was written that is detailed here and was applied in the following (Fig. 123.) 

 
Fig. 123 The algorithm for the shear tests 

10.7.3.2. Support and loading conditions 

In order to control the adequacy of the model different loading and support conditions were 

investigated. The results of the computational running are shown in Fig. 124. The material 

parameters are given in Table 37 that are similar to the experiments of [60] except the joint 

normal stiffness that was taken equal to the tensile stiffness. If tensile and compressive 

stiffness are not the same, a parametrical investigation can help to see the effects of these two 

parameters. Loading conditions a, b and g was chosen for further investigations. 

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

2) Registration of the results 
a. The joint forces and displacements are registered as the sum of their components of all subjoints 
b. The displacement of the brick is registered as the average of a node displacements in a certain 
range 

c. 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. 124 The effect of the loading and boundary conditions 

Fig. 37 The parameter values applied 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m
2] Ψ [°]  

Mohr-Coulomb 6.958e9 7.59e9 38 1e7 2.36e6 10 16700,0.1 

Contact  kn [N/m
2/m] ks [N/m

2/m] φ [°] c [N/m2] ft [N/m
2] Ψ [°] φres [°] 

jcons=1 6e9 6.7e10 36 1e6 2e5 5 36 

10.7.3.3. Joint properties 

The joint properties were analysed. Fig. 125 a and b show how the shear stress-

displacement diagram changes for different values of shear and normal stiffness of Table 38. 

From the experiments of [60] it turned out that the joint shear stiffness is ca. 6.7e10 N/m2/m. 

Thus, parametrical study was carried out on the changes of the normal stiffness for different 

loading conditions (a, b and g were investigated) and the results can be found in the Annexes. 

 
Fig. 125 a and b The effect of the joint stiffness values (ks and kn) loading condition a 

Table 38 The parameter values applied for Fig. 125 

Fig. 125a ks kn [N/m
2/m] ks [N/m

2/m] Fig. 125b kn kn [N/m
2/m] ks [N/m

2/m] 
2 2.37e9 2.93e9 2 2.37e9 2.93e9 
a 2.37e9 6e9 a 6e9 2.93e9 
b 2.37e9 3e10 b 3e10 2.93e9 
c 2.37e9 8e10 c 8e10 2.93e9 
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10.7.3.4. Poisson’s ratio and Young’s modulus 

Because the right properties could not be found, other effects were investigated that are not 

sure from the experiment. Increasing the Poisson’s ratio, the shape of the diagram does not 

change. The results of the running can be found in the Annexes. Finally, after several running 

the right properties were found. Two possibilities were determined: if the initial shear 

stiffness matches or the displacement at the peak matches. Both of them are given here in Fig. 

126 and 127 and Table 39 and 40. 

Table 39 The parameter values applied for Fig. 126 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m
2] Ψ [°]  

Mohr-Coulomb 6.958e9 7.59e9 50 1e7 2.36e6 10  
Contact jcons=1 kn [N/m

2/m] ks [N/m
2/m] φ [°] c [N/m2] ft [N/m

2] Ψ [°] φres [°] 
b,d 2.37e9 3e10 36 8.8e5 5e5 20 38 

 
Fig. 126 The shear capacity is simulated 
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Fig. 127 The simulations of the [60] experiments 

For further investigations those parameters were chosen, that resulted in the highest shear 

strength. With these parameters the behaviour of the model at different confining levels were 

examined, as Fig. 127 shows. The shear stiffness is equal from the experiment, the normal 

stiffness was determined according to numerical calculations. The conclusion of this chapter 
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results that for the exact investigation it is necessary to model the loading plates of the 

experiment. However, in [71] it was modelled but the results do not match perfectly. 

Table 40 The parameter values applied for Fig. 127 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m
2] Ψ [°]  

Mohr-Coulomb 6.958e9 7.59e9 50 1e7 2.36e6 10  
Contact jcons=1 kn [N/m

2/m] ks [N/m
2/m] φ [°] c [N/m2] ft [N/m

2] Ψ [°] φres [°] 
Loading cond: d 2.37e9 7e10 36 8.8e5 6.2e5 20 34 

 

10.8. The wall model 

In the experiment detailed in Chapter [5] the walls were built on a concrete foundation 

placed in a steel formwork. At the end of the beam, two steel plates were welded to close the 

end of the wall to avoid the horizontal slip of the wall on the foundation. The framework was 

anchored into the floor by two drifts. After vertical compression of 200 kN, the walls were 

loaded horizontally by a 16 cm x 16 cm steel plate. Fig.128 shows the algorithm of program 

being written in FISH in order to simulate the experiments. The lower surface of the wall is 

considered as fixed in every direction. After gravitation the constant vertical compression 

acts. Velocity loads were applied to the gridpoints of the loading plate surface, and the 

changes of the loads and the displacement at the opposite side of the wall were monitored.  

 
Fig. 128 The algorithm for wall model 

From the experiments of [60] the shear stiffness was determined as 6.7e10 N/m2/m. In order 

to find the parameters that fit the best to the experiment a study was carried out that is detailed 

in the Annexes. Here are only those parameters introduced that are considered as the right 

parameter adjustments. The crack pattern of the experiment matches the crack pattern of the 

model and the force-displacement diagrams are similar (Fig. 129 and Fig. 130). The stiffness 

at the beginning of the diagram shows a good agreement, as in case of the joint tests, but the 

pre-peak behaviour is not perfect. Varying the model parameters, the failure is still too 

sudden, compared to the experiments in each case. A possible reason of that is the 

1) Geometry: brick+half mortar+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, internal FE mesh 
3) Definition of the material and joint parameters (Possibility of nonzero SD of the materials) 
4) Application of the vertical loads as a stress load and balancing 

Parameter: the place of the load, in how many cycles is it applied 
5) Horizontal loading with velocities 

Parameter: how many cycle, 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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inhomogenity of the materials ie. not every parts of the material fail in the same minute as it 

was detailed in the previous chapters. Noteworthy, that this behaviour, the different stiffness 

before the peak, is similar to the result of FEM models in [28]. 

