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Abstract 

Masonry structures are potentially very interesting as these solutions allow not only structural strength 

but also to provide space subdivision, thermal and acoustic insulation as well as fire and weather 

protection. These factors allow, compared to other structural systems, that masonry structures are 

cheaper and allow a higher construction speed. 

However, with the emergence of reinforced concrete and steel structures (and evolution of the design 

codes), which are considered to have better seismic behavior, masonry structures have taken a 

secondary role in new construction. 

Only in the second half of the XX century, with the constant evolution of building codes, automatic 

calculation programs and experimental testing, masonry structures tend to exhibit better seismic 

behavior, allowing the use of higher coefficients of behavior, enabling its construction in areas of greater 

seismicity. 

Studies carried out during the development of the Italian standard showed that the results obtained with 

the behavior coefficients recommended in Eurocode 8 did not correspond to reality. In this sense, 

studies were conducted that led to different (higher) values, which contemplate the phenomenon of 

internal stress redistribution that occurs (overstrength ratio – OSR). 

Thus, the aim of this dissertation is to study the feasibility of using the behavior coefficients proposed in 

Eurocode 8 and the Italian NTC standard, taking into account the safety checks proposed in Eurocode 

8. 
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1. Introduction 

Masonry constructions around the world have 

withstood numerous events that could have 

collapsed, showing that these, although not 

considered high seismic structures, when well-

sized and constructed can have good seismic 

behavior. 

The fact that masonry is considered a fragile 

material and with very low tensile strength has 

made the behavior coefficients suggested in 

Eurocode 8 very penalizing compared to other 

construction techniques. When developing the 

Italian standard, it was found that the results 

obtained with the recommended behavior 

factors in Eurocode 8 did not reflect reality. In 

this sense, studies were carried out that led to 

different (higher) values, which contemplate the 

phenomenon of internal stress redistribution 

(OSR). 

Thus, the aim of this thesis is to study the 

feasibility of using the behavior factors 
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proposed in Eurocode 8 and the Italian standard 

NTC, taking into account the security checks 

proposed in Eurocode 8. 

2. Structural masonry 

construction 

Masonry constructions around the world have 

withstood numerous events that could have 

collapsed, showing that these, although not 

considered high seismic structures, when well 

sized and constructed can have good seismic 

behavior. The Egyptian Pyramids (2,800 to 

2,000 BC), the Colosseum in Rome (70 to 90 

AD), the Great Wall of China, or the Taj Mahal 

(1,630 to 1,650 AD) are some of the most 

significant masonry constructions. scattered 

around the world. 

 

Figure 1 – a) Pyramids of Giza b) Colosseum of 
Rome [1]c) Great Wall of China [2]d) Taj Mahal [3] 

With the industrial revolution, brick production 

developed, and by the mid-nineteenth century 

most of the buildings were constructed of 

ceramic brick masonry. A clear example of this 

is the Monadnock building in Chicago, United 

States of America, which with 16 floors has 

walls that reach 1.82m thick. 

 

Figure 2 – Monadnock building in Chicago, USA [4] 

Still, in the XIX century, new construction 

techniques emerged that dethroned the 

construction of masonry that allowed the 

construction of walls with a thinner base and 

later, already in the XX century, with the use of 

reinforced concrete, masonry as a structural 

solution entered in disuse in countries with 

greater seismicity. This was reinforced by the 

finding, largely motivated by the damage 

caused by three high-intensity earthquakes (S. 

Francisco in 1906, Messina in 1908 and Tokyo 

in 1923). Already confined and reinforced 

masonry have shown, in similar situations, 

excellent behavior. 

2.1 Masonry types 

In structural masonry, no beams or pillars are 

used, and the supporting walls that make up the 

structure of the building and distribute evenly to 

the foundations the vertical and horizontal 

loads. 

2.1.1. Unreinforced masonry 

It is the easiest type of masonry to lift as it has 

no reinforcement. These masonry elements, 

therefore, depend on the sturdy masonry's 

ability to withstand the loads. 

