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Abstract
Capacity design, according to the modern seismic building codes, requires the applica-
tion of specific rules and construction details in order to prevent brittle failure modes at 
material, element and structural level. In particular, with reference to single-story precast 
reinforced concrete structures with columns joined by pinned beams, the Italian seismic 
building code, following the Eurocode 8 general principles, requires that beam-to-column 
connection should be designed in order to avoid the connection failure before the formation 
of the plastic hinge at the column base. However, no specific details are provided in order to 
reach such a performance. Recent European earthquakes showed that seismic performance 
of beam-to-column dowel connections can be very poor. Hence, for European typical 
dowel beam-to-column connections, this study aims to investigate: (a) possible connection 
configurations obtained according to seismic design; (b) possible failure modes involving 
connection elements (steel dowel, transversal steel reinforcement, dowel concrete cover); 
(c) how available formulations are able to describe such failure modes and the related shear 
strength; (d) influence of connection failure on the global seismic safety at collapse of new 
designed single-story RC precast buildings. The reference buildings and beam-to-column 
connections are designed considering different geometrical layouts of the primary structure 
and different seismic hazard levels, i.e. four sites and two soil types. Structural capacity is 
estimated considering global, i.e. related to column plastic hinge degradation measured in 
terms of top lateral displacements, and local, i.e. related to connection shear strength, fail-
ure modes. Nonlinear multi-stripe analyses are performed for the seismic assessment.
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1 Introduction

Recent earthquakes have shown that collapse of single-story RC precast buildings can 
cause large direct and indirect losses, i.e. casualties, damage to installations and downtime 
(Belleri et al. 2015; Faggiano et al. 2009; Ghosh and Cleland 2012; Liberatore et al. 2013; 
Savoia et al. 2017). This is related to their use, mainly industrial, sometimes commercial, 
rarely educational and/or sportive. The structures of this type of buildings in Mediterra-
nean countries are generally made of socket foundations, columns pinned to beams covered 
by roof tiles (Bellotti et al. 2014).

Some research studies have been performed on the seismic assessment of industrial sin-
gle-story RC precast buildings, focusing either stock of structures through parametric anal-
yses (Babič and Dolšek 2016; Casotto et al. 2015; Demartino et al. 2017a, b) or specific 
reference buildings (Clementi et al. 2016; Ercolino et al. 2016; Magliulo et al. 2008; Pier-
dicca et al. 2016). Most of these studies concern existing structures, often underdesigned 
for seismic loads. Furthermore, some of them assume that building capacity only depends 
on column base capacity (Palanci et al. 2017).

If research studies on single-story industrial RC precast buildings designed according 
to modern seismic codes are investigated (Biondini and Toniolo 2009), very few of them 
are focused on the seismic intensity measures (IMs) corresponding to the actual attainment 
of the collapse (Ercolino et al. 2018; Kramar et al. 2010; Magliulo et al. 2018), denoting a 
lack of knowledge on this topic. This is a fundamental step to evaluate if code provisions 
actually lead to the assumed probability of exceedance of the collapse limit state (CEN 
2002).

The performance-based approach of modern seismic building codes requires the defini-
tion of limit states which correspond to boundary conditions of the structural and nonstruc-
tural response, under a given intensity level of the seismic action. However, different analy-
sis and modelling methodologies used for the structural capacity or the seismic demand 
assessment could lead to different analytical definitions of the limit state attainment.

When referring to the collapse limit state, existing seismic codes do not specify ana-
lytical conditions which can be related to the collapse. In the current Italian building code 
(D. M. 17/01/2018 2018) the collapse limit state corresponds to heavy damage for struc-
tural components, which leads to residual safety with regards to gravity loads and very lim-
ited residual safety with respect to lateral loads. Eurocode 8 (CEN 2005) does not provide 
a definition of collapse limit state, stating that ultimate limit states are those associated 
with collapse or with other forms of structural failure, which might endanger the safety of 
people.

In order to quantify the structural response at the collapse stage, in terms of local or 
global parameters, numerical analyses should be performed. Refined analysis methods and 
sophisticated models allow a more realistic structural response prediction, but, on the other 
hand, they require computational efforts and detailed information to be defined in the struc-
tural model (Raghunandan and Liel 2013; Vamvatsikos and Cornell 2002). For this reason, 
simplified numerical analyses have been developed to investigate the structural response at 
the collapse limit state (Adam and Jäger 2012; Mwafy and Elnashai 2001). However, due 
to modelling assumptions during the assessment phase, the effective structural response 
under seismic actions can be misunderstood and apparently safe structures can reveal to be 
prone to suffer major damage or even total collapse.
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Furthermore, different types of structures may require different earthquake demand 
parameters (EDPs) to be monitored to define the structural collapse, due to their peculiar 
features (Jäger and Adam 2013).

Recent earthquakes and experimental tests have shown that most of the collapses of 
industrial single-story RC precast buildings are related to beam-to-column connection and 
roof-to-beam connection collapses (Arslan et al. 2006; Magliulo et al. 2014b; Ozden et al. 
2014), even though, in some cases, these buildings were designed for seismic loads. For 
this reason, in the last years, experimental studies have been performed to determine the 
capacity of the more spread connection types (Dal Lago et al. 2017; Magliulo et al. 2014a, 
2015a; Psycharis and Mouzakis 2012a, b), related numerical models have been developed 
(Sousa et al. 2020; Titi et al. 2018; Zoubek et al. 2013) and new connections have been 
proposed (Belleri et al. 2013, 2017; Magliulo et al. 2017). As a consequence, new design 
formulae (Zoubek et al. 2015) for these connections have been provided, which are not yet 
included in code provisions and spread design guidelines (Fischinger et al. 2014). Recently 
Beilic et al. (2017) performed a comprehensive study on the fragility of single-story RC 
precast structures, designed according to old and current Italian codes: both column flex-
ural collapse and beam-to-column connection collapse were taken into account, with a 
refined structural modelling, considering both frictional (old) and doweled beam-to-col-
umn connections. However, design and related shear capacity of doweled beam-to-column 
connections were provided according to EOTA (TR029 2007; TR045 2013), which do not 
represent the current design practice in Italy.

The study described in the following sections addresses to the seismic collapse assess-
ment of industrial single-story RC precast structures, designed according to the recent 
seismic Italian building code (D. M. 14/01/2008 2008) which mostly complies with the 
Eurocode provisions. The original aspect of the presented research is the attention paid 
to beam-to-column connections: they are designed according to the current European, in 
particular Italian, provisions and practice, and their capacity is determined according to 
recent models. This allows a more realistic evaluation of the intensity measures (IMs) cor-
responding to the collapse of this type of structures. Different geometries of the buildings 
and seismic prone areas are considered. Multi-stripe analyses (Baker 2015; Jalayer and 
Cornell 2009) are performed in order to associate the demand/collapse capacity ratio to the 
reference spectral acceleration and to the return period associated to the considered seismic 
prone areas.

