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Abstract  

Resumo

Most standards indicate the need of the evaluation of abnormal loads in the structural design, but in general, they do not provide many details 
about these actions and how to consider them in the design. The consequence of not considering these actions may be to the progressive col-
lapse of the structure. This type of failure can be avoided by design of elements with sufficient robustness to control possible localized damage, 
ensuring adequate time for emergency measures to be taken. This work aims to discuss the progressive collapse and the behavior of masonry 
buildings subject to abnormal loads. An extensive literature review is carried out, highlighting the main procedures and strategies to mitigate this 
issue and the guidelines available in the standards. It is concluded that there is still an absence of works that deal with this kind of action in ma-
sonry buildings. 
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A maioria dos códigos normativos cita a necessidade da avaliação de ações excepcionais no projeto de estruturas, porém sem fornecer muitos 
detalhes de quais seriam estas ações e como considerá-las. A consequência da não consideração destas ações pode levar ao colapso progressi-
vo da estrutura. Este tipo de ruína pode ser evitado projetando-se estruturas com robustez suficiente para controlar possíveis danos localizados, 
proporcionando tempo suficiente para que medidas de emergência sejam realizadas. Este trabalho tem como objetivo discutir o colapso progres-
sivo e o comportamento de edifícios em alvenaria estrutural sujeitos a ações excepcionais. Para tal, uma extensa revisão teórica é realizada, 
destacando os principais procedimentos e estratégias para mitigação dessa problemática e as diretrizes de projeto disponíveis nos códigos 
normativos. Conclui-se que ainda faltam trabalhos específicos que tratam sobre as ações excepcionais em edifícios de alvenaria estrutural.

Palavras-chave: alvenaria, danos acidentais, colapso progressivo, robustez.
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1. Introduction

The federal government social programme Minha Casa Minha 
Vida boosted the construction system named structural masonry 
all over the country. This system has become a sustainable tech-
nological alternative to residential construction building for the mid-
dle-class and lower-middle-class families. Brazilian builders have 
been widely applied it to the new projects.
Since, the increase in productivity due to the characteristics of 
modulation and rationalization of this process reflects in the de-
crease of material waste and the final costs of the building.
In masonry buildings, the wall is the structural element, which 
means damages or possible removal of these elements may lead 
to serious risk of structural collapse due to the appearance of ad-
ditional internal forces. Unfortunately, due to the ignorance of some 
users, it is common in residential buildings, the removal of walls 
to increase environments without the permission of technical per-
son responsible for the project. Therefore, there is a great concern 
about the occurrence of abnormal loads, which generate dispro-
portional damages.
The abnormal loadings (vehicle impact, gas explosion, terrorist 
attack, etc.) are not usually considered in building designs due 
to their low probability of occurrence. Nevertheless, in the occur-
rence of these events, several problems can occur in the struc-
tures, such as the progressive collapse. The accident at the Ronan 
Point Building in 1968 in the city of London started the search for 
better predictions of abnormal loads and progressive collapse in 
structures. This event resulted in the update of international recom-
mendations and standards.
The Brazilian masonry building standards, [1] and [2], published in 
2010 and 2011, respectively, have not specific design guidelines 
about abnormal loadings or progressive collapse. However, they 
have informative annexes with some general recommendations 
about these subjects.
Concerning concrete structures, the Brazilian standard [3] cites 
the ultimate limit state of progressive collapse as something to 
be checked to ensure the safety of structures. In sections 19.5 
and 20.3 the standard recommends additional reinforcements for 
slabs in order to guarantee local ductility and consequently protec-
tion against progressive collapse. The precast concrete standard 
[4] in section 5.1.1.4 emphasizes that the engineer should take 
special care in detailing the structure to minimize the occurrence 
of progressive collapse. On the other hand, standard of concrete 
wall castes in place for residential buildings [5] does not comment 
anything about this subject. Therefore, it should be highlighted that 
only some Brazilian standards indicate the concern regarding ab-
normal loadings and progressive collapse, however, without many 
guidelines to help on the building design. The historical of struc-
tures that have undergone the progressive collapse in Brazil, such 
as the Liberdade Building in Rio de Janeiro in 2012, with the death 
22 people, shows that engineers should discuss more this subject.
Therefore, this work intends to discuss current strategies to miti-
gate progressive collapse in masonry structures. Note that design 
a masonry structure by evaluating the possibility of abnormal load-
ings, with the goal of reducing the probability of occurrence of pro-
gressive collapse, requires a differentiated view of the engineer. 