 
Fig. 129 The load-displacement diagrams from the experiment and from the model 

  
Fig.130 The crack pattern from the experiment and from the model 

Table 41 The parameters of Fig. 129 

Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m2] Ψ [°]  
Mohr-Coulomb 2.5e10 1.875e9 38 1e6 3e6 10 38 
contact jcons=1 kn [N/m2/m] ks [N/m2/m] φ [°] c [N/m2] ft [N/m2] Ψ [°] φres [°] 
5_9 1.3e10 6.7e9 38 1e5 3.5e5 4 36 
5_9a 2e10 6.7e9 38 1e5 3.5e5 4 36 
5_9e 1.3e10 8e9 38 1e5 3.5e5 4 36 
Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m2] Ψ [°]  
Mohr-Coulomb 8.3e9 6.25e9 38 1e7 3e6 4  
contact jcons=1 kn [N/m2/m] ks [N/m2/m] φ [°] c [N/m2] ft [N/m2] Ψ [°] φres [°] 
10 1.3e10 9e9 38 1e5 2e5 20 36 
Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m2] Ψ [°]  
Mohr-Coulomb 1.1e10 8.33e9 38 1e7 3e6 4  
contact jcons=1 kn [N/m2/m] ks [N/m2/m] φ [°] c [N/m2] ft [N/m2] Ψ [°] φres [°] 
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3_3 1.3e10 6.7e9 38 1e5 3.5e5 20 36 
3_11 1e10 7e9 38 1e5 3.5e5 4 36 
 

10.8.1. Further improvements 

In order to build the material defects of the joint in the model, a simple program was 

written in FISH programming language. It is similar to the one that was written for the 

simulation of the tensile tests. Joint properties 

were generated drawn from Gaussian distribution 

and they were ordered to the joint contacts 

(different colours in Fig. 131 show different 

material properties of the joint). One of the best 

parameter adjustments, 3_11 was chosen. First it 

was examined if only one property has nonzero 

SD. As it was shown before (and in the Annexes) 

the shear stiffness, the cohesion and tensile strength of the joint have the most dominant effect 

on the joint shear behaviour. Therefore, separately the shear stiffness, the normal stiffness, the 

cohesion, the tensile strength had a COV of 40 % and then they were applied combined. The 

parameters of the running can be seen in Table 42 (NM means the number of different 

materials). 8u is the result of the same running as 8. With more running the results are 

different. The desired behaviour could not be achieved as Fig. 132-135 show. 

Table 42 The parameters of Fig. xx  

 COV NM  COV NM  COV NM 

1 kn40% 40 7 ft 40% 10 14 kn40%,c40% 10 
2 kn40% 10 8 kn40%,ks42%,c40% 10 14_1 kn40%,c30% 10 
3 kn40%,ks42% 40 10 kn40%,ks42%,c40% 5 14_2 kn40%,c40% 10 
4 ks42% 40 11 kn60%,ks60%,c60% 5 14_3 kn40%,c30%,9e4 10 
5 kn40%,ks42% 10 12 kn40%,ks40%,c40% 2 14_4 kn40%,c20% 10 
6 c40% 10 13 ks40%,c40% 10    
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Fig. 132 COV of the parameters Fig. 133 COV of the parameters 

Fig. 131 Different joints of the model 
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Fig. 134 COV of the parameters Fig. 135 COV of the parameters 

I modified the program and I modelled a wall 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. This result is 

similar to the result of [72].  

11. NEW SCIENTIFIC RESULTS 

11.1. The thesis in English 

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 typised 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 appear in case of considerably 

bigger displacement at a higher load level, compared to the conventional masonry wall. The 
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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: [100,107, 108,109,110,114,115] 

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: [102] 

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 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: [102, 103] 
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Thesis 4 

According to the experiments carried out on mortar prisms (12 pieses), 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: [103] 

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: [102] 

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 behaviour (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 the adequate choosing of the parameters of the plain masonry model the 

behaviour of the reinforced masonry can be simulated.  

Related publications: [111, 113, 118] 
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11.2. The thesis in Hungarian 

1. tézis 

Kidolgoztam egy olyan speciális, egyedi, új téglakötési típust a kismérető tégla alkalmazására 

falak esetére, amely lehetıvé teszi függıleges vasalás elhelyezését a téglák között a téglakötésnek 

köszönhetıen kialakuló kis mérető üregben. Megmutattam, hogy ez a kötéstípus teljesíti az 

Eurocode 6 által elıírt, vasalás nélküli és vasalt falak téglakötéseire vonatkozó követelményeket. 

Az új típusú kötésben épített vasalt fal nyírási viselkedésének megállapítására kidolgoztam és 

végrehajtottam 9 olyan téglafal vizsgálatából álló kísérletsorozatot, amely alkalmas külön a 

függıleges és külön a vízszintes vasalás nyírási ellenállásra gyakorolt hatásának meghatározására.  

a) Meghatároztam a tönkremenetelt befolyásoló paramétereket (a fal geometriai aránya, a 

terhelı erık aránya, a fal alkotórészeinek szilárdsága, az elhelyezett vasalás iránya, 

mennyisége). Megállapítottam, hogy a repedéskép kialakulása függ a kötés típusától, vagyis a 

téglák eredeti elrendezésétıl. 

b) Összegyőjtöttem, csoportosítottam és rendszereztem a falak szilárdsági 

tönkremeneteli módjait különbözı típusú és irányú terhelési esetekre. Rámutattam, hogy a 

szakirodalom nem tárgyalja a vasalt falak szilárdsági tönkremeneteli módjait, ezért a 

korábban ismertetett kísérletek alapján a vasalt falak tönkremeneteleit tipizáltam. 