2  Geometry and design of case studies

The reference structure (Fig. 1) consists of precast columns fixed at the base with socket 
foundations: the sockets are connected in both directions by RC beams. The columns are 
connected, by means of dowel connections, to the main precast prestressed beams in the 
transversal direction, and to the girders in the longitudinal direction. The main precast 
beams show variable cross-section width and height, with a 10% slope in the vertical plane. 
The longitudinal girder beams are assumed to have a rectangular cross section. The roof 
consists of precast adjacent π-shaped elements (tiles) joined by a cast in situ concrete slab, 
5 cm thick. Vertical precast panels (specific weight equal to 4 kN/m2) make the cladding 
system: they are connected to the main beams along the transversal direction and to the 
girders along the longitudinal direction.
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The presence of a crane is considered, assuming the industrial use of the building: the 
crane moves on HEA400 steel beams, supported by precast corbels in the internal side of 
the columns.

Two different geometries are analyzed, varying the length of the spans (Fig. 1): H = 9 m, 
 H1 = 7.5 m, one span  (L1) in the transversal direction, four spans  (L2) in longitudinal direc-
tion,  (L1,  L2) equal to (15 m, 6 m) for the first geometry (SS) and equal to (20 m, 8 m) for 
the second geometry (LS).

The precast structures are designed according to the Italian building code (D. M. 
14/01/2008 2008) (for more details see also Ercolino et  al. 2018), which complies with 
the Eurocodes. Regarding the seismic forces, four different seismic prone zones are con-
sidered: L’Aquila (AQ) for a high level seismic intensity, Naples (NA) for a medium level 
intensity, Rome (RM) for a low level intensity and Milan (MI) for a very low level inten-
sity. The design is made against two limit states: damage limit state (DLS, return period 
 TR = 50 years) and ultimate limit state (ULS,  TR = 475 years); the corresponding accelera-
tions at bedrock are: 0.104 g (AQ-DLS), 0.261 g (AQ-ULS), 0.060 g (NA-DLS), 0.168 g 
(NA-ULS), 0.055 g (RM-DLS), 0.123 g (RM-ULS), 0.024 g (MI-DLS) and 0.050 g (MI 
ULS). Two soil types are also considered: A (the average velocity of S waves in the upper 
30 m,  Vs,30, is larger than 800 m/s) and C  (Vs,30 is in the range 180–360 m/s).

In short, 2 geometries by 4 sites by 2 soil types, i.e. 16 buildings, are designed. Medium 
ductility class (B) provisions are followed, with a q factor equal to 2.5. A concrete class 
C45/55, with a cylindrical characteristic compressive strength  fck = 45.65  N/mm2, and a 
steel B450C, having a characteristic yielding strength  fyk = 450 N/mm2, are used.

In the following, details of the elements carrying seismic forces, i.e. columns, are 
reported, with particular reference to the base sections. Figure  1c shows an example of 
column cross section, listing longitudinal reinforcement, stirrups and ties for the indus-
trial building sited in L’Aquila, soil C, geometry SS. In Table 1 column design details are 
reported: dimension of the column square section  (Bcol), longitudinal reinforcement geo-
metric ratio (ρ = As/Ac), and transversal reinforcement, i.e. number of legs (stirrups and 
ties) for each direction (equal in X and Z direction) and step. It is interesting to note that 
in the case of soil type A seismic forces do not affect the design and, consequently, the 

(a) (b) (c)

Fig. 1  Geometry of the reference structures: a vertical view, b plan view, c cross section details (measures 
in mm)
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column geometry and reinforcement are equal for sites with different seismic intensity 
level (see also Ercolino et al. 2018).

3  Capacity assessment

The structural capacity assessment is performed using two different approaches. The first 
one takes into account the global structural capacity in terms of lateral displacements: this 
approach assumes the presence of strong connections which avoids connection failures and 
leads to a global failure mechanism, involving the formation of rotational plastic hinge at 
the column base. The second approach takes into account possible shear failures at the 
beam-to-column connection level. Indeed, the goal of this study is to understand if, even 
in the case of seismic design of dowel connections which should prevent the connection 
failure before the formation of the column plastic hinges, the presence of poor details and/
or unfavorable geometrical layouts can cause brittle shear failure of the connections. This 
would lead to low shear strength values, which do not guarantee the design global struc-
tural capacity.

In the following, the main nonlinear modelling assumptions are described and the 
assumed capacity assessment approaches are presented in terms of methodology and 
results.

3.1  Nonlinear modelling

In order to reproduce the actual building nonlinear response, a numerical structural model 
is created by OpenSees software (McKenna and Fenves 2013). Considering the geometri-
cal description of Sect. 2, the structural model includes the following elements.

• Columns fixed at the base due to the effective restraint provided by the socket founda-
tion.

• Elastic horizontal elements to represent the main beams and the girders, pinned to the 
columns and joined in their own plane by a rigid diaphragm, due to the presence of a 
cast in situ concrete slab (5 cm depth).

Table 1  Column design details

Soil type Site SS LS

Bcol [mm] ρ [%] Transversal reinforce-
ment

Bcol [mm] ρ [%] Transversal rein-
forcement

A AQ 750 1.29 3 ϕ10/65 mm 850 1.25 4 ϕ10/75 mm
NA 750 1.29 3 ϕ10/65 mm 850 1.25 4 ϕ10/75 mm
RM 750 1.29 3 ϕ10/65 mm 850 1.25 4 ϕ10/75 mm
MI 750 1.00 5 ϕ10/110 mm 850 1.00 3 ϕ10/55 mm

C AQ 900 1.34 4 ϕ10/70 mm 900 1.71 7 ϕ8/80 mm
NA 750 1.29 3 ϕ10/65 mm 900 1.09 5 ϕ10/90 mm
RM 750 1.29 3 ϕ10/65 mm 850 1.25 4 ϕ10/75 mm
MI 750 1.00 5 ϕ10/110 mm 850 1.00 3 ϕ10/55 mm
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• Rigid links representing geometrical eccentricities of the structural elements.
• The cladding panels are not considered in the model in terms of lateral stiffness: they 

are considered only in terms of masses and loads applied to the main structure. It is 
well known that the presence of cladding panels can affect the dynamic response of the 
main structure (Magliulo et al. 2015b) and that the panel-to-structure connections are 
often not able to allow relative displacements during the seismic event. However, due 
to the low shear strength of the commonly adopted panel-to-structure connections and 
to the large forces they absorb if they are hinge connections, they collapse in the early 
steps of the analysis, even for low seismic intensity, so that the presence of the clad-
ding panels lightly influences the structural collapse limit state (Ercolino et al. 2017). 
Furthermore, in the last years a large effort has been made (Negro and Tornaghi 2017; 
Toniolo and Dal Lago 2017) to deepen this issue and to develop reliable panel-to-struc-
ture connections: their functioning is based on avoiding panel-to-structure interaction, 
which is in agreement with the model proposed herein.