Also, the load combinations described in Brazilian standards do 
not take into account their effects on structures.

2. Abnormal loads and  
 progressive collapse 

Failure of a structure subjected to abnormal loadings is associated 
with significant economic implications and severe social repercus-
sions. Although abnormal loadings and progressive collapse is 
events with a low probability of occurrence, their consequences 
have a deep impact on society due to the loss of life.
Several authors ([6], [7] and [8]) assert that events that include 
abnormal loads are not generally considered in building design, 
which implies the possibility of loss of structural integrity due to 
their occurrences. Also, such loads may lead to the partial or total 
collapse of buildings and loss of a high number of human lives ([9], 
[10], [11] and [12]).
Ellingwood [13] and Eurocode [14] recommend that the damage 
in the building after abnormal loads does do not exceed 15% of 
the floor area, nor 100 m2, and, in the vertical direction, does not 
extend beyond the adjacent floors to the location of the event. 
However, Eurocode [14] emphasizes that localized damage to a 
structural element may be acceptable if the building preserves its 
structural integrity for a sufficient period to allow necessary emer-
gency measures to be take.
The researchers ([15] and [16]) point out that currently, the stan-
dard that more details the progressive collapse is the UFC [17]. 
Nevertheless, this standard is more suitable for frame structures, 
where the loss of a column instantly in a possible abnormal load-
ing is the primary factor that takes in the occurrence of a progres-
sive collapse.
Progressive collapse can be understood as an “incremental” rup-
ture and develops, in a chain reaction mechanism, in which cause 
the failure of the building. If the structure has not sufficient robust-
ness, abnormal loads cause localized damages that construction 
cannot absorb or contain. Accordingly, the final state is dispropor-
tionate to the event that initiated it ([18], [19] e [20]). For research-
ers [6] and [21] progressive collapse is the gradual failure of the 
building due to initial damage to an element that leads to the rup-
ture of the structure or part of it.
Ellingwood [11] and Dusenberry [22] affirm that specific designs 
that ensure safety from abnormal loads have not been standard-
ized in the United States or nowhere else in the world. Neverthe-
less, codes dealing with the progressive collapse use an empirical 
approach to this issue through passive guidelines to increase the 
robustness of the structure.
The classical examples of progressive collapse into buildings 
mentioned in the literature review have been in concrete and 
mostly in precast concrete structures because given the lack of 
continuity in the link of the structural system these are more sus-
ceptible to collapse.
Concerning the progressive collapse in masonry buildings, there are 
insufficient guidelines, since the works that deal with the subject do 
not show the needed procedures to minimize their occurrence. This 
lack of guidelines is due to the difficulty of evaluating the fragile, het-
erogeneous and anisotropic behavior of masonry ([16]).
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One of the first works to deal with the progressive collapse in ma-
sonry structures was performed by Mcguire [23].  This researcher 
conducted a case study on the progressive collapse of masonry 
building in the prevention of abnormal load through the British 
standard [30]. The author recommends that the structure is ana-
lyzed through the alternate load paths and the specific local resis-
tance, both procedures described in section 3.
Hendry [24] made a study of the fundamental architectural con-
cepts of masonry buildings regarding abnormal loads. This author 
verified three basic kinds of architectural details that need particu-
lar attention: a) external wall without flange; b) internal wall without 
flange; and c) when the removal of a wall produces a large stress 
concentration in a small area of other walls.
Ellingwood et al. [25] through a structural reliability analysis conduct-
ed a case study for an eight-story building of ceramic blocks ma-
sonry. The abnormal load of the building was based, on an explosion 
in the kitchen of an apartment on the eighth floor. Such strategy was 
used to demystify the idea that structural elements in upper floors 
would not lead to the collapse of the structure. These researchers 
calculated the probability of failure of the structure considering the 
failure mode of the flexural compression walls measuring values of 
the order of 10-4 and 10-6, respectively, in the eighth and first floor. 
They concluded that the lack of continuity and ductility of masonry 
structures make them susceptible to progressive collapse.