2.1.2. Reinforced masonry 

Reinforced masonry is a construction system 

where the reinforcement is embedded in the 

mortar or placed in cavities that are filled with 

concrete. The reinforcement is essentially 

incorporated to resist tensile and shear forces 

and to provide the elements with adequate 

ductility (deformability) improving the energy 

dissipation capacity of the structures. 

2.1.2. Confined masonry 

Confined masonry is a composition of masonry 

wall cloths that are bounded on all four sides. 
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These confined elements are concreted after 

the construction of masonry walls which by their 

formwork feed, improve the masonry behavior, 

especially in horizontal actions. 

 

Figure 3 – Steps of a confined masonry wall 

2.2.3. Pre-stressed masonry 

In this type of masonry the steel bars are 

inserted in appropriate locations in the center of 

the masonry elements, so that the stress 

distribution is uniform throughout the cross 

section, avoiding tensile stresses. 

2.1 Masonry structures codes 

In recent years, various regulations have been 

developed around the world to enable structural 

design to be harmonized in each region. In the 

European Union Eurocodes have been 

developed. Also in Italy national codes were 

developed (Italian Standard - NTC). 

3. Seismic action 

The seismic action used for analysis and design 

of civil engineering works located in seismic 

regions is defined taking into account the main 

objectives pursued by Eurocode 8: Protection of 

human lives; Damage limitation; Maintenance 

of operational structures important for civil 

protection. 

3.1. Seismic zones and terrain types 

For both types of seismic action zones are 

defined with their reference maximum 

acceleration value, 𝑎𝑔𝑅. As can be seen in the 

Figure 4, in mainland Portugal one has to 

consider type 1 and 2 action. Has to be?? 

 

Figure 4 – Seismic zones in mainland Portugal 

Since the type of terrain on which a structure is 

founded influences the calculation of its seismic 

resistance, Eurocode 8 defines different types 

of terrain 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝑆1, 𝑆2. 

3.2. Seismic Action Representation 

According to Eurocode 8, the seismic 

movement at a given point on the ground 

surface is represented by an elastic response 

spectrum of ground surface acceleration. 

The acceleration values, together with the 

parameters defining the elastic response 

spectrum, allow the definition of the response 

spectrum.  

3.3. Behavior Coefficient 

Since seismic actions can be of high intensity, 

they make the dimensioning of the structures in 

linear regime impracticable either economically 

or practically. Thus, the design is made taking 

advantage of the nonlinear behavior of 

materials with the ability to dissipate the energy 

that the earthquake transmits to the structure. 

[5]. However, the nonlinear behavior of 

structures in general continues to be implicitly 

considered in current design practice by 

dividing the stresses of elastic analysis by the 

coefficient of behavior. This coefficient 

essentially depends on the ductility and energy 
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dissipation capacity and the admissibility of 

exploiting this ductility. [6] 

For masonry buildings, Eurocode 8 suggests 

coefficients of behavior between 1.5 and 2.5, 

however recommending the lower value for 

unarmed masonry and higher values within the 

range for reinforced and confined masonry. 

During the development of the Italian NTC 

standard, studies on non-reinforced masonry 

buildings showed that it was advisable to use 

higher values for the coefficient of behavior. For 

masonry (overstrength ratio) OSR is a 

consequence of the fact that linear elastic 

analysis predicts the collapse of a structural 

element to a level of shear stress due to 

earthquake, much lower than the ultimate 

strength that the structural system provides. 

The consideration of this concept has allowed 

to reconcile the results of linear analysis with the 

results of nonlinear analysis, the latter being 

much more consistent with reality. For unarmed 

masonry buildings the OSR can reach very high 

values 

4. Masonry properties 

Until about 1950 masonry walls are 

dimensioned solely according to empirical rules, 

which meant that the walls have an excessive 

thickness, resulting in a waste of material and 

usable space. 

After 1950, the picture began to change in 

several countries with the inclusion of structural 

codes, which made it possible to calculate the 

resistance of the walls, thus allowing a more 

acceptable thickness sizing. 