• The column nonlinear behavior is modeled considering a lumped plasticity approach, 
coupling a plastic hinge at the base, where nonlinear behavior is lumped, and an elastic 
element which describes the elastic flexural response of the column (Fig. 2). A mean 
value of the concrete compressive strength equal to fcm = 59.75 N/mm2 and of the steel 
yielding strength equal to fym = 490.3 N/mm2 are adopted (Ercolino et al. 2018). Cur-
vature and yielding moment are obtained from a fiber analysis of the column cross-
section and the moment-rotation backbone curve is obtained, according to Fischinger 
et al. (2008), using the formulations provided in Fardis and Biskinis (2003) and Hasel-
ton (2006), as shown in Fig. 2. The hysteretic behavior is modelled according to Ibarra 
et al. (2005) and it is implemented in OpenSees through the modified Ibarra-Medina-
Krawinkler deterioration model with peak-oriented hysteresis response.

Table 2 lists the modal properties of the case studies nonlinear models, i.e. the trasla-
tional masses along X and Z direction and the traslational fundamental periods along Z 
direction  (T1) and X direction  (T2).

(a) (b)

Fig. 2  a Column modelling and b M–Θ backbone curve for column plastic hinge in AQ soil C, SS



6667Bulletin of Earthquake Engineering (2020) 18:6661–6686 

1 3

3.2  Structural displacement capacity depending on column behavior

In order to obtain the structural capacity in terms of lateral displacements, nonlinear static 
(pushover) analyses are performed in both the main horizontal directions of the building.

The structural capacity corresponds to the drift at 50% reduction of the maximum build-
ing base shear (Ercolino et  al. 2018; Workgroup 2017). Consequently, building capacity 
depends on the column nonlinear behavior, i.e. on the skeleton curve assigned to the base 
plastic hinges. Table 3 shows the ultimate displacements of the analyzed buildings along 
both the main horizontal directions.

3.3  Connection design and capacity

A beam-to-column dowel connection is assumed in this study, because it is the most com-
mon connection for single-story European industrial RC buildings (Fig.  3). The most 
spread configuration consists of vertical steel dowels, embedded in the column and passing 
through or inserted in holes in the beam. Dowels are assumed to be threaded bars, made 
of steel with yielding strength equal to fy= 649 N/mm2. The connection becomes effective 
thanks to high strength mortar injected in the holes, and, in the former solution (dowels 
passing through), thanks to nuts and washers which fix the dowel on the top of the beam 
surface (Fig. 3). A neoprene bearing is placed between beam and column, in order to better 

Table 2  Modal properties of the 
nonlinear models

Site Soil type SS LS

MX,Z T1 T2 MX,Z T1 T2

[t] [s] [s] [t] [s] [s]

AQ A 515 1.78 1.63 802 1.79 1.61
NA 515 1.78 1.63 802 1.79 1.61
RO 515 1.78 1.63 802 1.79 1.61
MI 515 1.94 1.78 802 1.94 1.74
AQ C 544 1.26 1.16 813 1.44 1.29
NA 515 1.78 1.63 813 1.70 1.52
RO 515 1.78 1.63 802 1.79 1.61
MI 515 1.94 1.78 802 1.94 1.74

Table 3  Structural displacement capacity depending on column behavior

Site Lateral displacement [m]

Soil type SS LS Soil type SS LS

X Z X Z X Z X Z

AQ A 0.853 0.914 0.847 0.921 C 0.903 0.966 0.904 0.982
NA 0.852 0.913 0.847 0.921 0.853 0.914 0.839 0.912
RO 0.852 0.913 0.847 0.921 0.853 0.914 0.847 0.921
MI 0.814 0.872 0.821 0.892 0.814 0.872 0.821 0.893
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spread the vertical load: it is 1 cm thick, large as the beam base, while in beam axis direc-
tion it is placed from the column edge for a length such that the two dowels are placed in 
its middle. Neoprene bearings are verified according to Italian practice (CNR10018 1989). 
The beam base width is equal to 25 cm in the case of SS geometry, 50 cm for LS geometry.

With reference to a typical connection layout (Fig. 3), it is assumed that the beam end 
is supported by almost half (minus 1 cm) column cross section, and the vertical dowels are 
symmetric with respect to the beam longitudinal axis, with a minimum distance between 
them provided according to CEN (2004).

For each connection, two different c/D ratios are investigated, c∕D ≅ 8 and c∕D ≅ 4 , 
where c is the dowel cover in the column along the beam axis direction, and D is the dowel 
(nominal) diameter (Fig. 3). According to Vintzeleou and Tassios (1987) the former ratio 
leads to a connection shear failure involving the simultaneous dowel yielding and concrete 
crushing, the latter ratio leads to a failure depending on the concrete splitting.

Beam-to-column connections are designed according to Italian building code (D. M. 
14/01/2008 2008) and practice (CNR10025/84 1985). Design forces are the maxima pro-
vided by all the design combinations, where seismic actions are computed according to 
the capacity design rules, i.e. as the minimum between the column base resisting moment/
column height ratio by the factor γRd= 1.20 and the value given by the seismic analysis 
assuming the behavior factor q = 1. According to the design practice, for each building, 
the maximum shear force in all the connections, provided by all the design combinations, 
is assumed as connection design force, for both the horizontal directions. Then only one 
beam-to-column connection is designed. According to CNR10025/84 (1985), if the eccen-
tricity of the shear force (equal to half of the neoprene bearing thickness (Magliulo et al. 
2014a)) is lower than half of the dowel diameter, connection design shear strength is equal 
to:

(1)V
Rd

= n ⋅ � ⋅ d2
b

√

fyd ⋅ fcd

(a) (b)

Fig. 3  Beam-to-column connection details for SS building in AQ, soil C: a horizontal view, b vertical view 
(measures in cm)
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where n = 2 is the number of dowels, α = 1.6 is a coefficient taking into account the con-
finement provided by the beam-column mutual pressure, db is the dowel resistant diameter, 
fyd= fy/γS= 564 N/mm2 is the steel design yielding strength and fcd = αccfck/γc= 25.87 N/mm2 
is the concrete design strength. Dowels are embedded in concrete for a length eight times 
their diameter (hd, in the following). Italian code and guidelines, as well as Eurocodes, do 
not give any provision regarding the c/D ratio. Stirrups at the connection (Fig. 3) are com-
puted according to Italian practice (CNR10025/84 1985), i.e. considering horizontal forces 
given by vertical pressure and horizontal actions: they are placed in beams and columns for 
a maximum depth not larger than the embedment of the dowels. Dowel nominal diameter 
(D) and resistant one  (db), along with stirrups number at each connection side, diameter 
and step (St) are reported in Table 4 for each building: stirrups at the beam side are equal 
to the stirrups at the column side, because they mainly depend on connection shear force. It 
is noteworthy that connection design actions are seismic actions unless in case of very low 
intensity level seismic prone zones (MI), for soil type A, as indicated by (W) in Table 4.