3. The mitigating risk from abnormal 
 loads and progressive collapse 

In the design of a building, the engineer should consider the dead 
and live loads with their partial and representative factors in the 
load combinations described by the standards. 
The load combinations take into account the occurrence of the ac-
tions from low-probability and high-consequence events, providing a 
safety margin against minor abnormal loads. However, the engineer 
should ensure that the structure has sufficient redundancy, strength, 
and ductility to mitigate the event of a progressive collapse.
Due to the low probability of abnormal loads, it is common the en-
gineers address passive protection measures rather than evaluate 
those loads in the structure. Such measures are carried out by 
introducing ties anchored along some predefined structural ele-
ments ([17], [18] e [19]). However, those measures are obtained 
from laws of a phenomenological nature. Therefore, the use of ties 
may generate an undesirable effect because there is a probability 
that in the event of a localized collapse, other interconnected ele-
ments will be pulled, becoming a chain reaction mechanism that 
can cause the progressive collapse of the structure.
In the literature, the term robustness often appears as a way to minimize 
the damage caused by the progressive collapse. Nevertheless, there is 
not general agreement about the precise meaning of robustness. 
UFC [17], ASCE 7 [18], NISTIR [19] and GSA [26], prescribe two 
approaches to project building structures considering the possibil-
ity of progressive collapse: indirect design and direct design. 

3.1 Indirect design approach

The indirect design approach consists implicitly of predicting  
minimum requirements of strength, continuity, and ductility. These 

requirements are satisfied when the engineer uses one of the fol-
lowing standards UFC [17], ASCE 7 [18], NISTIR [19] and GSA [26]. 
However, the indirect design guidelines alone do not guarantee 
structural integrity in the eventual progressive collapse of the struc-
ture. In the indirect design approach, the engineer can still use the 
Tie Force method. This procedure consists to enhance continuity, 
ductility, and structural redundancy by specifying minimum tensile 
forces through ties that should be used to attach the structure.
To mobilize alternative paths for the load transfer in case of a local-
ized failure of a structural element, the engineer must use extra 
ties anchored in the structural elements, not provided for in the 
usual design of the structure. UFC [17] prescribes the horizontal 
ties must be provided: longitudinal, transverse, and peripheral be-
tween beams and slabs. Vertical ties are applied in columns and 
load-bearing walls.
To use this approach, the engineer must check following equation 
of ultimate limit state:

(1)

where, f is the strength reduction factor, Rn is the nominal tie 
strength calculated with the appropriate material specific code, in-
cluding the over-strength factors form Chapters 5 to 8 of ASCE 41 
[27], and Ru is the required tie strength.
To uniform floor load the required tie strength is determinate by 
following load combination:

(2)

Where, w is the floor load (KN/m2), Fg is the dead load (KN/m2), and 
Fq is the live load (KN/m2).
From the slab shown in Fig. 1 a), it is possible to deduce an equa-
tion for the calculation of the required tie strength in the limit situ-
ation, considering the deformed position of the slab after the re-
moval of support at point B in Fig.1 b).
By equilibrium of moments at point B’ Fig.1 b), the required tie 
strength is written by Eq. (3).

(3)

The needed reinforcement to ensure continuity by the supports is 
calculated by Eq. (4).

(4) 

3.2 Direct design approach

Direct design approach considers the resistance to progressive 
collapse explicitly. This approach includes the specific local resis-
tance (SLR) method and alternate load paths (ALP) method.

3.2.1	 Specific	local	resistance	(SLR)	

This method provides extra strength in key elements that are need-
ed for overall stability. The SLR is used for a predefined event. 
Therefore, the engineer evaluates the efforts in the structural ele-
ments considering in the load combinations their several effects, 
for instance, terrorist attacks, explosions, fires, and earthquakes.
According to Ellingwood [28], one way of implementing this ap-
proach is merely to increase the partial factors of safety over the 
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usual design loads. However, increasing the partial factors of safe-
ty may not be an adequate solution. Because when the structure 
is subjected to collapse, the failure modes may be different from 
those initially considered to calibrate the factors. Thus, its increase 
to the current failure modes becomes irrelevant. 