Meghatároztam az egyes vasalási típusokhoz tartozó tönkremeneteli mechanizmusokat. 

Csoportosítottam a vasalt falak tégla és habarcs közötti kapcsolatának tönkremeneteli 

módjait, és megállapítottam, hogy ezen tönkremenetelek megegyeznek a vasalás nélküli falak 

kapcsolati tönkremeneteleivel. 

c) A kísérletek alapján kimutattam, hogy a kifejlesztett rendszerben az elsı repedések a 

hagyományos fallal összehasonlítva számottevıen nagyobb alakváltozás esetén jelennek meg, 

magasabb teherszinten. Ezzel az építési módszerrel a falak alakváltozási képessége és nyírási 

teherbírása jelentısen növelhetı. Megállapítottam, hogy míg a függıleges vasalás nem 

módosította a falak nyírási merevségét, addig a vízszintes vasalás növelte azt az alkalmazott 

kialakításban. Ezért a repedezett zóna kiterjedése és a repedéstágasság is jelentısen kisebb 

ugyanakkora teherszinten az új típusú rendszer esetében. 

Kapcsolódó publikációk: [100, 107, 108, 109, 110, 114, 115] 

2. tézis 

Kidolgoztam és végrehajtottam egy új módszert a kismérető, tömör tégla szabványos 

nyomószilárdságának meghatározására. 110 kísérleti elemen az alábbi paraméterek hatását 

vizsgáltam: a felület érdessége, a próbatest magassága, szélessége, hosszúsága, a terhelt felület 

mérete és alakja, a mintavételezés típusa (fúrt vagy vágott), a terhelés iránya és a beégés hatása.  

a) Összefüggéseket adtam a vizsgált paraméterek szabványos nyomószilárdságra 

gyakorolt hatásának becslésére. Megállapítottam, hogy a fenti tényezık közül a próbatest 
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magasságának hatása a legnagyobb, és összefüggéseket adtam a nyomószilárdság-

elemmagasság kapcsolatra. 

b) Mérésekkel igazoltam, hogy a tégla orthotrop viselkedést mutat a nyomószilárdságra 

vonatkozóan. Három karakterisztikus irányt definiáltam, amelyek megegyeznek a gyártási 

technológia 3 fı irányával. Megállapítottam, hogy az irányok szilárdsági különbözıségének 

hatása a nyomószilárdságra nagyságrendben ugyanakkora, mint annak a hatása, hogy 

mekkora próbatestet vizsgálunk.  

Kapcsolódó publikáció: [102] 

3. tézis 

Henger, kocka és hasáb alakú, összesen 32 darab kismérető téglából származó próbatesten 

kétféle eljárással rugalmassági modulus meghatározására méréseket végeztem. A vizsgálat 

eredményeként: 

a) meghatároztam a rugalmassági modulusok kezdeti értékét, és magyarázatot adtam a 

szakirodalomban található eltérések okaira, valamint javaslatot adtam a rugalmassági modulus 

meghatározásának szabványos vizsgálati eljárására. 

b) Megállapítottam, hogy a tégla mindhárom fıirányú rugalmassági modulusa kb. 1000-

szerese az adott irányba esı szabványos nyomószilárdság értékének. 

c) Megállapítottam, hogy az elızı pontban leírt viselkedésbıl következik, hogy a tégla 

nyomószilárdsági orthotropiája és a rugalmassági modulus orthotropiája megegyezı arányú. 

d) Megállapítottam, hogy a terhelési folyamat során az egyes gyártási fıirányokban eltérı 

mértékben változik a Poisson-tényezı. Kimutattam, hogy ennek az az oka, hogy a 

fıirányokban eltérı a repedezettségi állapot.  

Kapcsolódó publikációk: [102, 103] 

4. tézis 

Habarcshasábokon végzett vizsgálataim alapján megállapítottam, hogy a habarcs kezdeti 

rugalmassági modulusának értéke a nyomószilárdság minısítési értékének 1000-szereseként 

vehetı figyelembe. Az elvégzett kísérletek alapján javasoltam egy szabványosítható eljárást a 

habarcs rugalmassági modulusának mérésére. 

Kapcsolódó publikáció: [103] 

5. tézis 

A téglák roncsolásmentes, N-típusú Schmidt-kalapácsos vizsgálati eredményei alapján az 

alábbi megállapításokat tettem: 

a) értékeltem a meglevı összefüggések alkalmazhatóságát az általam vizsgált kismérető 

tégla esetére. Megállapítottam, hogy a vízszintes visszapattanási értékek és a tégla 

nyomószilárdsága közötti kapcsolatot leíró összefüggések a tégla „A” irányú normalizált 
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nyomószilárdságát adják. Az általam vizsgált visszapattanási tartományban a Dulácska-féle 

2008-as, és a Dulácska-Józsa-Borosnyói-féle összefüggés a legmegfelelıbb.  

b) Összefüggést adtam a vízszintes irányú visszapattanási értékek és az azonos irányú 

normalizált nyomószilárdsági értékek között.  