Masonry structures are potentially very 

interesting as these solutions allow not only 

structural strength but also to provide space 

subdivision, thermal and acoustic insulation as 

well as fire and weather protection. These 

factors allow, compared to other structural 

systems, that masonry structures are cheaper 

and allow a higher construction speed. 

4.1. Materials 

Masonry is typically formed by a combination of 

masonry units arranged to a specific pattern 

(resilient elements) and linked together as a set 

by appropriate mortar (binder) and 

reinforcement or containment elements 

(reinforcement). While each of these 

components of a masonry wall has its specific 

mechanical characteristics, they are all 

expected to act together to form a cohesive 

vertical element capable of resisting permanent 

and temporary action. 

Because of their complexity, masonry and its 

constituents must meet specific standards and 

code requirements, especially when applied to 

structural elements, where the resistance of 

elements and structure to gravitational and 

seismic loads is verified by calculation. 

4.2. Characteristic compressive 

strength 

Eurocode 6 provides empirical relationships for 

the calculation of the compressive strength 

characteristic of masonry (direction 

perpendicular to the joints) (Erro! A origem da 

referência não foi encontrada.):  

 fk = K fb
α 𝑓𝑚

𝛽
 1 

Where fk is the characteristic compressive 

strength of masonry in 𝑁 𝑚𝑚2⁄ , K is a constant 

as a function of unit type, 𝑓𝑏 the average 

normalized compressive strength of masonry 

units in 𝑁 𝑚𝑚2⁄ , 𝑓𝑚 the compressive strength of 

mortar in 𝑁 𝑚𝑚2⁄  and 𝛼 and 𝛽 masonry type 

dependent constants. 
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4.3. Characteristic shear strength 

 

Figure 5 – Masonry wall subject to lateral loading 

Eurocode 6, from previous tests, considers that 

the relationship between the normal stress and 

shear stress parameters follows a Mohr-

Coulomb relationship, ie the shear strength 

depends on the level of compression at which 

the masonry wall is subject, increasing in 

proportion to it. which may be obtained by the 

following expression : 

 fvk = 𝑓𝑣𝑘0 + μ𝑓σ𝑑 2 

Where 𝑓𝑣𝑘0 is the characteristic shear strength 

of masonry with no compressive stresses 

applied, μ𝑓 the friction coefficient and σ𝑑 the 

design value of the compression stress 

perpendicular to the cut. 

5. Structural behavior of 

masonry buildings 

The seismic resistance of a structure depends 

on the ability of its elements to withstand the 

inertial forces imposed by the earthquake 

(dynamic action) directly to the foundation of the 

system without damaging the building. [6] 

Throughout history the occurrence of 

earthquakes in different parts of the world has 

allowed us to learn multiple lessons about the 

influence of structural layout on the seismic 

behavior of masonry buildings. Observations of 

the structural damage caused by earthquakes 

and their analysis show that, in addition to the 

quality of the materials, the building 

configuration is also of relevant importance. 

Buildings with structural regularity, with properly 

connected floor-level walls, performed well 

even though they were not sized to resist 

seismic actions. In cases where the structure is 

simple and regular, seismic and gravitational 

loads are transmitted simply and effectively 

from element to element to the foundations. 

Under seismic conditions, the induced seismic 

energy will dissipate evenly throughout the 

structure. If the structural elements are not 

evenly distributed across the plant and at the 

height of the structural system, stress 

concentrations may occur in the non-uniformity 

zones, resulting in major damage and eventual 

collapse of the structure. 

6. Structural analysis and limit 

state 

6.1. Verification of shear 

As mentioned above, checking the ultimate limit 

state of a wall requested for shear stress is of 

particular importance in bracing walls. 

According to Eurocode 6, this verification 

requires that the value of the shear load applied 

to a masonry wall, 𝑉𝐸𝑑, is less than the design 

value of the sturdy wall cutting effort, 𝑉𝑅𝑑(Erro! 

A origem da referência não foi encontrada.) 

