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Beams failure

Compared to what has already been documented, beams 
failure is not one of the most observed damages. The main 
cause involving beams failure is the loss of support as 
previously mentioned in Fig. 5. This seismic vulnerabil-
ity has as main source the lack of a proper column–beam 
connection, which could also prevent the spalling between 
the column and the beam [29, 36].

Other problem associated with beams is its rotation as 
illustrated in Fig. 6. This problem is associated with roof 
panels, more specifically with the lack of connection. In 
many cases, the collapse of the roof is a consequence of 
the beam failure [31]. Bournas et al. [8] reported that 
25% of precast industrial buildings designed with seismic 
provisions presented partial or total collapse of the roof 
and girders.

Connections failure

The connections between structural elements are the most 
crucial aspect on precast structures [31]. In turn, it is also 
the source of many failures. Many authors refer the con-
nections on precast structures as the main source of struc-
tural failure [4, 8, 10, 31]. The most critical failures due 
to connections were those between: beam-to-column, roof-
to-beam, column-to-foundation (“columns failure” section) 
and cladding panel-to-structural element. Belleri et al. [5] 
referred as the most severe damage occurring during the 
Emilia earthquakes the loss of support of the structural ele-
ments and consequent falling due to the lack of connection 
between beam-to-column and roof-to-beam. This type of 
collapse affected more significantly structures belonging 
to category A. Figure 5, presented in previous section, is a 
good example of beam-to-column inappropriate connection 
and a consequent loss of support of roof elements. Bournas 
et al. [8] referred as the main concern related to the beam-to-
column connection is related with the capacity to allowing 
the relative displacements without losing beam seating or 

Fig. 3  Collapse of the forks at the top of the columns due to out-of-
plane actions

Fig. 4  Loss of support of the beam from the column

Fig. 5  Failure due to loss of support of the beam

Fig. 6  Rotation of the beam
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column (formation of a plastic hinge) [29, 36, 39]; (2) short-
column failure [1, 29]; and (3) failure at the top [29].

Liberatore et al. [29] showed with their research that 
almost 50% of the industrial buildings presented severe dam-
ages. The formation of a plastic hinge at the base column 
is a common damage in RC precast structures. Liberatore 
et al. [29] referred that more that 40% of the buildings inves-
tigated due to Emilia earthquakes in 2012 were damaged 
with plastic hinge at the column. Also, [39] referred plastic 
hinge at the base of a precast column as a frequent struc-
tural damage, and [11] referred plastic hinges as a result of 
the inadequate column cross sections, namely in the out-
of-plane direction. Figure 1a illustrates details of a plastic 
hinge with buckling of bars in compression, while Fig. 1b 
illustrates severe concrete detachment, probably due to the 
plastic hinge. Other cause of column rotation is the foun-
dation rotation, due to inadequate column-to-foundation 
connection [31]. Savoia et al. [44] referred that industrial 
building with pocket foundations, with a large use after the 
90s, do not use any connections between the precast column 
and the cast in situ foundations. The author also refers that 
in the verification against overturning of these foundations 
was just considered the wind as the only horizontal action. 
Other cause of columns rotation is foundation settlements or 
failure of the precast sleeve footing. This technique, despite 
saving time of construction, already showed that it does not 
exhibit any overstrength capacity when the external bending 
moment overcomes the stabilizing moment [36]. In these 
cases of column rotations, RC pavements have a favorable 
role avoiding excessive column rotation and the consequent 
falling of the upper beam.

Other damages related to columns failure are the short-
column effect. This phenomenon is caused due to the 
arrangement of cladding and infill panels, adjacent new 
constructions without an adequate seismic joint, contigu-
ous halls with different weights (Fig. 2) or sawtooth roofs 
with inclined beams [1, 29]. Indeed, the most frequent 
cause damage related to short columns is the connection 

between the industrial buildings RC structural elements 
with strip windows on top of curtain masonry walls/clad-
ding panels [44]. 

At the column top, local damages are common. Accord-
ing to [29], there are two types of column top damages: 
(1) spalling of the concrete that is directly supporting the 
beam; and (2) failure of the lateral cantilever that restraints 
the pocket supports (Fig. 3).

The spalling of the concrete is due to the thick layer of 
fire protection and to the lack of rubber interface between 
the concrete elements (beam–column), while the failure 
of the lateral cantilever that restraints the pocket support, 
which is a more common failure and serious, is associated 
with the unseating of the transverse girders (beams) from 
the column’s forks. This loss of support is more common 
in the central column due to the limited length of support 
and, in an earthquake event, the displacement between the 
beam ant the column exceeding the available length lead-
ing to the fall of the beam [8]. Figure 4 shows an example 
of loss of support from the column (circled in red) due to 
the pocket support failure.