Kapcsolódó publikáció: [102] 

6. tézis 

A 3DEC 3D diszkrét elemes programmal modelleztem a tégla és a habarcs közötti kapcsolat 

húzási és nyírási viselkedését, valamint egy összetett modellben szimuláltam az általam elvégzett 

laborkísérletnél vizsgált, vasalással nem rendelkezı faltest tönkremenetelét. Javaslatot tettem az 

adott feladatra vonatkozó diszkét elemes modell bemenı paramétereinek megválasztásához 

három különbözı viselkedés szimulációja (kapcsolat húzása (1.), nyírása (2.), és a falazat vizsgálata 

(3.)) alapján.  

Igazoltam, hogy a habarcs-tégla kapcsolat viselkedését képlékeny felületként, kohézióval és 

húzószilárdsággal rendelkezı Coulomb-súrlódásos kapcsolatnak modellezve a szakirodalmi 

kísérletekkel és a saját kísérlettel megegyezı eredményt kapunk a teherbírás és a kezdeti merevség 

értékére, valamint a tönkremeneteli repedésképre. 

Megállapítottam, hogy mindhárom esetben a numerikus vizsgálat eredménye a tönkremenetel 

elıtt nem követi a kísérletek során tapasztalt lágyulást. Ezért a kapcsolati elem megfelelı 

anyagjellemzı paramétereinek valószínőségi alapokon nyugvó módosításával új modellezési 

eljárást dolgoztam ki. 

A modell alapján ajánlást adtam az adott feladatra vonatkozó kapcsolati jellemzık szórásának 

és a modell más paramétereinek megfelelı értékeire, mely a kísérleti eredményekkel egyezést 

mutat. Ezt az eljárást a szakirodalmi adatok alapján a húzási kísérletekre verifikáltam. 

Megmutattam, hogy a diszkrét elemes modell paramétereinek megfelelı választásával a 

vasalatlan falak diszkrét elemes modellje vasalt falak tönkremeneteli módjainak szimulálására is 

alkalmas. 

Kapcsolódó publikációk: [111, 113, 118] 

11.3. Own publications in the topic 

International journal papers 

[100] Fódi A, Bódi I: Comparison of shear behaviour of masonry walls with and without 

reinforcement, POLLACK PERIODICA, An International Journal for Engineering and 

Information Sciences, 2010 Vol. 5. No. 3. pp. 71-82.  

[101] Fódi A, Bódi I: Basics of reinforced masonry, Journal of CONCRETE STRUCTURES, 

2011, Vol. 12, pp. 69-77  
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[102] Fódi A.: Effects influencing the compressive strength of a solid, fired clay brick, 

PERIODICA POLYTECHNICA Civil Engineering, 2011, 55/2 

[103] Fódi A.: Compressive behaviour of a solid, fired clay brick, a common mortar and a 

masonry wall, ACI Materials Journal 2011, submitted for publication 

Hungarian journal paper 

[104] Fódi A.: Megépült középmagas vasbetonvázas épület szeizmikus vizsgálatának 

tanulságai, Magyar Építıipar, Vol. 59:3, 2009/3., p. 96-100 

International conference paper (reviewed and not reviewed), papers and presentations 

[105] Fódi A., Bódi I.: Reinforced masonry structures–European history–Hungarian present 

practice, Proceedings of the 6th International Conference Analytical Models and New 

Concepts in Concrete and Masonry Structures, Łodź, Poland, 9-11. June 2008, pp.1-8. 

[106] Fódi A., Bódi I.: Status of reinforced masonry in Hungary, Proceedings of the 4th 

Central European Congress on Concrete Engineering: Concrete Engineering in Urban 

Development (eds: J. Radic, J. Bleiziffer), Opatija, Croatia, 2-3. Oct. 2008, pp. 517-522.  

[107] Fódi A., Bódi I.: Tömör téglából épített vasalt és vasalás nélküli téglafalazat kísérleti és 

numerikus vizsgálata saját síkjában történı nyírásra (Experimental and numerical 

investigation of vertically reinforced and plain solid masonry walls due to in plane shear), 

eds: Gábor Köllı, ÉPKO2009 XIII. Nemzetközi Építéstudományi Konferencia, Erdélyi 

Magyar Mőszaki Tudományos Társaság, Csíksomlyó, Románia, 2009. június 11-14., 

Kolozsvár: Erdélyi Magyar Mőszaki Tudományos Társaság pp. 144-151. 

[108] Fódi A., Bódi I.: Shear capacity and crack pattern of reinforced and plain masonry 

walls, 8th fib PhD Symposium in Kgs. Lyngby, Denmark, 20–23. June 2010, pp. 69-74.  

[109] Fódi A., Bódi I.: Experimental investigation of solid masonry walls reinforced in 

different directions, 8IMC, 8th International Masonry Conference 2010 in Dresden, 

Drezda, Németország, 4-7 July 2010, pp. 843-852  

[110] Fódi A., Bódi I.: The effect of horizontal and vertical reinforcement on the shear 

capacity of masonry walls, SEMC 2010, The 4th International Conference on Structural 

Engineering, Mechanics and Computation Cape Town, South Africa, 6-8 Sept. 2010, pp. 

997-1000. 

[111] Fódi A., Bódi I.: The tensile behaviour of a new constitutive model for masonry joint, 

Proceedings of the 7th European Congress on Concrete Engineering: New Materials and 

Technologies for Concrete Structures, Balatonfüred, 22-23 Sept., 2011, pp 451-454 
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Hungarian conference papers (presentation and papers) 

[112] Fódi A.: Megvalósult, hagyományos épületek szeizmikus vizsgálatának tanulságai, 

Doktori Kutatások a BME Építımérnöki Karán (eds: Barna Zsolt), Budapest, 2007. 

november 14., pp. 93-102.  