[7]: 

 𝑉𝐸𝑑 ≤ 𝑉𝑅𝑑 3 

Where the design value of the resistive shear 

force is given by the following equation (4) [7]: 

 𝑉𝑅𝑑 = 𝑓𝑣𝑑 × 𝑡 × 𝑙𝑐 4 

Where 𝑓𝑣𝑑 is the design value of masonry shear 

strength, 𝑡 the wall thickness that resists shear 

and 𝑙𝑐 the length of the compressed part of the 

wall as shown in Figure 6. 
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Figure 6 – compressed length calculation scheme 

Where the compressed length can be 

calculated from the expression (5) [7]: 

 
𝑙𝑐 = 3(

𝑙

2
−

𝑀𝑆𝑑

𝑁𝑆𝑑

) 5 

Where 𝑙 is the total length of the Wall, 𝑀𝑆𝑑 the 

applied moment and 𝑁𝑆𝑑 the applied axial force. 

6.2. Checking the bending moment in 

the plane 

Where a non-reinforced masonry wall is bent in 

its own plane, an additional safety check shall 

be made because normal stress can only be 

absorbed by the compressed part of the wall as 

shown in Figure 6. Verification can be 

performed by verifying that the value of the 

sizing bending moment applied to the masonry 

wall, 𝑀𝐸𝑑, is less than or equal to the value of 

the resistant bending moment, 𝑀𝑅𝑑 (6). 

 𝑀𝐸𝑑 ≤ 𝑀𝑅𝑑 6 

For a rectangular cross section, the value of the 

bending moment is given by (7). 

 
𝑀𝑅𝑑 =

𝑁𝑆𝑑 × 𝑙

2
(1 −

𝑁𝑆𝑑

𝑡 × 𝑙 × 𝜂𝑓 × 𝑓𝑑
) ≥ 0 7 

Where 𝜂𝑓 is the the factor that defines the 

equivalent rectangular stress diagram. 

7. Study on the behavior 

coefficient 

It is essential to recognize that the vast majority, 

if not all, of the unarmed masonry buildings that 

collapsed in recent earthquakes did not meet 

most of the requirements that any new unarmed 

masonry buildings would have to fulfill under 

current codes in concerning project 

implementation and construction control. The 

Eurocódigo 8, due to the low tensile strength 

and low ductility of masonry structures which 

consider the simple masonry provides a low 

dissipation. 

For the above reasons, Eurocode 8 states that 

simple masonry cannot be used if the value of 

𝑎𝑔𝑆 exceed the value of 𝑎𝑔,𝑢𝑟𝑚 determined in 

the national annex. Thus the Portuguese 

national annex limits the use of simple structural 

masonry in areas where the value of 𝑎𝑔𝑆 

exceeds the value of 0,20𝑔. This limit in 

Eurocode 8 makes construction in unreinforced 

masonry unacceptable in areas 1.1 and 1.2 in 

type A soils and in areas 1.1, 1.2, 2.3 and 2.4 

in type A soils. 

 

Figure 7 – Areas where according to Eurocode 8 
masonry construction is permitted 

Also the recommended behavior coefficients, 

determined from the linear behavior, are very 

penalizing when compared to other materials. 

The Norme Tecniche per le Costruzioni 

(NTC2018) proposes higher values of the 

coefficient of behavior, making the construction 

in simple masonry more viable the 

recommended behavioral coefficient for the 

studied buildings is 2.975. Thus, to determine 

which seismic zones would be possible to 
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construct the building in question, earthquakes 

were consecutively applied to the structures 

until the design forces were lower than the 

resistive forces, ie the method was applied by 

applying the earthquake 1.1 (in both directions), 

and if it did not check for safety, earthquake 1.2 

would apply and so on. 

 

Figure 8 – Geometric characteristics of the studied 

buildings 

Table 1 – Characteristic and design masonry values 

 

7.1. Analysis according to the rules 

for simple buildings of simple 

masonry 

In accordance with Eurocode 8, masonry 

buildings belonging to importance classes I or II 

and complying with the provisions of that 

standard, in particular “Materials and types of 

settlement”, “Design criteria and construction 

”and the following rules can be classified as“ 

simple masonry buildings ”. If buildings meet 

these requirements an explicit safety check 

according to this standard is not required. 

