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Abstract

Past earthquakes have brought attention to the poor performance of precast
reinforced concrete structures, especially relating to beam-to-column
connections. The evaluation of different methodologies for the analysis of
beam-to-column connections in industrial buildings is important. In the
present work numerical analyses developed allowed the study of the effect
that different story heights and connection properties have on frequencies,
drifts, seismic coefficients and connection sliding. The results showed that the
friction between concrete elements and the consideration of neoprene have a
small impact on the drift demands in the columns and the seismic coefficients
of the structures analyzed; on the other hand, the effect of steel dowel on the
drift demands and seismic coefficients is significant. The comparison of models
with different properties and connections allowed a better understanding of
the parameters that affect the seismic behavior of precast reinforced concrete
buildings the most and provide indications for building more accurate and
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efficient numerical models.
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Introduction

Precast reinforced concrete (PRC)
structures have shown poor seismic per-
formance in several cases, presenting
damage to structural and non-structural
elements, and highlighting the vulner-
ability of industrial buildings. " > An
important part of these buildings was
not designed with seismic concerns.
Most of the observed damage is
related to structural elements, namely
in the beam-to-column connections.
Several buildings have shown significant
failures and collapse. For example, in
the Emilia earthquake of 20 and 29
May 2012, more than half of the existing
precast structures exhibited significant
damage. *'° Even in moderate and
short duration earthquake events, PRC
structures exhibit high levels of struc-
tural damages, as described in Ref. |
11] after field observations of the 2011
Lorca earthquake. The continuing
reports of damage to precast structures
derived from seismic events pointed to
a need for consistent methodologies
for analysis, modeling and assessment
of existing constructions. Those models
need to account for the interaction
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between structural elements (e.g.
beam-to-column connections) and
both structural and non-structural

elements in order to describe the non-
linear dynamic behavior of this type of
structure. > Ref. [ 16] developed a
numerical model of a PRC building
with an earthquake analysis and exper-
imental validation; the model was devel-
oped with fiber-based finite elements of
a half-scale 3D PRC frame tested under
dynamic conditions. The nonlinear ana-
lyses allowed the prediction of the build-
ing behavior to a good approximation,
especially in terms of story displace-
ments. The need to assess the seismic
vulnerability of existing buildings led
different authors to develop new model-
ing solutions following both macro (e.g.
Refs. [ 17-20]) and refined numerical
models (e.g. Refs. [ 21-23]). The use of
refined models tends to offer more
precise results, given their ability to con-
sider the different mechanisms
involved. However, these models are
computationally demanding and there-
fore unsuitable for common engineer-
ing applications or seismic risk analysis
on the scale of large buildings. Since
beam-to-column connections
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were identified as one of the most criti-
cal elements in precast structures
under seismic loads, some work has
been developed in this field over
recent years. The work in Refs. [ 19,
20] should be highlighted, which
focused on the behavior of connections
without dowels; others, e.g. Ref. [ 17],
account only for the contribution of
dowels. The macro-element used in the
present work follows the same general
concepts adopted in Ref. [ 24] i.e. expli-
citly modeling the contribution of both
friction and dowel action, but the
present authors attempt here to intro-
duce more precise friction and dowel
models, being developed and validated
based on past experimental tests. !

The main research objectives of this
study are to understand the influence
of several parameters affecting the
seismic response on common PRC
structures, namely earthquake type,
story height and vertical roof loads.
The contribution is also studied of the
different mechanisms present in beam-
to-column connections, such as dowels,
neoprene pads and friction between
the elements, in the overall response of
the structure. The results obtained can
help the definition of modeling strat-
egies, and numerical assumptions in
the design and assessment of existent
PRC, in order to represent the damage
found in this type of building.