[113] Fódi A., Bódi I.: The behaviour of a simplified micromodel for masonry, HCTAM, 

2011, 11th Hungarian Conference on Theoretical and Applied Mechanics, Miskolc, 2011. 

augusztus 29-31., pp.1-11 

Oral presentations 

[114] Fódi A., Bódi I.: Experimental investigation of vertically reinforced masonry walls, 4th 

International PhD, DLA Symposium in Engineering, Pécs, 20-21 Oct. 2008 

[115] Fódi A., Bódi I.: Comparison of shear behaviour of masonry walls with and without re-

inforcement, 5th International PhD,DLA Symposium in Engineering, Pécs, 29-30 Oct.2009 

Studies and others 

[116] Fódi A.: Falazott szerkezetek alkalmazása, Tanulmány a Wienerberger Zrt.-nek, 2009 

[117] Jaromir K. Klouda, Anita Fódi, Jan Kubica, Rodica & George Popescu, Vlatko 

Bosiljkov: Preparation for the Shear Wop at 8IMC on July 4, Region: MEE-Middle-East-

Europe, Tanulmány a falazott szerkezetek alkalmazásáról Közép- és Kelet-Európában, 

Szerkesztette: V. Bosiljkov, 2010 

[118] Fódi A.: Kismérető téglából épített falazat tönkremeneteli módjának vizsgálata saját 

síkjában történı nyírásra, Szemcsés anyagok mikromechanikája házi feladat, 2009 
 

12. Suggested further research and applications 

In this chapter some important questions are suggested that need to be examined deeper. 

Suggestions are given to the application of the main results of this work.  

1. Solutions to the inelastic pre-peak behaviour of the wall could be found. Probably the 

head and bed joints dispose of different properties. Here they had the same properties.  

2. 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.  

3. The reinforcement could be built in the model, either geometrically or with increasing the 

cohesion and tensile strength of the joint.  

4. The walls could be modelled with other constitutive law (continuously yielding joint). 

5. In the wall, under the head joint a vertical joint could be situated in order to simulate the 

possible crack in the brick. 
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6. The vertical behaviour of the reinforced masonry wall could be studied deeper. 

7. More walls should be studied under shear in order to make a detailed study for the design. 

8. The out of plane behaviour of the wall is worth studying experimentally and numerically 

because I am concerned that it is more efficient than other wall types.  

9. Investigation of the size of the element on the load bearing capacity of the walls 

10. The compressive cap can be modelled into the program. 

11. Experiments should be done on the investigation of the joint properties. 

If the in-plane and the out-of-plane behaviours of the walls were known the developed 

bonded reinforced masonry could be used for the construction of some-storey buildings 

without using reinforced concrete frames in the earthquake hazarded areas. 

 

13. References 

[1] Yamin L.E., Garcia L.E.: Masonry Materials, ed: Abrams D.P., Masonry in the Americas, 

American Concrete Institute, SP-147, Detroit, Michigan, 1994, pp. 1-20 

[2] Casabbone C.: General Discription of Systems and Construction Practices, ed: Abrams 

D.P., Masonry in the Americas, ACI, SP-147, Detroit, Michigan, 1994, pp. 21-56 

[3] MSZ EN 1996-1-1:2009 Design of Masonry Structures, Part 1-1: General rules for 

reinforced and unreinforced masonry structures, MSZT, Budapest, April 2009 

[4] Reinforced and prestressed masonry, Proceedings of the conference organized by the 

Institution of Civil Engineers, London, 5 May 1982, Thomas Telford Ltd, London, 1982 

[5] http://www.haenerblock.com/versatile.html 

[6] http://www.wienerberger.hu/k%C3%BCls%C5%91-falazat/porotherm-profi-%C3%A9s-

porotherm-k%C3%BCls%C5%91-falazatok/porotherm-profi-t%C3%A9glaterm%C3% 

A9kek/porotherm-profi-%C3%A9s-dryfix-extra.html?lpi=1210691205599 

[7] Wienerberger Ltd: Application and design, Budapest, 2009 (in Hungarian) 

[8] Beamish R.: Memoir of the life of Sir Marc Isambard Brunel, civil engineer, vice-presi-

dent of the Royal Society, corresponding member of the Institute of France, Longman, 

Green, Longman and Roberts, London, 1862 

[9] Amrhein J.E.: Reinforced masonry engineering handbook, Masonry Institute of America, 

1973 

[10] Schneider R.R., Dickey L.W.: Reinforced masonry design, Third Edition, Prentice hall, 

Englewood Cliffs, New Jersey, 1994 



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

13. References 

 - 104 - 

[11] Árva P., Sajtos I.: Determining of the condition of masonry failures with homogenisation, 

Abstract of the 10th Hungarian Conference for Mechanics (IUTAM), August 27-29, 2007, 

3 p. (in Hungarian) 

[12] Csák B., Hunyadi F., Vértes Gy.: The effect of the earthquakes on buildings, Mőszaki 

Könyvkiadó, Budapest, 1981, (in Hungarian) 

[13] Bekaert: Murfor – Reinforcement for masonry, Product identification, range of appli-

cations, installation details, design principles, Editor: Timperman P., Bekaert, 2005 

[14] Sajtos I.: The Eurocode 6: Design principles and examples ed: Balázs L.Gy.: Eurocode 

6: Masonry Structures, Építésügyi Minıségellenırzı Közhasznú Társaság, Budapest, 

2001, pp. 47-84 (in Hungarian) 

[15] Sajtos I.: Reinforced masonry structures – architectural and structural advantages, 