Table 2 – Recommended permissible number of 
floors above ground and minimum area of bracing 
walls for “simple masonry buildings” Eurocode 8 

 

Table 3 – Recommended permissible number of 
floors above ground and minimum area of bracing 

walls for “simple masonry buildings” National Annex 

 

Thus, taking into consideration Table 2 and 

Table 3, the seismic zones where construction 

of the buildings under study would be possible 

were determined in Figure 9 and Figure 10, 

respectively. 

 

Figure 9 – Zones where construction of the building 
is permissible according to Eurocode 8 simple 
building rules 

 

Figure 10 – Zones where construction of the building 
is permissible according to Eurocode 8 simple 
building rules, National Annex 

 

 

Masonry Units U5 Mortar M5 Compressive strength 

f𝑏   𝑁 𝑚𝑚2⁄   f𝑚   𝑁 𝑚𝑚2⁄   fk = K fb
0,7 fm

0,3  𝑁 𝑚𝑚2⁄   𝑓𝑑 = 𝑓𝑘 𝛾𝑚⁄   𝑁 𝑚𝑚2⁄   

5 5 2,16 1,08 

Thin joint mortar Shear strength 

𝑘 fvk = 𝑓𝑣𝑘0 + μ𝑓σ𝑑   𝑁 𝑚𝑚2⁄   𝑓𝑣𝑑 = 𝑓𝑣𝑘 𝛾𝑚⁄   𝑁 𝑚𝑚2⁄   

0,55 0,2 + 0,4 × 𝜎𝑑 ≤ 0,0065𝑓𝑑  (0,2 + 0,4 × 𝜎𝑑 ≤ 0,0065𝑓𝑑) 2⁄  

Ground Acceleration 

𝐴𝑔 . 𝑆  𝑚 𝑠2⁄   

≤ 0,07𝑔 

 0,69  

≤ 0,10𝑔 

 0,98  

≤ 0,15𝑔 

 1,47  

≤ 0,20𝑔 

 1,96  

Construction 

types   

Number of 

floors above 

ground, 𝑛 

Minimum sum of the horizontal cross-sectional wall areas in each 

direction as a percentage of the total floor area𝑝𝐴,𝑚𝑖𝑛  

Unreinforced 

Masonry 

1 

2 

3 

4 

2,0% 

2,0% 

3,0% 

5,0% 

2,0% 

2,5% 

5,0% 

𝑛/𝑎 

3,5% 

5,0% 

𝑛/𝑎 

𝑛/𝑎 

𝑛/𝑎 

𝑛/𝑎 

𝑛/𝑎 

𝑛/𝑎 

 

Ground Acceleration 

𝐴𝑔 . 𝑆  𝑚 𝑠2⁄   
≤ 0,80 ≤ 1,10 ≤ 1,70 ≤ 2,50 

Unreinforced 

Masonry 

Number of 

floors above 

ground,  𝑛 

Minimum sum of the horizontal cross-sectional wall areas in each 

direction as a percentage of the total floor area𝑝𝐴,𝑚𝑖𝑛  

Unreinforced 

Masonry 
1 2,0% 𝑛/𝑎 𝑛/𝑎 𝑛/𝑎 
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7.2. Structural analysis according to 

Eurocode 6 and Eurocode 8 

Taking into account the values of the acting 

forces, the values of the tensile strengths of the 

various walls in the various sections verified 

were calculated according to the following 

methodology: 

1) Axial stress calculation 

 
𝜎𝑑 =

𝑁

𝐴
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2) Determination of the value of the design 

resistance to masonry, fvd, according to 

expression 4 and divided by the partial safety 

factor, 𝛾𝑀 = 2,0. 

3) Determination of compressed section 

length, 𝑙𝑐, a partir da equação 5. 

4) Calculation of the shear force in each section 

according to the equation 4, 𝑡 = 0,29 𝑚. 