The shear capacity of the designed connections, considering X and Z direction, is evalu-
ated according to available formulae, also published in recent studies performed within Euro-
pean projects. They can be grouped in two main families: the first one includes formulae 
assuming the connection ductile failure due to yielding of the steel dowels and crushing of 
the surrounding concrete (mode I in Vintzeleou and Tassios 1987); the second one includes 
formulae assuming the connection brittle failure due to the concrete cracking and the cover 
splitting (mode II in Vintzeleou and Tassios 1987). Given the beam and column cross sec-
tions and the two assumed layouts, depending on the c/D ratio of the designed connection, 
ductile or brittle failure can be activated at the connection beam-side and column-side. When 
the available c/D ratio is not able to ensure failure mode I, the contribution of transversal 
reinforcement in the connection zone is taken into account, according to Zoubek et al. (2015). 
At each connection side and for each horizontal direction (X, Z), the capacity can be assumed 
as the minimum value between the shear strength corresponding to ductile and brittle failure 
(Eq. (2)). Then, the connection capacity in each direction can be assumed as the minimum 
value between the capacity at the beam-side and at the column-side (Eq. (3)).

(2)V
beam∕column

R
= min(Vductile

R
,Vbrittle

R
)

(3)Vconn
R

= min(Vbeam
R

,Vcolumn
R

)

Table 4  Dowel diameters and connection stirrups

Site Soil type SS LS

D  (db [mm]) St D  (db [mm]) St

AQ A M22 (19.6) 3 ϕ10/50 mm M27 (24.2) 4 ϕ10/50 mm
NA M20 (17.7) 3 ϕ10/50 mm M27 (24.2) 3 ϕ10/50 mm
RM M20 (17.7) 3 ϕ10/50 mm M22 (19.6) 3 ϕ10/50 mm
MI M18(W) (15.6) 3 ϕ10/50 mm M20(W) (17.7) 3 ϕ10/50 mm
AQ C M30 (26.7) 5 ϕ10/50 mm M33 (29.7) 9 ϕ8/30 mm
NA M22 (19.6) 3 ϕ10/50 mm M27 (24.2) 4 ϕ10/50 mm
RM M22 (19.6) 3 ϕ10/50 mm M27 (24.2) 4 ϕ10/50 mm
MI M18 (15.6) 3 ϕ10/50 mm M22 (19.6) 3 ϕ10/50 mm
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The applied shear strength formulae do not take into account the favorable action of the 
fork in providing confinement at the beam side. However, in Sect. 5, two different condi-
tions will be analyzed: (i) possible failure at both beam and column sides, that represents 
the case in which the fork is not able to contribute to the connection shear strength; (ii) 
possible failure on column-side only, taking into account the fork favorable action on the 
beam side, which reduces the concrete cracking and, then, the connection brittle failure at 
beam-side. Furthermore, the shear capacity of the connections neglects the contribution 
of the friction action, which can be relevant mainly when the connection shows a large 
beam-to column contact surface. This simplifying assumption is supported by the follow-
ing motivations: (i) it largely simplifies the nonlinear modelling of the structure; (ii) fric-
tion action is generally much lower than the dowel connection strength, then, if the latter 
is exceeded, the contribution of the friction action is generally little; (iii) the contribution 
of the friction strength is related to the beam-to-column contact surface, which is generally 
little in the case of little cover ( c∕D ≅ 4 ); (iv) high uncertainties affect the value of the fric-
tion action when the connection fails, considering that the connection failure involves the 
beam-to-column contact surface.

3.3.1  Ductile failure

In this section, capacity along both the directions of the designed connections is computed 
according to available formulae assuming a connection ductile failure, because a connec-
tion layout with c∕D ≅ 8 is considered. In the following,  fy and  fu represent the mean val-
ues of yielding and ultimate strength of the steel dowels, fy= 816 N/mm2 and fu= 913 N/
mm2 (Magliulo et  al. 2014a) respectively, fc represents the concrete mean compression 
strength (fc= 59.75 N/mm2) and n is the number of steel dowels (i.e. two dowels for each 
connection).

According to the selected literature formulae for ductile failures, connection shear 
strength does not depend on the considered direction. Moreover, considering that beam and 
column have the same mean values of concrete and steel mechanical properties, the same 
shear strength results at beam- and column-side.

Experimental studies performed by Vintzeleou and Tassios (Vintzeleou and Tassios 
1986, 1987) provided the connection shear strength under monotonic and cyclic loads 
(Eqs. (4) and (5)).

Other possible contemporary effects on the dowel are taken into account by the SAF-
ECAST guidelines formula (Eq. (6)) (Psycharis and Mouzakis 2012b; SAFECAST 2012) 
through the coefficient � = �

/

fy , where σ is the normal tensile stress acting on dowels. If 
the rotation of the joint is prevented by the stiffness of the connected elements, which is not 
the case analyzed in this study, the numerical coefficient (0.9) can be taken equal to 1.0.

(4)VV&T
R,mono

= n ⋅ 1.3 ⋅ d2
b
⋅

√

fy ⋅ fc

(5)VV&T
R,cycl

= 0.5 ⋅ VV&T
R,mono

(6)V
Safecast

R
= n ⋅ 0.9 ⋅ d2

b
⋅

√

fy ⋅ fc ⋅
(

1 − �2
)
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As the resistance to shear loads is concerned, EOTA provisions for design of bonded 
anchors in concrete (TR029 2007; TR045 2013) assume different modes of failure: steel 
failure is considered in this section, according to Eqs. (7) and (8), where As is the dowel 
cross section area, αgap= 1.0 in case of no hole clearance between anchor and fixture and 
αseism= 0.85 is the reduction factor to take into account the influence of large cracks in case 
of anchor group.

Figure 4 shows the connection shear strength values computed according to Eqs. (1), 
(4), (5), (6), (7) and (8), for the cases AQ, soil type C, geometries SS and LS. The 
design shear force values are also reported, with horizontal dot-dashed and dashed line, 
for SS and LS geometry respectively.

It can be seen that, in the case of ductile failure mode:

• the shear strength values computed according to CNR10025/84 (1985) (Eq.  (1)) are 
higher than the design shear values, because of the difference between design and mean 
mechanical properties values; the difference between the SS and LS geometries is 
related to the different dowel diameters (Table 4);

• Vintzeleou and Tassios (1987) provide large connection shear capacity when mono-
tonic load is considered (Eq.  (4)), while a reduction to half assumed for cyclic loads 
(Eq. (5)) seems too conservative considering recent tests on dowel connections (Magli-
ulo et al. 2015a);

• TR029 (2007) (Eq. (7)) and TR045 (2013) (Eq. (8)) formulae show high shear strength 
values, but they do not take into account the concrete crushing around the dowels, only 
considering the dowel shear failure;

• neglecting the connection shear strength provided by Vintzeleou and Tassios (1987) 
for cyclic actions (Eq. (5)), which is too conservative, the minimum shear strength is 
provided by SAFECAST (2012) (Eq. (6)), which in this study is assumed to be the con-
nection shear strength for ductile failure mode;

(7)VEOTA
R,mono

= n ⋅ 0.5 ⋅ As ⋅ fu

(8)VEOTA
R,cycl

= �gap ⋅ �seism ⋅ VEOTA
R,mono

Fig. 4  Connection shear strength 
for ductile failure mode, cases 
AQ soil C, SS and LS
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• the assumed connection shear strength values (Eq. (6)), for both the SS and LS build-
ings, are larger than the design values, i.e. satisfy the code minimum strength require-
ments.