3.2.2 Alternate load paths (ALP)

The ALP approach focuses on the evaluation of the behavior of the 
structure following the occurrence of the removal of load-bearing 
elements. Thus, the structural system should be capable of bridg-
ing over a missing structural component. Nevertheless, UFC [17] 
comment that the application of this approach must be evaluated 
through 3D modeling of the structure.
According to the UFC [17] and GSA [26], three analysis proce-
dures can be used to evaluate the ALP; they are linear static 
analysis, nonlinear static analysis, and nonlinear dynamic 
analysis. Regardless of the analysis considered, it is neces-
sary to analyze the structure acceptance criterion. The de-
mand-capacity ratio (DCR) performs this evaluation. The DCR 
is defined by:

(5)
 

where, Qud,lim is the resulting actions (internal forces and moments) 
after to apply the ALP, and Qce  is the expected strength of the com-
ponent or element, as specified in Chapters 4 to 8 of the UFC [17].
The value of the DCR must be in the restricted range between 1 
and 2. Consequently, structural elements outside these limits have 
a high probability of collapse.
To evaluate the Eq. (5) the engineer must carry out a check in 
the deformation-controlled actions and force-controlled actions. 
According to UFC [17] and GSA [26], to compute the deformation-
controlled actions, followed loads combination should simultane-
ously applied:

I) Increased gravity loads for floor areas above removed column 
or wall.

(6)

where, Gld is the increased gravity loads for deformation-controlled 
actions for linear static analysis, Wld is the load increase factor for 
calculating deformation-controlled actions for linear static analysis 
defined in Table 3.4 of the UFC [17], and Fs is the snow load.

II) Gravity loads for floor areas away from the removed column  
or wall.

(7)

Load case for force-controlled actions must be calculated simulta-
neously applying the following loads combination ([17] and [26]).

III) Increased gravity loads for floor areas above removed column 
or wall.

(8)

where, Glf is the increased gravity loads for force-controlled actions 
for linear static analysis, Wlf is the load increase factor for calcu-
lating force-controlled actions for linear static analysis defined in 
Table 3.4 of the UFC [17].

IV) Gravity loads for floor areas away from the removed column or 
wall: use Eq. (7) to compute the load G.

Due to the complexity, nonlinear procedures have been used less 
frequently for progressive collapse analyses than that linear proce-
dures. However, according to GSA [26], if the engineer has knowl-
edge and experience about nonlinear analysis he can use follow-
ing those loads combination to perform this analysis.

V) Static analysis loading.

(9)

VI) Dynamic analysis loading.

(10)

Additionally, the engineer must evaluate acceptance criteria for the 
nonlinear analysis presented in Table 2.1 of the GSA [26].

4. Current standard approaches 
 progressive collapse

Nowadays, the consideration of abnormal loads and progressive 
collapse in new building construction has been inserted into the 
main standards as UFC [17], ASCE 7 [18], NISTIR [19] and GSA 
[26] and the Russian standard STO [29], which establish guide-
lines for prevention of progressive collapse of frame structures.
Concerning masonry buildings, UFC [17] in Chapter 6 prescribes 

Figure 1
a) removal of the slab support at point B; b) deformed position after removal of support at point B
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that these buildings be analyzed by the tie force requirements or by 
the alternate load path method.
NISTIR [19] prescribe in section 4.2.2 that peripheral and horizon-
tal ties should be provided along the whole perimeter within a nom-
inal distance of slab edge in case of masonry structures. Those 
ties should be anchored at reentrant corners, wheras, vertical ties 
shall be fixed floor-to-floor at load-bearing walls. According to sec-
tion 5.4.2 of the NISTIR [19], the following design checks should 
be evaluated for enhancing the robustness of masonry buildings. 
The membrane behavior of slabs should be consolidated providing 
additional reinforcements if possible. Concerning reinforced ma-
sonry, should provide continuous steel in both directions; provide 
at least one horizontal bar along each course and one vertical bar 
in each cell so that wall has potential to support an eventual ab-
normal loading.
To consider abnormal loads, ASCE 7 [18] prescribes the following 
gravity load combination (Gd):

(11)

in which, Fw is the wind load, and Fabn is the load or load effect 
resulting from an abnormal load. Concerning to Fabn, the engineer 
can use a force, for instance, such as an explosion or impact, or 
deformation related, as in case of fire.
GSA [26] and STO [29] deal with guidelines on concrete structures 
and not comment on abnormal load and progressive collapse in 
masonry buildings structural.
A code that highlights particular comments in the guidelines of 
abnormal loads and progressive collapse for masonry buildings 
structural is the British standard BS 5628 [30]. BS 5628 [30] differs 
from other standards since addressed the first guidelines to mini-
mize the occurrence of the abnormal loads. This code in section 
37 prescribes recommendations by the tie force approach, which 
should be considered in design to mitigate the effects of the pro-
gressive collapse. 
Table 13 of the BS 5628 [30] presents the requirements for full pe-
ripheral (Tp) and internal (Ti) ties, according to following equations:

(12) 

(13)

(14)

in which, ft is the basic horizontal tie force, Ns is the number of 
stories (including ground and basement), and La is whichever is 
the lesser of: the greatest distance in meters in the direction of the 
tie, between the centers of columns or other vertical loadbearing 
members whether this distance is spanned by a single slab or by a 
system of beams and slabs; or 5 times floor-to-floor heights.
Additionally, BS 5628 [30] address the Eq. (15) to evaluate ties into 
an external column or wall.

(15)

Regarding requirements for full vertical ties, BS 5628 [30] recommend:

I) The minimum thickness of a solid wall or one load bearing leaf 
of a cavity wall is equal to 150 mm; 

II) The minimum characteristic compressive strength of masonry 
equal to 5 MPa;

III) The ratio between the free height of a column or wall between 
restraining surfaces and their thickness must be less than or 
equal 20 times;

IV) Vertical tie force (Tv) given by:

(16)

in which, respectively, Le is the length, t is the thickness, and A is 
the horizontal cross-sectional area in mm2 of the wall or column.
V) The distance of ties 5 meters maximum along the wall and 2.5 

meters maximum from a free end of any wall.
Nevertheless, BS 5628 [30] does not comment direct design guide-
lines as a solution to increase the structural integrity of masonry 
buildings structural.

5. Current research

With concerns about terrorist attacks on buildings several re-
searchers ([31], [32], [33], [34], [35] and [36]) began to study the 
behavior of structures when subjected to explosions. These stud-
ies were generally restricted to concrete and steel structures.
Regarding masonry buildings, in 2013, researchers from Mc-
Master University, Canada, conducted experimental tests on 
three reinforced masonry walls to evaluate their response when 
subjected to an explosion. These walls were compared with 
unreinforced masonry walls subjected to the same explosion 
loads. The level of permanent strain was significantly lower in 
the reinforced masonry walls, shown its ability to prevent pro-
gressive collapse [37].
Lu et al. [38] and Pham et al. [39] evaluated the behavior of slabs in 
the occurrence of a progressive collapse. These authors concluded 
that the residual strength of slabs, given by membrane mechanisms 
contribute to the resistance of progressive collapse. However, it 
is needed to analyze the influence of the interaction between the 
beams and slabs, given the removal of a support element.
Felipe [40] proposed a Systematic Reliability-based Approach to 
Progressive Collapse (SRAPC). This procedure provides a more 
accurate measurement of risks through an approach that uses 
structural reliability analysis [41]. Also, it is possible to determine 
the coefficients of importance and vulnerability to identify the key 
elements for structure. The identification of these elements is use-
ful since the engineer can increase its strength to mitigate the oc-
currence of the progressive collapse [41].

6. Future perspectives 

The future perspectives are to insert the structural reliability analy-
sis and SRAPC approach to evaluate the effects of the abnormal 
loads and progressive collapse. Thus, to determine the key ele-
ments and to prescribe guidelines based on a probabilistic theory. 
Therefore, providing robustness and structural integrity to new 
building designs.
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7. Conclusions

The paper concludes that there is lack of publications that address 
the probability of failure of masonry buildings when subjected to 
abnormal loads. The way in which standards deal with the progres-
sive collapse of the masonry buildings using the indirect design 
approach and passive guidelines does not allow complete preven-
tion when abnormal loads occur. These codes do not measure the 
probability of collapse of the structure, as well as they do not detect 
the most vulnerable elements.
In most cases, the guidelines of the codes established ties be-
tween slabs and walls to provide local ductility in the structure. 
It is known that these ties increase the continuity of the links be-
tween the structural elements and consequently the robustness 
of the structure. However, the failure of a wall can influence other 
walls resulting in a chain effect that culminates in the progressive 
collapse of the structure. Also, there is lack of publications in the 
review literature that measure the efficiency of these ties in mitigat-
ing abnormal loads.
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