Fig. 1  Examples of plastic 
hinges on columns

(a)Plastic hinge with bar bucking on a central 
column

(b) Spalling

Fig. 2  Short-column effect due to the interaction with irregular 
masonry walls

Innovative Infrastructure Solutions             (2019) 4:4  

1 3

Page 3 of 13     4 

column (formation of a plastic hinge) [29, 36, 39]; (2) short-
column failure [1, 29]; and (3) failure at the top [29].

Liberatore et al. [29] showed with their research that 
almost 50% of the industrial buildings presented severe dam-
ages. The formation of a plastic hinge at the base column 
is a common damage in RC precast structures. Liberatore 
et al. [29] referred that more that 40% of the buildings inves-
tigated due to Emilia earthquakes in 2012 were damaged 
with plastic hinge at the column. Also, [39] referred plastic 
hinge at the base of a precast column as a frequent struc-
tural damage, and [11] referred plastic hinges as a result of 
the inadequate column cross sections, namely in the out-
of-plane direction. Figure 1a illustrates details of a plastic 
hinge with buckling of bars in compression, while Fig. 1b 
illustrates severe concrete detachment, probably due to the 
plastic hinge. Other cause of column rotation is the foun-
dation rotation, due to inadequate column-to-foundation 
connection [31]. Savoia et al. [44] referred that industrial 
building with pocket foundations, with a large use after the 
90s, do not use any connections between the precast column 
and the cast in situ foundations. The author also refers that 
in the verification against overturning of these foundations 
was just considered the wind as the only horizontal action. 
Other cause of columns rotation is foundation settlements or 
failure of the precast sleeve footing. This technique, despite 
saving time of construction, already showed that it does not 
exhibit any overstrength capacity when the external bending 
moment overcomes the stabilizing moment [36]. In these 
cases of column rotations, RC pavements have a favorable 
role avoiding excessive column rotation and the consequent 
falling of the upper beam.

Other damages related to columns failure are the short-
column effect. This phenomenon is caused due to the 
arrangement of cladding and infill panels, adjacent new 
constructions without an adequate seismic joint, contigu-
ous halls with different weights (Fig. 2) or sawtooth roofs 
with inclined beams [1, 29]. Indeed, the most frequent 
cause damage related to short columns is the connection 

between the industrial buildings RC structural elements 
with strip windows on top of curtain masonry walls/clad-
ding panels [44]. 

At the column top, local damages are common. Accord-
ing to [29], there are two types of column top damages: 
(1) spalling of the concrete that is directly supporting the 
beam; and (2) failure of the lateral cantilever that restraints 
the pocket supports (Fig. 3).

The spalling of the concrete is due to the thick layer of 
fire protection and to the lack of rubber interface between 
the concrete elements (beam–column), while the failure 
of the lateral cantilever that restraints the pocket support, 
which is a more common failure and serious, is associated 
with the unseating of the transverse girders (beams) from 
the column’s forks. This loss of support is more common 
in the central column due to the limited length of support 
and, in an earthquake event, the displacement between the 
beam ant the column exceeding the available length lead-
ing to the fall of the beam [8]. Figure 4 shows an example 
of loss of support from the column (circled in red) due to 
the pocket support failure.

Fig. 1  Examples of plastic 
hinges on columns

(a)Plastic hinge with bar bucking on a central 
column

(b) Spalling

Fig. 2  Short-column effect due to the interaction with irregular 
masonry walls

• Sismos recentes mostraram uma elevada vulnerabilidade sísmica de edifícios 

pré-fabricados de BA, causando elevadas perdas diretas e indiretas
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!ndings together with the statistics derived for some of the
properties.