3.3.2  Brittle failure

When connection brittle failure for concrete splitting is expected, i.e. c∕D ≅ 4 , in 
addition to the already described parameters, the available formulae depend on 
fctm = 0.30 ⋅ f

2∕3

ck
= 3.83 N/mm

2 (CEN 2004; D. M. 14/01/2008 2008), which is the mean 
tensile strength for concrete, and c, which is the bottom concrete cover.

According to experimental and numerical investigations provided by Vintzeleou and 
Tassios (1986, 1987), connection shear strength values which refer to concrete cover split-
ting in the direction of the shear force (i.e. bottom cover splitting) and in the orthogonal 
direction (i.e. side cover splitting) are provided by Eqs. (9) and (10), respectively, where bct 
is the net width of the element, i.e. the width subtracting the dowel diameters.

In SAFECAST (2012), the connection shear strength (Eq.  (11)) also depends on the 
effective embedment of the dowels (hd in Eqs. (11) and (12)), on the presence of edge rein-
forcement (ψre = 1 is assumed, because there is not specific reinforcement limiting concrete 
cover splitting), and on the side splitting [using the coefficient k (Eq. (14)), which depends 
on the ratio between the concrete element width b and the concrete bottom cover).

TR029 (2007) and TR045 (2013) provide the connection shear strength value due to 
the concrete edge failure through Eqs.  (15) and (16), under monotonic and cyclic loads, 
respectively. In Eq. (15),  k1 is equal to 2.4 for applications in non-cracked concrete, Ac,V , 
A0

c,V
 and ψs,V are obtained according to TR029 (2007).

(9)V
V&T ,bott

R
= 5 ⋅ fctm ⋅ c ⋅ db ⋅

c

0.66 ⋅ c + db

(10)V
V&T ,side

R
= 2 ⋅ fctm ⋅ bct ⋅ db

(11)V
Safecast

R
= 1.4 ⋅ k ⋅ d�

b
⋅ h

�

d

√

fc ⋅ c
3
⋅ �re

(12)� = 0.1 ⋅
(

hd
/

c
)0.5

(13)� = 0.1 ⋅
(

db
/

c
)0.2

(14)k = b∕(3 ⋅ c) ≤ n

(15)VEOTA
R,mono

= k1 ⋅ d
�

b
h
�

d
⋅

√

fc ⋅ c
1.5

⋅

Ac,V

A0

c,V

⋅ �s,V

(16)VEOTA
R,cycl

= �seism ⋅ �gap ⋅ V
EOTA
R,mono
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The connection shear strength formulae presented above, taking into account the 
concrete brittle failure, neglect the activation of the transversal reinforcement gener-
ally placed at the column top and beam end against horizontal forces given by vertical 
pressure and horizontal actions (Fig.  3b). In this study their contribution ( VZoubek

R
 ) is 

considered according to Zoubek et al. (2015), where fsy is assumed to be the mean yield-
ing stress of the transversal reinforcement  (fsy = 490 N/mm2),  e1 and  e2 are the distances 
of the dowels from the two stirrup legs parallel to the shear force, and α is the angle 
shown in Fig. 5, which is αx or αz if the shear strength is evaluated in X or in Z direc-
tion, respectively.

Fig. 5  Layout of the beam-to-column dowel connection (L’Aquila, soil C): a SS building and b LS building

Fig. 6  Connection shear strength for brittle failure mode—X direction
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Figures  6 and 7 show the connection shear strength values along X and Z direction, 
respectively, computed according to the presented formulae for brittle failures at column- 
(col subscript) and beam-side (beam subscript), for buildings SS and LS, at L’Aquila, soil 
type C. In Z direction (Fig. 7) the strength provided by the side splitting according to Vint-
zeleou and Tassios (1986, 1987) Eq. (10) is not reported, considering that the parameter bct 
is almost equal to the longitudinal beam length, resulting in a very high strength. 

The results confirm, as expected, that in both the directions and for both the geome-
tries the connections, characterized by a low dowel cover and designed according to Italian 
practice, are underdesigned, i.e. their strength is lower than the required design strength. 
This could be avoided providing details for connections (regarding concrete cover and 
transversal reinforcement arrangement) and suggesting adequate design formulae in case 
fragile failures are unavoidable. It is also evident that increasing the dowel diameter does 
not provide any beneficial effect, if a fragile failure is expected.

At column-side, the strength always depends on the cover in X direction, obviously 
unless in the case of Zoubek et  al. (2015) formulae, always depending on transversal 
reinforcement. In X direction the 3 formulae (Eqs. (9), (11) and (16)) depending on bot-
tom splitting provide similar strength, denoting a good agreement between them; on the 
contrary, in Z direction the 3 formulae taking into account the side splitting, i.e. Equa-
tions (10), (11) and (16), provide different strength, due to the different way of taking into 
account the side splitting itself: explicitly (Eq.  (10)), depending on parameter k defined 
in Eq.  (14) and depending on Ac,V∕A

0

c,V
 ratio (Eq.  (15)), respectively. Side splitting in X 

direction (Eq.  (10)) and bottom splitting in Z direction show high strength, because at 

Fig. 7  Connection shear strength for brittle failure mode—Z direction
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column-side in Z direction the dowel concrete cover is large. The contribution of the trans-
versal reinforcement provided by Zoubek et al. (2015) formulae is larger than the contri-
butions related to the bottom splitting (Eqs. (9), (11) and (16)) in X direction because the 
position of the transversal reinforcement is favorable (Fig.  5), whilst it is very low in Z 
direction because  e1z is very large. At the column-side the difference between SS and LS 
geometry are low and they are mainly related to the different dowel diameter for concrete 
splitting and to the different transversal reinforcement in terms of geometry, step and diam-
eter for Zoubek et al. (2015) formulae.

At beam-side it is evident the difference between SS and LS geometries, due to the dif-
ferent dimensions of the beam base, i.e. 25 cm for SS geometry and 50 cm for LS geom-
etry, which is always the parameter conditioning the maximum strength for cover splitting: 
obviously, this type of failure will be side splitting in X direction and bottom splitting in Z 
direction. It is interesting to note that in both the cases, the strength formulae, above all for 
SS geometry, do not provide very different results, showing a quite good agreement among 
them. As expected, bottom splitting strength in X direction is high. The strength given by 
the transversal reinforcement at beam-side is very similar in X direction for SS and LS 
geometry, because a larger quantity of stirrups for LS geometry compensate their worse 
configuration; conversely, it is quite different in Z direction, where for SS geometry the 
lower number of stirrups and the worse configuration sum their negative effects. For these 
reasons, in X direction for both the building geometries the strength provided by the stir-
rups is significantly larger than the strength related to the side splitting, while in Z direc-
tion this statement is still true only for LS geometry; for SS geometry the strengths related 
to the two different failure modes are similar.