Description of the Case Study

The PRC building under study rep-
resents an existing industrial framed
structure ( Fig. I) constituted by one
floor with an area of 180 x 175 m* and
a height of 12 m. The structure has 5
spans in the X-direction ( Fig. 2) of
length 35 m each and 15 spans in the Y-
direction of lengthl2m each. The
columns of the structure have a height
of 12 m (the height of the building) and
a rectangular section of 0.70 x 0.50 m?* (
Fig. 3) with a 40 mm cover. The concrete
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Fig. 1: 3D overview of the building under
study

used is of class C40/50 and the steel of
class S500 NR-SD. The longitudinal
beams are prestressed with an “I” vari-
able section, with a length of 36 m and
a 30mm cover. The columns are
assumed to be fixed to the foundation.

In Europe, the most common type of
beam-to-column connection in PRC
industrial buildings is the dowel connec-
tion. ° In this system, the beam is
mechanically connected to the column
by vertical steel dowels. These dowels,
usually one or two, protruding from
the column’s corbel ( Fig. 4), fit into
sleeves left in the edge of the beams,
which are later filled with a proper
grout. In several cases, a steel or neo-
prene pad is placed between the
column and the beam. These connec-
tions do not restrain the rotations
between both members, while the trans-
fer of horizontal forces between the

beam and column is essentially
ensured by friction and dowels (if
present). The following sections

present a brief description of each of
these mechanisms.

Numerical Model
Assumptions

As stated before, and considering that,
under seismic loads, the damage tends
to be concentrated at the bottom of the
columns or at the beam-to-column
connection, material nonlinearity is
considered only in these columns and
at the connection level, assuming
elastic behavior in both longitudinal
and transverse beams.

Reinforced Concrete Elements

The structural behavior of the precast
building is simulated along the two
main directions with a 3D model
using the proprietary computer
program OpenSees. 2° In this model,
the columns are simulated using nonli-
nearBeamColumn elements. In terms
of materials, the Concrete01 model is
used for the concrete, which is based
on the Kent-Scott—Park concrete
model ?* *® with degraded linear
unloading-reloading stiffness
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Fig. 2: Principal direction (X) of the framed structure
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Fig. 3: Column section

according to Ref. [ 29] and no strength
in tension (see Fig. 5a). Regarding the
longitudinal ~ reinforcement,  the
Steel02 model is considered, which is
based on the Giuffre-Menegotto—
Pinto *° material model (see Fig. 5b).

As previously mentioned, the beams
are modeled as elastic elements in
both directions. The “I” beams in the
frame direction (X-direction) are
modeled with elastic elements—once
it is assumed that the level of prestress
in the beams considerably reduces the
damage, the assumption of uncracked
sections is sufficiently reliable and fol-
lowed by other authors. ** Rectangu-
lar beams are also considered in the
transverse direction (the Z-direction)

Beam
Corbel
| Dowels ‘
Neoprene Pads
Column
(@

with linear behavior, and the beam-
to-column connection is similar to
that in the X-direction. Limited
damage is expected to the beams
either in the longitudinal or transverse
direction.

It is recognized that the presence of
heavy cladding systems can change
the dynamic behavior and the collapse
mechanisms > 3" 3 of precast build-
ings. Yet, as noted in Ref. [ 33], their
contribution is mostly relevant during
the elastic response phase. Hence, for
the present case, the infill walls are
assumed to be light with a very low
mass, and therefore the effects of clad-
ding panels, and their interaction with
the main structure, are not considered
in these analyses. Regarding the roof
cladding elements, if designed with
enough in-plane stiffness and proper
connections, these can play an impor-
tant role in the seismic performance
of precast frame structures, >* ensuring
rigid diaphragm behavior. In this case
study a light roof cladding system is
assumed, and therefore the equivalent
dead loads are considered in the
model, but the strength and stiffness
of the roof system are neglected.