Építımester, January-February, 2006, pp. 24-25 (in Hungarian) 

[16] Sajtos I.: Reinforced masonry structures, Építéstechnika, 2006, pp. 40 (in Hungarian) 

[17] Sajtos I.: Bed joint reinforced masonry structures, Építımester, May-June, 2006, pp. 36-

37 (in Hungarian) 

[18] Engineering Structures Research Centre, City University London: Low-rise residential 

construction detailing to resist earthquake, Repair & Strengthening of Brick/Block 

masonry, http://www.staff.city.ac.uk/earthquakes/Repairstrengthening/ index.php, Editor: 

Virdi K.S. and Rashkoff R.D., 04. July, 2008 

[19] Klingner: Review of Masonry Construction in the US of America, ed: Abrams D.P., 

Masonry in the Americas, ACI, SP-147, Detroit, Michigan, 1994, pp. 205-239 

[20] Rózsa M.: Rules for design of stone-, brick-, reinforced masonry and concrete structures, 

Felsıoktatási Jegyzetellátó Vállalat, Budapest, 1953 (in Hungarian) 

[21] Andrejev Sz.A.: Design and calculation of masonry structures, É.M. Építıipari könyv- 

és lapkiadó, Budapest, 1953, (in Hungarian) 

[22] MSZ 15023-87 Design of load bearing masonry structures, Magyar Szabványügyi 

Hivatal, 7. December, 1987, (in Hungarian) 

[23] Reinhardt H.W.: Brickwork, Lecture notes, Universität Stuttgart, Institut für Werkstoffe 

im Bauwesen, 1989, (in German) 

[24] MSZ EN 1052-1:2000 Falazatok vizsgálati módszerei, 1-1. rész: A nyomószilárdság 

meghatározása, MSZT, Budapest, 2000 

[25] Varga L.: Designn of masonry structures according to the Eurocode 6, Teaching 

material, May 2010 (in Hungarian) 



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

13. References 

 - 105 - 

[26] Dulácska E.: Earthquake hazard, Protection against earthquakes, TT-TS 3, Logod Bt., 

2000, (in Hungarian) 

[27] MSZ EN 1052-5:2005 Falazatok vizsgálati módszerei. 5. rész: A kötési szilárdság 

meghatározása hajlító-húzó módszerrel, MSZT, Budapest, 2005 

[28] Lourenço P.J.B.B.: Computational strategies for masonry structures, Doctoral 

dissertation, Delft University Press, 1996 

[29] Sajtos I.: Materials of masonry, ed: Fernezely S., Matuscsák T.: Load bearing elements 

of structures, Actual constructional solutions for engineers, Chapter 6.4. Verlag Dashöfer 

Szakkiadó Kft és T. Bt, Budapest, 2004 (in Hungarian) 

[30] MSZ EN 1052-3:2008 Falazatok vizsgálati módszerei, 3. rész: A kezdeti nyírószilárdság 

meghatározása, MSZT, Budapest, 2003 

[31] MSZ EN 1052-4:2000 Falazatok vizsgálati módszerei, 4. rész: A nyírószilárdság 

meghatározása a nedvességszigetelı réteggel együtt, 2000 

[32] Crisafulli J.F.: Seismic behaviour of reinforced concrete structures with masonry infills, 

Doctoral dissertation. University of Canterbury, Christchurch, New Zealand, 1997 

[33] Anthoine: Derivation of the in-plane elastic characteristics of masonry through homoge-

nization theory, Int. Journal of Solids and Structures, Vol. 32, No. 2, pp. 137-163, 1995 

[34] Fuente J.V., Fernandez R., Albert V.: Brick masonry elastic modulus determination using 

the numerical simulation and experiment of sonic wave propagation, Simulation in NDT, 

Online Workshop in www.ndt.net in September 2010 

[35] Nichols J. M., Totoev Y. Z.: Experimental determination of the dynamic modulus of 

elasticity of masonry units, in Proc. 15th ACMSM, Melbourn, Vic, Australia, 1997. 

[36] Oliveira D.V, Lourenco P.B., Roca P.: Cyclic behaviour of stone and brick masonry 

under uniaxial compressive loading, Materials and Structures, 2006, 39:247–257 

[37] Drobiec, Kubica J., Jasinski: Strengthening of cracked compressed masonry using 

different types of reinforcement, pp. 39-48 ACEE, Architecture, civil engineering, 

environment, Vol. 1. No. 4/2008 

[38] Binda L., Facchinib U.M., Mirabella Robertia G., Tiraboschia C.: Electronic speckle 

interferometry for the deformation measurement in masonry testing, Construction and 

Building Materials 12, 1998 pp.269-281 

[39] Brencich A., Corradi C., Gambarotta L., Mantegazza G. and Sterpi E.: Compressive 

strength of solid clay brick masonry under eccentric loading, Proceedings of the Brick 

Masonry Society. v9. 37-46. 