Comparing failures at beam- and column-side, in order to see what is the critical side 
determining the connection failure, it can be stated that for SS geometry the beam-side 
is always critical in Z direction, due to the lower beam base, as already observed; in X 
direction the beam-side side splitting shows a very low strength, but the strength based on 
transversal reinforcement yielding is lightly larger than at column-side, leading to a critical 
column-side. For LS geometry, the strengths at column- and beam-side are comparable in 
X direction with the strength at beam-side lightly lower both in the case of side splitting 

Table 5  Element and connection failure modes: Y = transversal reinforcement yielding; C/B = bottom cover 
splitting; C/S = side cover splitting; COL. = connection failure at the column-side; BEAM = connection fail-
ure at the beam-side

Site Soil type X direction Z direction

SS building LS building SS building LS building

Col. Beam Conn. Col. Beam Conn. Col. Beam Conn. Col. Beam Conn.

AQ A C/B Y COL. Y Y BEAM C/S Y BEAM C/S Y COL.
NA C/B Y COL. Y Y BEAM C/S Y BEAM C/S Y COL.
RM C/B Y COL. Y C/S BEAM C/S Y BEAM C/S Y COL.
MI Y Y COL. C/B C/S COL. C/S Y BEAM C/S Y COL.
AQ C Y Y COL. Y Y BEAM C/S Y BEAM C/S Y COL.
NA C/B Y COL. Y Y BEAM C/S Y BEAM C/S Y COL.
RM C/B Y COL. Y Y BEAM C/S Y BEAM C/S Y COL.
MI Y Y COL. C/B C/S COL. C/S Y BEAM C/S Y COL.
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and in the case of transversal reinforcement yielding; in Z direction, even though the col-
umn-side side splitting is lightly larger than the beam-side one, the beam-side transver-
sal reinforcement yielding is much larger than the column-side one, leading to a critical 
column-side.

Results commented in this section for buildings SS and LS, at L’Aquila, soil type C 
are summarized for all other buildings in Table 5, where the connection failure mode 
is reported for each direction at column-side (Col.), beam-side (Beam) and for the con-
nection (Conn.), in this case considering the lower strength between beam-side and col-
umn-side. The following assumption is made: for each direction, at both sides, strength 
is related to cover splitting if the lower cover splitting strength is larger than the strength 
related to the transversal reinforcement yielding, otherwise strength depends on trans-
versal reinforcement yielding (Y): in the former case, C/B means that the cover splitting 
is a bottom splitting, while C/S means that it is a side splitting.

Results commented for buildings SS and LS, at L’Aquila, soil type C are generally 
confirmed for all case studies.

In X direction, for SS geometry at column-side the strength depends on either bot-
tom splitting or transversal reinforcement yielding, while at beam-side the strength 
always depends on the transversal reinforcement yielding; the lowest strength is always 
at column-side. For LS building generally the strength depends on the transversal rein-
forcement yielding both at column-side and beam-side, in few cases at column-side it 
depends on bottom cover splitting, at beam-side on side cover splitting; the connection 
failure is related in all cases to beam-side failure, unless in the case of the lowest seis-
mic intensity site (MI), where the transversal reinforcement is reduced and the column 
X direction cover is smaller than the beam Z direction cover.

In Z direction the results are the same for all sites and soils of the SS buildings and 
for all sites and soils of the LS buildings. In the former case, at the column-side the 
failure is always due to the side cover splitting (because the transversal reinforcement 
yielding is very low), while at the beam-side it is due to the transversal reinforcement 
yielding (because the cover splitting strength is very low); the beam-side is always the 
critical one. In the case of LS buildings, again the column-side failure depends on the 
side cover splitting and the beam-side failure depends on the transversal reinforcement 
yielding; however, the connection strength depends on the column-side strength (the 
weakest), because (beam-side) αz significantly increases with respect to SS buildings, 

Table 6  Sa  (T1) values [g], for the considered intensity levels

Soil Site TR [years]

10 50 100 250 500 1000 2500 5000 10,000 10,0000

A AQ 0.007 0.017 0.032 0.052 0.081 0.122 0.18 0.253 0.382 0.731
NA 0.005 0.014 0.027 0.042 0.058 0.076 0.1 0.128 0.167 0.26
RM 0.005 0.011 0.019 0.027 0.037 0.05 0.067 0.085 0.112 0.181
MI 0.002 0.005 0.008 0.011 0.015 0.02 0.026 0.034 0.046 0.073

C AQ 0.007 0.017 0.028 0.042 0.058 0.076 0.1 0.129 0.172 0.27
NA 0.011 0.026 0.049 0.08 0.124 0.184 0.27 0.379 0.572 1.077
RM 0.007 0.021 0.041 0.063 0.089 0.119 0.155 0.195 0.256 0.384
MI 0.004 0.008 0.012 0.017 0.023 0.031 0.04 0.052 0.071 0.114
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while the column Z direction cover lightly increases: the concrete cover is always 
four times the dowel diameter, which is generally lightly larger than in the case of SS 
buildings.

4  Seismic input

Nonlinear dynamic multi-stripe analysis (Jalayer 2003; Jalayer and Cornell 2009) are per-
formed for the seismic assessment of the selected case studies. In particular, ten increasing 
intensity levels are considered, corresponding to ten increasing values of the return period. 
Twenty pairs of records (ground motion horizontal components) are provided for each 
intensity level, according to Iervolino et al. (2017). In this study, the conditional spectrum 
(Baker 2011; Jayaram et al. 2011; Lin et al. 2013) approach is applied for the record selec-
tion: for each intensity level, i.e. for each return period (ordered in columns of Table 6), 
the distribution of  Sa is obtained, conditional on a given value of  Sa, which is the  Sa at the 
fundamental period of the structure  (T1) resulting from the probabilistic hazard study at 
the base of the Italian seismic code (D. M. 14/01/2008 2008). For the selected case stud-
ies, the reference period  T1 = 2  s is assumed: the  Sa(T1) values, for each considered site 
and soil type, are reported in Table 6. A set of 20 nonlinear dynamic analyses is carried 
out (Ercolino et  al. 2018) for each intensity level, using both the horizontal components 
of a suite of ground motion records: the component of the two horizontal ones having the 
largest PGA is assumed as the maximum horizontal component of a ground motion; the 
maximum horizontal components of the 20 ground motions have the same  Sa(T1) either 
naturally or, more often, artificially via amplitude scaling (e.g. Fig. 8). The selected records 
were extracted from the Italian accelerometric archive (http://itaca .mi.ingv.it, (Luzi et al. 
2008)) and from NGAwest2 database (http://peer.berke ley.edu/ngawe st2/, (Ancheta et  al. 
2014)). 