Connection Dowels
(Longitudinal Beams)

Connection Dowels
(Transverse Beams)

||

N\ Precast /

N\ Column /

(b)

Fig. 4: Scheme of conventional European beam-to-column dowel connection: (a) beam-to-
column connection; (b) central column detailing
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Fig. 5: The material models used and available in OpenSees: (a) parameters of Concrete0I;

(b) parameters of Steel02

Non-confined

Parameter concrete Confined concrete
Concrete compressive strength at 28 days | fpc 48,000 kPa | fpc_c ‘ kpc* x fpc
Concrete strain at maximum strength epsc0 | 0.0035 ‘ epsc0_c ‘ kpc x epsc0 ‘
Concrete crushing strength fpcu | 20% fpc ‘ fpcu_c ‘ 80% fpc_c ‘
Concrete strain at crushing strength epsU | 5 xepscO epsU_c | SxepscO_c

Table 1: Parameters to model Concrete 01

Parameter Steel 02
Yield strength F, [550x
10° kPa
Modulus of steel E, |200x
10°kPa
Strain-hardening ratio |bs | 0.005

Parameters to control Ry |18

the transition from

elastic to plastic cR1

0.925

branches

cR2|0.15

Table 2: Parameters to model Steel 02

The mechanical properties considered
for each model are described in
Tables 1, 2. Second order (P-Delta)
effects are considered in all the
analyses.

Beam-to-Column Connection

Considering the aim of the present
study and the importance of beam-to-
column connections in the seismic be-
havior of PRC structures, > > & & 19
35 the performance of the building is
assessed considering different connec-
tion properties. These variations are
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simulated through a macro-element
proposed by Sousa et al., ' which is
capable of accurately describing the
main mechanisms identified in conven-
tional beam-to-column PRC connec-
tions, namely friction between the
different elements, steel dowels and
the neoprene pad. This macro-
element consists of a zero-length
element, i.e. the end nodes of the
beam and column have the same coor-
dinates, that represent the contri-
bution of the different systems
through different springs that are
aligned in series or in parallel, depend-
ing on the manner these are activated
in real structures. The spring arrange-
ment, illustrated in Fig. 6, is defined
for both horizontal directions, while
rotations along the three main direc-
tions are released. It is recognized
that the macro-model approach has
inherent limitations, namely not con-
sidering the eccentricity between the
line of applied load and the elasto-
meric bearing, and as such the connec-
tion works only in shear.

In addition to the geometric and mech-
anical properties inherent in the con-
nection, the constitutive models
associated with the different springs

Nr. 4/2022

Elastic frame element

Dowel
Dowel hysterectic element
Zero-length element

Precast Beam

Friction element

Neoprene Pad——/
Pad elastic element

Precast Column

Nonlinear fibre ———
frame element

Fig. 6: Numerical model adopted to simu-
late the behavior of the beam-to-column
connections

require the definition of additional
calibration parameters, which are
described hereinafter. It is noted that
these parameters refer to models avail-
able in the platform OpenSees, °
which is the one used to perform the
structural analysis of the building.
The macro-element used is validated
with four experimental tests featuring
different geometric, mechanical and
loading conditions, showing the
capacity to represent the cyclic behav-
ior of the beam-to-column connec-
tions, estimating the maximum
strength and capturing the main
failure mechanisms (dowel rupture
and concrete spalling), as well as the
strength degradation effects.
Additional information regarding the
development and calibration of the
macro-element model adopted in this
study can be found in Ref. [ 1].

Friction

The simulation of the friction com-
ponent is carried out incorporating
the “VelNormalFrcDep” friction
model, into the “flatSliderBearing”
zero-length element. This choice
allows the computation of the friction
coefficient as a function of the installed
axial load during the analysis. In this
study, the relation between axial load
and friction coefficient approaches
the behavior observed by Magliulo
et al. *° The representation of the
empirical observations is achieved by
adopting Egs. (1) and (2) to define
the input parameters of the “VelNor-
malFrcDep” model, where A4 is the
contact area of the pad:

0.445

a=—"vig 1)
Ap;)d163
n=0837 )

In addition to the incorporation of the
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Friction model

aSlow Eq. (1)
nSlow 0.837
aFast Eq. (1)
nFast 0.837
alpha0 0
alphal 0
alpha2 0
maxMuFat Eq. (2)
Neoprene pad

G 1000
Apad (m?) 0.08

t (m) 0.02

K Eq. (3)