5) Verification of safety at shear stress 

according to expression, 3. 

In the following images it is possible to see the 

obtained results 

 

Figure 11 – Seismic zones where the construction of 
the single-storey building (4 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

 

Figure 12– Seismic zones where the construction of 
the single-storey building (3 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Figure 13 – Seismic zones where the construction of 
the two-storey building (4 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Figure 14 – Seismic zones where the construction of 
the two-storey building (3 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Figure 15  – Seismic zones where the construction of 
the three-storey building (4 walls in 𝑥) is permissible 

according to the safety check to limit states 
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Figure 16 – Seismic zones where the construction of 
the three-storey building (3 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Figure 17 – Seismic zones where the construction of 

the four-storey building (4 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Figure 18– Seismic zones where the construction of 

the four-storey building (3 walls in 𝑥) is permissible 

according to the safety check to limit states 

 

Considering that the possibility of constructing 

non-reinforced masonry buildings is being 

studied, choices have been made (building 

geometry, building materials always according 

to what is available in Portugal, type of joints, 

quality of workmanship, arrangements 

appropriate structural features) in order to 

improve their resistance and behavior when 

subjected to seismic actions. 

Within the assumptions considered, we arrived 

at the results previously presented, in which it 

would be important to highlight the following 

aspects: 

• Number of floors variation: 

As can be seen from the graphical 

representation, the increase in the number of 

floors causes a gradual decrease of seismic 

zones where construction is possible. 

• Number of walls variation: 

As can be seen from the graphical 

representation, decreasing the number of walls 

by x (from 4 to 3) also causes a decrease in 

seismic zones where construction is possible 

• Consideration of cutting effort 

redistribution according to Eurocode 8: 

As can be seen from the graphical 

representation, the consideration of cutting 

effort redistribution causes an increase in 

seismic zones where construction is 

feasible. 

• Consideration of different behavioral 

coefficients, q (1,5 - value considered in 

Eurocode 8 versus 2,975 - value 

recommended in the Italian standard, 

NTC) 

As can be seen from the graphical 

representation, changing the behavior 

coefficient to 2.975 causes a very 

considerable increase in the seismic zones 

where construction is feasible. This is due 

to the fact that there is an increase of almost 

100%, which leads to a reduction of efforts 

in the order of 50%. This effect is the most 

evident of these 4 factors analyzed. 

Como se pode verificar, ao analisar a 

viabilidade de construção dos edifícios 
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estudados, é possível verificar que as regras 

preconizadas no Eurocódigo 8 são bastante 

limitativas. When the seismic forces are applied 

to the different buildings and the forces acting 

on the different sections are calculated, it can 

be seen that if safety checks on the ultimate limit 

state are carried out in accordance with 

Eurocode 6, safety is verified in an area of 

Portugal. much larger than that allowed under 

Eurocode 8. This is largely due to two factors, 

the imposed limitation of on-site 

acceleration, 𝑎𝑔𝑆, e aos reduzidos coeficientes 

de comportamento propostos que não têm em 

consideração o fenómeno da redistribuição 

interna de tensões que ocorre (overstrenght 

ratio – OSR). 

8. Conclusions and future 

developments 

Masonry structures are potentially very 

interesting, as these solutions not only provide 

structural strength but also provide space 

subdivision, thermal and acoustic insulation as 

well as fire and weather protection. These 

factors allow, compared to other structural 

systems, that masonry structures are cheaper 

and allow a higher construction speed.  

The limitations imposed by Eurocode 8 are very 

restrictive for this type of structure, since the 

behavior coefficients are based on linear 

behavior, greatly limiting the zones where its 

construction is possible. 

The use of behavior coefficients that take into 

account the concept of overstrength ratio 

(OSR), that is, that take into consideration the 

stress redistribution in the masonry units when 

they reach their ultimate strength, allows to 

substantially increase the field of application of 

this solution. structural. By way of example, 

according to the Italian NTC standard, the 

coefficient of behavior of such structures may 

be about twice that suggested in Eurocode 8. 
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