5  Nonlinear dynamic analysis results

Capacity computed in Sect. 3 and demand computed in Sect. 4 are compared in this sec-
tion, in order to make a vulnerability analysis of the analyzed buildings: for each direc-
tion (X and Z), top displacements and shear at beam-to-column dowel connections are 

(b)(a)

Fig. 8  Maximum horizontal component for AQ, soil C—TR = 100,000 years: a accelerograms and b spectra

http://itaca.mi.ingv.it
http://peer.berkeley.edu/ngawest2/
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considered as earthquake demand parameters. Column capacity in terms of maximum top 
displacement for each direction is determined according to Sect.  3.2, while demand, for 
each direction and for each return period, is the top displacement recorded during the time 
history analysis. Capacity at the connection, as already written, for each direction is pro-
vided by Eqs. (2) and (3), where Vductile

R
 is the minimum strength provided by Eqs. (1), (4), 

(6) and (8), while Vbrittle
R

 is the minimum strength provided by Eqs. (9), (10), (11) and (16) 
if such a minimum is larger than the strength provided by transversal reinforcement accord-
ing to Zoubek et al. (2015), otherwise Zoubek et al. (2015) formulae are assumed as Vbrittle

R
 . 

Demand at the connection is, for each direction and for each return period, the maximum 
shear value at the building beam-to-column connections recorded during the time history 
analysis.

Figure  9 shows the demand/capacity ratios in terms of connection shear in X and Z 
direction, for SS and LS geometries, in L’Aquila, soil type C, for each of the twenty earth-
quakes of each intensity level (w beam results, square markers). In the figure, demand/
capacity ratios are also reported neglecting the failure at beam-side (w/o beam results, cir-
cle marker), for taking into account the fork favorable action, if effective. The demand/
capacity ratios for all the selected twenty ground motions at each stripe are plotted versus 
the return periods  (TR), corresponding to the stripe intensity levels.

For both the geometries and both the directions, demand is larger than capacity 
(D/C > 1) for some records corresponding to return periods 100  years and, obviously, 
for larger intensities, confirming that the analyzed buildings do not satisfy the minimum 
performance requirements: they are designed at life safety limit state for seismic actions 
having a return period equal to 475 years and should not collapse for records with return 
periods lower than 1000 years. For both the buildings along both the directions the per-
formance is similar, unless for the geometry SS, Z direction: for records corresponding 
to the design intensity level,  TR = 500 years, the maximum D/C values are lower than 3, 
and, at the largest intensity level,  TR = 100,000 years, they are about equal to 3; the low-
est intensity where D/C = 1 is observed is  TR = 100 years. The geometry SS, Z direction, 

Fig. 9  Demand/capacity ratios in terms of connection shear strength, for L’Aquila soil C
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shows failures at beam-side for records corresponding to a very low intensity level, i.e. 
 TR = 50 years, maximum D/C = 7 for the design intensity level and D/C larger than 8 for 
the largest intensity level; the low capacity of the SS geometry at the beam-side in Z direc-
tion, shown in Fig. 7, is due to the reduced thickness of the beam, which leads to a reduced 
cover and to a poor performance of the transversal reinforcement (Sect. 3.3).

In the following, for the sake of brevity, the beam-to-column connection failure at 
beam-side is not taken into account, because, for the assumed connection configuration, it 
is generally prevented.

In Fig. 10, demand/capacity ratios obtained considering the shear failure of the beam-
to-column connections for each of the 20 earthquakes of each intensity level (connec-
tion, circle markers) are compared with the demand/capacity ratios obtained considering 
the collapse due to the exceedance of the maximum lateral displacement (column, square 

Fig. 10  Demand/capacity ratios in terms of connection shear strength (“connection”) and in terms of roof 
displacement (“column”), for L’Aquila soil C

Fig. 11  Median and standard deviation of D/C ratios in terms of connection maximum shear, X direction
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markers), in both X and Z direction, for SS and LS geometries in L’Aquila soil C. Com-
parison shows that, if brittle failures at the beam-to-column connections are expected due 
to the connection details and they are not taken into account, collapses of single-story RC 
precast buildings can be largely underestimated: only few collapses are recorded for very 
high return periods  (TR = 100,000 years) if the reaching of the ultimate roof displacement 
is considered (Ercolino et  al. 2018), while, if the connection brittle failure is taken into 
account, some collapses can be recorded at  TR = 100 years.

Figures 11 and 12 show the median and the standard deviation of the twenty demand/
capacity ratios in terms of connection maximum shear at column-side computed for each 
earthquake, at each intensity level, along X and Z direction respectively, for SS (circle 
markers) and LS (square markers) geometries, soil type A and C, at all the considered sites.

Figures  11 and 12 generally confirm the interesting conclusion found taking only 
into account the building collapse due to the degradation of the column plastic hinges 
(Ercolino et al. 2018): as the site seismicity level increases, the vulnerability of the build-
ings (demand/capacity ratio) increases, even though each building is obviously designed 
according to the seismicity of the site where it is placed. This is fully confirmed in Z direc-
tion (Fig. 12), while in X direction few exceptions can be observed, as reported in the fol-
lowing. SS geometry, soil C, NA site, D/C median ratios are larger than AQ ones for almost 
all return periods; this is due to the much lower dowel diameter in NA site (M22, Table 4) 
than in AQ site (M30), which leads to a lower bottom cover ( c∕D ≅ 4 ) in NA site than in 
AQ site, where transversal reinforcement provides a significant contribution (Table 5). For 
the same reason, SS geometry, soil C, RM D/C median ratios are larger than AQ ones for 
some return periods  (TR = 10 years,  TR = 50 years,  TR = 100,000 years). SS geometry, soil 
A, NA D/C median ratios are larger than AQ ones at  TR = 100,000 years and  TR = 50 years: 
indeed, also in this case, NA site dowel diameter (M20) is lower than AQ site one (M22), 
leading to a lower bottom cover (Table 5). For the same reason, LS geometry, soil C, NA 
D/C median ratio (dowel diameter M27) is larger than AQ one (dowel diameter M33) at 
 TR = 10,000 years: in the latter case transversal reinforcement provides a larger contribu-
tion than in the former case (Table 5).

Concerning the failures at column-side, in X direction (Fig.  11), the median value 
of the D/C ratio is larger than 1 at  TR = 500  years for geometry SS, soil A site AQ, 

Fig. 12  Median and standard deviation of D/C ratios in terms of connection maximum shear, Z direction
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soil C sites AQ and NA, and for geometry LS soil C site AQ. Median value of the D/C 
larger than 1 can be observed at RM site for geometry SS at  TR = 2500 years, and for 
geometry LS at  TR = 5000 years (soil C); at MI site it can be observed for LS geometry 
at  TR = 10,000 years and for SS geometry at  TR = 100,000 years (soil C). The analysis 
results confirm that connection failures, i.e. involving the concrete splitting, if not taken 
into the design, may lead to structural collapse at earthquake intensities lower than the 
expected ones (e.g.  TR = 500 years instead of  TR = 1000 years). In Z direction (Fig. 12) 
the vulnerability of the connection is generally slightly lower, because the bottom cover 
is larger and the sensitivity of the connections to the side cover splitting, which is the 
cause of the failure at column-side (Table  5), is lower: the lowest intensity showing 
median D/C > 1 is  TR = 500 years for AQ site, LS geometry, soil C, while for NA site 
median D/C > 1 can be observed for  TR = 2500 (LS geometry, soil C), and for RM site 
median D/C > 1 can be observed for  TR = 10,000  years (LS geometry, soil C); for MI 
site, median D/C ratio equal to one is never reached. Then, in Z direction, considering 
connection failures at column-side only, results better agree with the structural behavior 
expected according to the performed design.