Regarding the representativeness of the actual
building stock, it was showed that the geographical lo-
cation of the buildings analysed follows closely the actual
distribution of industrial buildings. From a temporal
point of view, most of the information collected refers to
building built after 1990 and, therefore, after the intro-
duction of the seismic regulation [6]. In theory, this could
introduce a bias in the information gathered. When
looking to the Italian example, around 20% of the precast
buildings were constructed before 1980 and around 60%

before 1996, without seismic concerns [15]. However,
considering that in Portugal the prefabrication industry
started to gain a relevant scale in the construction of
industrial facilities especially during the 80s and 90s—the
National Association of Prefabricated Concrete Industry
(ANIPB) was founded in 1975—the asymmetry in the year
of the project of the buildings (Figure 7) is certainly a
re"ection of the evolution of the prefabricated con-
struction and, by that, the bias is not so signi!cant.
Moreover, the regressions carried out appear to indicate
that the structural properties are independent of the
seismic zone and, hence, the design seismic action.
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Figure 16: Concrete compressive strength: (a) histogram and probability distributions associated with the concrete compressive strength
and (b) evolution with period of construction.
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Figure 17: (a) Percentage and (b) distribution of reinforcement grade by year of construction.
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year of the project (see Figure 22). !e apparent increase in
both ratios with the seismic zones is somehow justi"ed by
the fact that the buildings collected in higher seismic zones
(lower seismic hazard) have been built later and, therefore,
re#ect the tendency for an increase in reinforcement ratios
with the year of construction (see Figure 7(b)).

3.5. Beam-to-Column Connection. Past earthquakes showed
that beam-to-column connections represent one of the main
sources of damage in precast structures [11–14]. !e ade-
quate characterisation of these elements is therefore critical
to study the structural behaviour of these structures.

In addition to the friction force developed at the surface
between the beam and the columns corbel, the lateral
strength of these systems depends on the number and size of
connecting dowels. Among the analysed design projects, in

nearly 60% of the cases, it was possible to access the details
about the dowel connection. In the remaining cases, how-
ever, no reference to these elements was found, which may
indicate that, in a reasonable amount of buildings, the beam-
to-column connections could be ensured simply by friction.
Considering the limited information often available in older
projects, it is also possible that in some cases a standard
dowel connection could be assumed during the construction
phase, without specifying the details in the design project.

Regarding the cases in which the dowels were detailed,
the variability is signi"cant in terms of both the number and
diameter of the dowels (Figure 23). It is, thus, not surprising
that the total dowel area found in each beam-to-column
connection follows a distribution that is essentially uniform
(Figure 24(a)).

Looking for a reliable relation between the dowel
properties with structural or nonstructural parameters, it
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Figure 12: Histogram and probability distributions associated with the (a) number and (b) length of the spans (in the longitudinal
direction).
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Caracterização dos edifícios 

• Projeto simulado capaz de representar a evolução construtiva observada Bulletin of Earthquake Engineering

1 3

Priestley 1982) whereas the longitudinal reinforcement was simulated with the Steel02 
model, based on the Giuffre–Menegotto–Pinto model (Menegotto and Pinto 1973).

The variations in the beam-to-column connections were simulated through a macro-
element proposed and validated against experimental tests by Sousa et al. (2020) which is 
able to describe the main mechanisms present in conventional beam-to-column RC precast 
connections, namely the friction between the different elements, the steel dowels effects 
(when present) and the neoprene pad (always considered in the model). This macro-ele-
ment consists of a zero-length element (i.e., the end node of the beam and column have the 
same coordinates), that includes the contribution of the different systems through different 
springs that are aligned in series or in parallel, depending on the manner these are activated 
in real structures. The spring arrangement, illustrated in Fig. 3, is defined for both horizon-
tal directions, while the rotations along the three main directions are released. This model 
was adopted in the connections of both longitudinal and transverse beams.

It is recognized that the presence of heavy cladding systems can change the dynamic 
behaviour and the collapse mechanisms (Magliulo et al. 2014, 2015; Belleri et al. 2016) 
of precast buildings. Yet, as noted by Brunesi et  al. (2015), their contribution is mostly 
relevant during elastic response phase. Hence, for the present case, the infill walls were 
assumed to have a low mass and therefore, the effects of cladding panels and their inter-
action with the main structure were not considered in these analyses. Regarding the roof 
claddings, if design with enough in-plane stiffness and proper connections, these can play 
an important role in the seismic performance of precast frame structures (Dal Lago et al. 
2019), ensuring a rigid diaphragm behaviour. However, based on field observations and 
expert opinion, it seems evident that in the common construction practice in industrial 
buildings the roof is typically light and flexible. Therefore, the strength and stiffness of the 

Fig. 2  Schematic illustration of the considered sub-classes of RC precast buildings
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Comportamento estrutural

Modelação numérica

• Software: OpenSees
• 900 edifícios analisados nas duas direções principais
• Análises estáticas não-lineares
• Modelos 3D da estrutura 
• Vigas: Elementos elásticos
• Pilares: Elementos com plasticidade distribuida (force-based)
• Betão: Modelo proposto por Kent-Scott-Park (Concrete 01) 
• Aço: Modelo proposto por Menegotto & Pinto (Steel 02) 
• Ligações viga-pilar → Macro-elemento desenvolvido pelos autores
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Comportamento estrutural
• Modelação ligação viga-pila
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cladding system was neglected and an additional gravity load of 0.65 kN/m2 was distrib-
uted on the beams to simulate the self-weight of the roof.