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

13. References 

 - 106 - 

[40] Binda L., Fontana L., Frigerio A., Binda G.: Mechanical behaviour of brick masonries 

derived from unit and mortar characteristics, International Brick and Block Masonry 

Conference (8th IBMAC) London, Elsevier Applied Science, Vol.1, 1988, p.205-216 

[41] Vermeltfoort A. Th., Raijmakers T.M.J.: Deformation Controlled Tests in Masonry 

Shear Walls, Part 2 (in Dutch), Report TUE/BKO/93.08 Eindhoven University of 

Technology, Eindhoven, 1993 

[42] Kaushik et al.: Stress-strain characteristics of clay brick masonry under uniaxial comp-

ression, Journal of Materials in Civil Engineering, ASCE, September, 2007, 728-739 

[43] Binda L., Schueremans L., Verstrynge E., Ignoul S., Oliveira D., Lourenço P., Modena 

C.: Long term compressive testing of masonry – test procedure and practical experience 

ed: D'Ayala D., Fodde E., SAHC 6th Int. Conference on Structural Analysis of Historical 

Constructions: Preserving safety and significance, Bath, 2-4 July 2008, pp. 1345-1355 

[44] Reneckis D., LaFave J.M., Clarke W.M.: Out of plane performace of brick veneer walls 

on wood frame construction, Engineering Structures 26, 2004, 1027–1042 

[45] Peerlings R.H.J., Massart T.J., Geers M.G.D., A thermodynamically motivated implicit 

gradient damage framework and its application to brick masonry cracking, Comput. 

Methods Appl. Mech. Eng. 193, 2004, 3403–3417 

[46] Gabor A., Ferrier E., Jacquelin E., Hamelin P., Analysis and modelling of the in-plane 

shear behaviour of hollow brick masonry panels, Construction and Building Materials 

20, 2006, 308–321 

[47] MSZ EN 772-1:2000 Falazóelemek vizsgálati módszerei, 1. rész: A nyomószilárdság 

meghatározása, MSZT, Budapest, 2000 

[48] McKenzie W. M. C.: Design of structural masonry, Palgrave, New York, 2001 

[49] Subasic C.A., Borchelt J.G.: Clay and shale brick material properties – a statistical 

report, Proceedings of the 6th North American Masonry Conference, The Masonry 

Society, Boulder, CO, 1993, 12 pp., in: Technical Notes 3A – Brick Masonry Material 

Properties, Technical notes on brick construction, 1992, www.gobrick.com 

[50] Szalai K., Windisch A., Újhelyi J., Erdélyi A., Halász I., Roknich Gy., Strobl A.: A beton 

minıségellenırzése, Szabványkiadó, Budapest 1982 

[51] MI 15011-1988 Technical directive (Mőszaki irányelv, Épületek megépült teherhordó 

szerkezeteinek erıtani vizsgálata), Hungarian Standard, Magyar Szabványügyi Hivatal 

[52] Dulácska E.: Statikusok könyve (Book of structural engineering), Bertelsman, Budapest, 

2001 



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

13. References 

 - 107 - 

[53] Dulácska E., Józsa Zs., Borosnyói A.: Investigation of the compressive strength of the 

brick by Schmidt hammer in: eds: Balázs L.Gy. Proceedings of the Eurocode 6 – Masonry 

Structures, Építésügyi Minıségellenırzı Innovációs Közhasznú Társaság, Budapest, 

2001, pp. 160-162 

[54] Dulácska E.: The reconstruction and diagnostic of load bearing elements of buildings 

(Épületek tartószerkezeteinek diagnosztikája és rekonstrukciója), Lecture notes, 2008 

[55] Fairhust C.E., Hudson J.A.: Draft ISRM suggested method for the complete stress-strain 

curve for intact rock in uniaxial compression, International Journal of Rock Mechanics 

and Mining Sciences 36, 1999, 279-289 

[56] Pate K., Noble W.: Stress-strain relationship in heavy clay products, in: Mechanical 

properties of non-metallic brittle materials, Butterworth, London, 1958, pp 210-216 in: 

Blight G. E.: Calculated Load bearing brickwork, Technical Publications, 2009, 

www.claybrick.org.za 

[57] MSZ EN 1015-11:2000 Falszerkezeti habarcsok vizsgálati módszerei, 11. rész: a 

megszilárdult habarcs hajlító- és nyomószilárdságának meghatározása, MSZT, Budapest 

[58] Pluijm R.v.d.: Non-linear behaviour of masonry under tension. HERON, Vol. 42, No. 1: 

25-54, 1997 

[59] Abdou L, Saada R. Ami, Meftah F., Mebarki A.: Experimental investigation of the joint-

mortar behaviour, Mechanics research communications 33, 2006, pp. 370-384 

[60] Pluijm R.v.d.: Shear behaviour of bed joints, Proceedings of the 6th North American 

Masonry Conference, eds. A.A. Hamid and H.G. Harris, Drexel University, Philadelphia, 

Pennsylvania, USA:125-136, 1993. 

[61] Zucchini A., Lourenço P.B.: A micromechanical model for the homogenisation of 

masonry, International Journal of Solids and Structures, 2002, pp. 3233-3255 

[62] Lourenço P.B., Rots J.G., Blaauwendraar J.: Continuum models for masonry: Parameter 

estimation and validation, Journal of Structural Engineering, June 1998, pp. 642-652 

[63] Berto L., Saetta A., Scotta R., Vitaliani R.: An orthotropic damage model for masonry 

structures, Int. Journal for Numerical Methods in Engineering, 2002, pp.127-157 

[64] Chetouane B., Dubois F., Vinches M., Bohatier C.: NSCD Discrete element method for 

modelling masonry structures, International Journal for Numerical Methods in 

Engineering, Volume 64 Issue 1, 2005, pp. 65 – 94 

[65] Anderson T. L.: Fracture mechanics, CRC Press, 1995 



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

13. References 

 - 108 - 

[66] K. Bagi. The discrete element method, Lecture notes, BME Tartószerkezetek 

Mechanikája Tanszék, Budapest, 2007 

[67] Lemos J.V.: Discrete element modelling of masonry, International Journal of 

Architectural Heritage 1 (2): 190-213 

[68] Itasca: UDEC Version 4.0 Manual, Aug. 2005. 