Furthermore, it can be observed that, along the X direction, the seismic vulnerability 
of the SS geometry is generally higher or equal than the one of the LS geometry, above 
all for medium/high seismic hazard levels (i.e. AQ, NA and RM, soil A; NA and RM, 
soil C), because, in the latter case, connection stirrups increase the strength (Table 5); 

Fig. 13  Fragility curves for L’Aquila site obtained considering weak connection shear capacity

Table 7  Fragility curve median 
(μ) and standard deviation (σ) 
 Sa(T1) values for L’Aquila site

Soil type X direction Z direction

SS LS SS LS

μ (g) σ (g) μ (g) σ (g) μ (g) σ (g) μ (g) σ (g)

A 0.07 0.37 0.10 0.37 0.17 0.08 0.13 0.25
C 0.11 0.49 0.10 0.50 0.54 0.50 0.10 0.34
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the opposite happens for the lowest seismic hazard level (i.e. MI, soil A and C). In the Z 
direction, the seismic vulnerability of the two geometries is similar, with the SS geom-
etry vulnerability generally slightly smaller than the one of the LS geometry, for all the 
considered hazard levels, due to the occurrence of the same brittle failure mode on the 
column side, i.e. cover side splitting (Table 5).

Figure 13 shows the cumulative probability of failure (F(x)), for each horizontal direc-
tion, in terms of multi-stripe reference spectral acceleration  (Sa(g)) at T = 2 s (Table 6), for 
SS and LS geometries in L’Aquila, obtained considering the connection shear capacity at 
column-side. The fragility curves are obtained according to Baker (2015) and Jalayer et al. 
(2017); median (μ) and standard deviation (σ) values are reported in Table 7.

Comparison with the fragility curves obtained considering the lateral displacement 
capacity, taking into account the column plastic hinge degradation as reported in Sect. 3.2 
(according to Ercolino et al. 2018) clearly shows much higher vulnerability of single-story 
RC precast buildings if weak connections, made according to current practice, are taken 
into account: at L’Aquila site, for soil A, fragility curve median  Sa(T1) values are reduced 
of about 15 times and 10 times for SS and LS geometry, respectively; for soil C, fragility 
curve median  Sa(T1) values are reduced of about 15 times for both the geometries. Fur-
thermore, for reference spectral acceleration  Sa(T1) = 0.5 g, the cumulative probability of 
failure of the analyzed single-story precast buildings, assuming very strong connections, 
is almost zero (Ercolino et al. 2018), while, considering weak connections which are made 
according to the current practice, it is almost one (Fig. 13).

The selected structural typology is supposed to have a rigid diaphragm thanks to a con-
crete topping. The diffused situation without perfectly rigid diaphragm, e.g. without con-
crete topping and other cover effective constraints, could add load to the dowel connections 
(Dal Lago and Ferrara 2018) and thus even increase the computed fragility.

6  Conclusions

The study presented in this paper aims to determine the attainment of the collapse limit 
state of single-story RC precast buildings considering two main failure modes: (1) col-
umn failure, related to a large degradation of column base plastic hinge, which is evaluated 
in terms of maximum top displacements; (2) beam-to-column dowel connection failure, 
which is related to the reaching of its maximum strength, evaluated at beam- and column-
side and considering, according to the current practice, two connection configurations: 
large dowel concrete cover, i.e. cover/dowel diameter ratio equal to 8, and poor dowel 
cover, i.e. cover/dowel diameter ratio equal to 4. Building performance is also reported 
excluding the connection failure at the beam-side, for taking into account the fork favorable 
action, if effective.

Sixteen single-story RC precast buildings, designed according to European seismic 
codes and practice, are analyzed. Beam-to column connections are also designed according 
to the current Italian and European seismic code provisions and practice: it is notewor-
thy that, while the column design of the analyzed buildings in medium and low seismicity 
zones depends on the wind load combination, all the connections, unless in the case of very 
low seismicity level for rigid soil, are designed according to the seismic capacity design.

Analyzing the available formulae providing beam-to-column dowel connection shear 
strength, the following conclusions can be drawn.
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• Formulae assuming local ductile connection failure (cover/dowel diameter ratio equal 
to 8), provide a connection strength larger than the minimum strength required by the 
seismic codes; the reduction coefficient equal to 0.5 assumed by Vintzeleou and Tas-
sios for cyclic loads seems too conservative, while EOTA formulae provide a large 
strength, because they do not take into account the concrete crushing around dowels.

• Available formulae for bottom cover splitting failure provide similar strength: this 
increases their reliability; the opposite happens for side cover splitting available formulae.

• Connections with a low value of dowel cover, i.e. equal to 4 times the dowel diameter, and 
designed according to the spread practice, are underdesigned, i.e. their strength is lower 
than the required design strength, which is computed according to the capacity design.

• Connection transversal reinforcement can significantly increase the connection strength, 
when the connection layout is characterized by low values of the dowel concrete cover.

Demand/capacity ratios in terms of top maximum displacement and connection strength 
are reported, in order to show the reaching of the collapse limit state, where the demand is 
provided by multi-stripe analysis. The following conclusions can be drawn.

• Comparing fragility curves, in terms of multi-stripe reference spectral acceleration val-
ues  Sa(T1), of single-story RC precast buildings with strong beam-to column connections 
(dowel covers equal to 8 times the dowel diameter) to fragility curves of the same build-
ings with weak beam-to-column connections, which can be found in the current European 
practice (dowel covers equal to 4 times the dowel diameter), it can be seen that: in the lat-
ter case median  Sa(T1) values are lower up to 15 times; for  Sa(T1) = 0.5 g, the cumulative 
probability of failure in the former case is almost zero, in the latter case is almost one. This 
outcome of the nonlinear analyses collides with the recent post-earthquake observations in 
Italy, e.g. after the 2009 L’Aquila earthquake, where a few dowel connection failures were 
reported, despite the strong PGAs recorded. This mismatch was generally due to the good 
practice, providing, despite the discussed code gap, adequate concrete covers and transver-
sal reinforcement at the dowel connections.

• In high seismicity zones, the strength provided at column-side by dowel connections in 
case of low dowel covers, like covers equal to 4 times the dowel diameter, leads to high 
demand/capacity ratios for earthquake intensities corresponding to design levels. For this 
reason, seismic design codes and guidelines should provide details leading to a local, duc-
tile, connection collapse, which shows an acceptable strength: suitable details are dowel 
covers equal or larger than 8 times the dowel diameter, well anchored steel hooks restrain-
ing the dowels, and external steel wrapping or plates confining the connection zone.

• Low beam base thickness leads to demand/capacity ratios larger than one even for very 
low seismic intensities (in Italy corresponding to return periods equal to 50y), if connec-
tion layouts are made of little dowel covers, and restraining systems, like effective column 
top fork, are not provided.
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