The seismic performance of each building was assessed through nonlinear adaptive 
static analyses. In a nutshell, in these analyses the building is subject to a progressive 
increase in horizontal loading (displacements in the present case) until it reaches a level 
of deformations that leads to the local or global instability of the building. With respect to 
conventional nonlinear static analysis, the adaptive approach accounts for the contribution 
of higher modes (not relevant in structures controlled by the fundamental mode, as the 
ones analysed herein) and the modification in the dynamic properties of the buildings with 
the progression of damage.

4  Characterization of the seismic behaviour

In order to understand the contribution of the different mechanisms to the seismic behav-
iour of these structures, every building was simulated with three variants of beam-to-col-
umn connections: (1) pinned connection, (2) connection with dowels and (3) connection 
without dowels. The latter two cases were simulated with the macro-model described in 
the previous section. As expected, this variation leads to distinct seismic behaviours of the 
overall structure. As illustrated in Fig. 4, in the absence of steel dowels (case 3), the seis-
mic coefficient (defined as the ratio between the lateral strength and the self-weight of the 
building) is largely reduced to maximum values of about 0.1.

Another relevant observation regards the large dispersion of the capacity curves, reflecting 
the much larger variability of the building properties when compared to conventional residen-
tial buildings. In industrial precast buildings both global (columns height and beam spans) and 
local (columns cross-section and reinforcement detailing) properties may vary significantly 
depending on the expected building use. This observation points to the eventual need to define 
different classes or sub-classes of precast buildings. A possible option to assess the need to 
consider sub-classes of buildings is to evaluate the number of sampled buildings required to 
reach a stable mean response. Figure 5 represents the relative error of 25 different realizations 
considering random samples of buildings with increasing size (from 20 to 1000), with respect 

Fig. 3  Numerical model adopted to simulate the behaviour of the beam-to-column connections
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Comportamento estrutural

• A resistência horizontal é fortemente dependente da presença de ferrolhos 
nas ligações viga-pilar 
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Comportamento estrutural

• Na presença de ferrolhos:

• É impedida a ocorrência de escorregamento ao 
nível da ligação viga-pilar (com ferrolhos 
convencionais, ≈ 2Φ16)

• Permite explorar a resistência horizontal dos 
pilares

Com ferrolhos
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Comportamento estrutural

• Na ausência de ferrolhos:

• A rotura ao nível da ligação viga-pilar ocorre 
(apenas) cerda de 15% dos casos analisados

• A resistência horizontal dos pilares é baixa devido à 
sua elevada esbelteza

• Pela mesma razão, não é expectável a ocorrência de 
roturas por corte, excepto se houver irregularidades 
em altura

	

Sem ferrolhos
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3.2 Definição	dos	estados	limites	e	da	ação	sísmica	

A	 avaliação	 do	 desempenho	 sísmico	 dos	 edifícios	 foi	 realizada	 considerando	 os	 estados	 limites	

associados	a	elementos	estruturais	e	não	estruturais.	Em	termos	de	elementos	estruturais	a	análise	

incidiu	sobre	a	resposta	tanto	dos	pilares	como	das	ligações	viga-pilar,	enquanto	para	os	elementos	

não	estruturais	o	dano	foi	avaliado	pela	deformação	esperada	nos	painéis	de	revestimento.	Cada	um	

desses	casos	foi	avaliado	considerando	um	estado	limite	de	limitação	de	dano	e	um	estado	limite	de	

dano	severo	seguindo	os	limites	recomendados	em	estudos	anteriores	(Tabela	3).	