[69] Itasca. 3DEC 3 Dimensional Distinct Element Code Version 4.1, Online Manual 

[70] Rots J.G.: Numerical simulation of cracking in structural masonry, Heron 1991, Vol. 36 

(2): 49-63. 

[71] Sieh-Beygi B., Pietruszczak S.: Numerical analysis of structural masonry: mesoscale 

approach, Computers and Structures 86: 1958-1973, 2008 

[72] Oliveira D.V, Lourenco P. B.: Implementation and validation of a constitutive model for 

the cyclic behaviour of interface elements, Computers and Struct. 82, 2004, 1451–1461



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

13. References 

 - 109 - 

Acknowledgements 

The Author would like to express her grateful thanks to the Itasca Consultants SAS for 

providing the program 3DEC in the framework of the Itasca Education Partnership Program. 

I am thankful to the Company Wienerberger Ltd for offering materials to the experiments 

and a 2 years subsidy. I am grateful to Antal Tápai for providing cement and vertical 

reinforcement and to Bekaert Ltd for horizontal reinforcement. 

I would like to express my gratitude to my supervisor Professor Dr. István Bódi for 

supporting me in my scientific work. This work could not be undertaken without the kind help 

of Dr. László Varga who gave important advices and Dr. Katalin Bagi who allowed 

admittance to UDEC and Ádám Zsarnóczay who gave me access to his high performance 

computer. 

The Author would like to express her grateful thanks to the colleagues in the Laboratory of 

the Department of Structural Engineering of the Budapest University of Technology and 

Economics, by name Dr. Miklós Kálló, Mansour Kachichian, Ferenc Domby, László 

Kaltenbach, Attila Halász, Ferenc Hutterer, Ferenc Szász and in the Structural Laboratory of 

the Construction Materials and Engineering Geology Dr. Salem Nehme Georges, Olivér 

Fenyvesi, Dávid Diriczi and Gábor Kovács. 

I am thankful to those professors and colleagues who gave me valuable advices and helped 

me during my 4 year study: Dr. György Balázs L., Dr. Imre Bojtár, Dr. György Farkas, Dr. 

Zsolt Hortobágyi, Dr. László Horváth, Dr. Zsuzsanna Józsa, Dr. Kálmán Koris, Dr. László 

Erdıdi, Dr. Tamás Kovács, Botond Madaras, Dr. Péter Ódor, Dr. István Sajtos, Dr. Rita 

Nemes, Dr. Katalin Vértes, Dr. László Gergely Vigh and Axel Tóth. 

Last but not least I would like to express my grateful thanks to my whole family, especially 

to my husband, my parents, my brother and my sister, and my friends for their endless 

physical and mental support, help and tolerance during my work: Éva Lakatos, Noémi 

Friedman, András Molnár, István Völgyi, Tamás Mészöly and Mátyás Hunyadi. 

I am grateful to those people who helped me with my studies and are not mentioned here 

by name. 

 



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

11. New scientific results 

 - 110 - 

Annexes 

 
I. The stress strain diagrams of the brick samples 
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Fig. A1 Stress-strain diagram of sample 2a       Fig. A2 Stress-strain diagram of sample 3a 
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Fig. A3 Stress-strain diagram of sample 4b         Fig. A4 Stress-strain diagram of sample 5b 
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Fig.A5 Stress-strain diagram of sample 4c           Fig. A6 Stress-strain diagram of sample 5c 
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II. The stress strain diagrams of the brick samples II. 
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Fig. A7 Stress-strain diagram of specimen A1   Fig. A8 Stress-strain diagram of specimen C1 
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Fig. A9 Stress-strain diagram of specimen 1B4   Fig. A10 Stress-strain diagram of sp. 2C1 

III. The parametrical investigation of the DEM 

 
Fig. A11 The effect of the joint normal stiffness values (kn) loading condition a and b 
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Fig. A12 The effect of the joint normal stiffness values (kn) loading condition g 

 
Fig. A13 The effect of the Poisson’s ratio in case of loading condition a 

 
Fig. A14 The effect of the Young’s modulus in case of loading condition e 
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Brick K [N/m2] G [N/m2] φ [°] c [N/m2] ft [N/m2] Ψ [°]  
Mohr-Coulomb 2.5e10 1.875e9 38 1e6 3e5 10 0.5 0.05 
contact jcons=1 kn [N/m2/m] ks [N/m2/m] φ [°] c [N/m2] ft [N/m2] Ψ [°] φres [°] 
5_9 1.3e10 6.7e9 38 1e5 3.5e5 4 36 
a 2e10 6.7e9 38 1e5 3.5e5 4 36 
b 1e10 6.7e9 38 1e5 3.5e5 4 36 
c 1.3e10 7e9 38 1e5 3.5e5 4 36 
d 1.3e10 6e9 38 1e5 3.5e5 4 36 
e 1.3e10 8e9 38 1e5 3.5e5 4 36 
f 1.3e10 6.7e9 38 3e5 3.5e5 4 36 
g 1.3e10 6.7e9 38 6e5 3.5e5 4 36 
h 1.3e10 6.7e9 38 1e5 1e5 4 36 
i 1.3e10 6.7e9 38 1e5 2e5 4 36 
j 1.3e10 6.7e9 38 1e5 4e5 4 36 
k 1.3e10 6.7e9 38 1e5 5e5 4 36 
l 1.3e10 6.7e9 38 1e5 3.5e5 10 36 
m 1.3e10 6.7e9 38 1e5 3.5e5 20 36 
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Fig. A16 Parametrical investigation    Fig. A17 Parametrical investigation 
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Fig. A18 Parametrical investigation     Fig. A19 Parametrical investigation 

 