Tabela	3.	Estados	limites	considerados	para	os	diferentes	elementos	e	níveis	de	desempenho	

Estados limites estruturais 

Pilares Limitação de dano  60 % Fmax 
Dano severo redução 80 % Fmax 

Ligações 
Limitação de dano  deslocamento relativo de 8 cm [22] 

Dano severo deslocamento relativo de 3 cm [22]  
Estados limites não estruturais 

Painéis 
Limitação de dano  deslocamento relativo de 4 cm entre ligações de painel [22] 

Dano severo deslocamento relativo de 1 cm entre ligações de painel [22] 
	

O	 desempenho	 sísmico	 de	 cada	 edifício	 foi	 avaliado	 considerando	 um	 conjunto	 de	 250	

acelerogramas	 registados	 na	 região	 do	Mediterrâneo.	 Os	 registos	 foram	 selecionados	 e	 escalados	

(com	um	fator	de	escala	máximo	de	3.5)	por	forma	a	atingir	intensidades	sísmicas	capazes	de	causar	

o	colapso	das	estruturas.	Os	espectros	de	aceleração	escalados	são	apresentados	na	Fig.	1	

  

Figura	1. Histograma do período médio das duas direções dos edifícios (esquerda) e 
espectro de acelerações consideradas na definição da ação sísmica (direita)	

4 Resultados	

As	curvas	de	fragilidade	apresentadas	foram	derivadas	com	base	em	análises	estáticas	não	lineares	

realizada	em	900	edifícios,	ao	longo	das	duas	direções	transversais	principais.	Conforme	ilustrado	na	
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• 250 eventos registados na região do Mediterrâneo 

• Escalados por 3.5 por forma a obter gama de 
acelerações compatíveis com as estruturas em 
analise

• Pontos de desempenho determinados de acordo 
com o Método N2 – Processo iterativo
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• Redução do número 
de roturas nas 

ligações viga-pilar 
com a época 
construtiva

• Elevada fragilidade 
para níveis reduzidos 

de aceleração 
espectral
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6  Conclusions

This study presents the development of fragility curves for precast RC buildings rep-
resentative of the Portuguese industrial building stock, reflecting both structural and 

Fig. 11  Comparison of the fragility curves associated with the damage limitation (dashed lines) and col-
lapse prevention (full lines) obtained for different typologies, a for structural performance limit states, b for 
non-structural performance limit states

Table 5  Summary of the 
statistics associated with the 
fragility functions in terms of 
averaged spectral accelerations 
in m/s2

Limit state Pre-code Moderate-
code

Post-code

Mean SD Mean SD Mean SD

Structural
 Damage limitation 0.50 0.14 0.97 1.87 1.69 6.16
 Collapse prevention 1.33 0.76 2.92 16.54 7.35 190.00

Non-structural
 Damage limitation 0.35 0.02 0.35 0.02 0.35 0.02
 Collapse prevention 1.50 0.60 1.44 0.46 1.40 0.40

Table 6  Summary of the 
statistics associated with the 
fragility functions in terms of 
spectral accelerations at the 
elastic period in m/s2

Limit state Pre-code Moderate-
code

Post-code

Mean SD Mean SD Mean SD

Structural
 Damage limitation 0.50 0.15 0.98 2.07 1.76 7.62
 Collapse prevention 1.34 0.84 3.17 23.01 9.03 385.2

Non-structural
 Damage limitation 0.35 0.02 0.35 0.02 0.35 0.02
 Collapse prevention 1.52 0.69 1.46 0.53 1.41 0.44

• Fragilidade estrutural reduz 
significativamente no edifícios 

mais recentes
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• A fragilidade não-estrutural é 
independente da época construtiva 

– a rigidez inicial dos edifícios 
permanece essencialmente 

inalterada
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• Cenário offshore com extenso mapa de perdas

• Perdas indiretas na mesma ordem de grandeza das diretas

• Perdas estruturais representam uma pequena fração do total
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Conclusões

• No seguimento do dano observado em sismos anteriores foram derivadas curvas de 
fragilidade sísmica para edifícios pré-fabricados em Portugal

• As analises numéricas demonstraram que é esperada a ocorrência de dano estrutural e 
não estrutural para níveis relativamente baixos de aceleração espectral

• A elevada esbelteza dos pilares conduz a coeficientes sísmicos próximos de 0.1

• A ausência de ferrolhos (mais comum em edifícios antigos) pode conduzir a roturas ao 
nível da ligação viga-pilar em aproximadamente 15 % dos casos
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Conclusões

• A estimativa de perdas económicas é relativamente alta tendo em conta que os 

edifícios prefabricados de BA representam apenas 12% do total do parque industrial 

Português

• As perdas indiretas representam um valor próximo (ligeiramente superior) do 

estimado em termos de perdas diretas

• As perdas indiretas podem afetar geografias distintas daquelas onde ocorrem as perdas 

diretas