Table 3: Parameters considered in the
definition of the flatSliderBearing element

friction model, consideration of the
“flatSliderBearing” element allows
the simplification of the connection
element, merging the two springs
defined in series: the neoprene pad
and the friction model. This is achieved
by considering the elastic stiffness of
the neoprene pad (Eq. 3) as the
initial stiffness of the “flatSliderBear-
ing” element:

F G- Apa

Kpad = K - f (3)

In the previous expression, G is the
shear modulus of the neoprene,
assumed to be equal to 1 MPa accord-
ing to Fischinger et al., " and ¢ is the
thickness of the pad. Table 3 summar-
izes the parameters considered to
model the contribution of the friction
and neoprene pad. Considering the
limited information in the literature
regarding the variation on the friction
coefficient with velocity, the par-
ameters alpha0, alphal and alpha2
are set to zero, making the model vel-
ocity independent.

Dowels

The contribution of the dowels is
modeled assuming a trilinear force—
displacement relation through the
“hysteretic” uniaxial material avail-
able in the OpenSees. *° As illustrated
in Fig. 7, the backbone curve of this
material is defined by six force—displa-
cement pairs.
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Fig. 7: Generic backbone curve of the model
adopted to model the dowel component of
the connections

The values corresponding to the yield-
ing (u,, Fy) and maximum (#max, Fmax)
strength are  determined  with
expressions (4) to (7), following the
studies of Refs. [ 37, 38, 1]:

Keont - foc - da(8-0.314 - d

uy=7y,-2-F (1=f-2)

erEn

Fmax = Kconf 'fcc

Ldy (a + W#) (6)

Umax = 2 - tan (rotyax) - @ (7)

In the previous equations, Kcops is the
confinement factor, I is the moment
of inertia of the dowel section, E is
the elastic modulus of the steel used
in the dowels, e is the eccentricity of
the dowels (assumed to be half the
thickness of the neoprene pad),
T0tnhayx 1S the maximum rotation of the
dowels, and f and a are parameters
whose expressions can be consulted
in the work of Ref. [ 37]. The confine-
ment factor depends on the concrete
strength, size, position and transverse
reinforcement around the dowels. In
the present study, k.on¢ is considered
to equal 2.4, following the findings of
Ref. [ 1]. In well-confined concrete,
the failure is local and is characterized
by simultaneous yielding of the dowel
and crushing of the surrounding con-
crete; conversely, the failure may be
characterized by spalling of the con-
crete between the dowel and the edge
of the columns and/or beams. '

In order to account for possible fail-
ures due to spalling of the concrete
around the dowel, if the ratio
between the cover and the diameter
of the dowel (D/d,) is between four
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and six, the maximum strength (Fpax)
is reduced according to the factor pro-
posed in Ref. [ 38]:

da
Fspal = ’yspal (025 5 - OS)Fmax (8)

In addition to the previous reference
values, the force at the intermediate
point of the trilinear relation is con-
sidered to be equal to the maximum
force (expression 9), while the
displacement at this point is defined
as the yielding displacement plus a
fraction of the plastic displacement
(expression 10):

Fmed = Fmax (9)

Umax — Uy

(10)

Umed = Uy +
u

In addition to the values defining the
backbone curve, the model considers
five other parameters to account for
the degradation of the dowels result-
ing from large deformation demand
and cyclic degradation. The list of
the adopted values in the definition
of the dowel model is indicated in
Table 4, based on the connection
properties included in the design
project and on the best fit parameters
found for the macro-element used to
represent the beam-to-column con-
nection, which is validated against
experimental tests. '

Static Loads and Seismic Action

For the numerical analyses, constant
vertical loads distributed on beams
are considered to simulate the dead
load of the self-weight of the roof
and PRC eclements, and the corre-
sponding quasi-permanent value of
the live loads, giving a total value of
0.65 kN/m?. The mass of the structure
is also assumed to be distributed at
beam level. The 2D and 3D models
are subjected to incremental dynamic
analysis (IDA). A total of 20 ground
motion records are selected from real
seismic events according to the
method due to Ref. [ 39]. The
ground-motions are divided into 2
groups of 10 records, whose average
spectrum fits the Eurocode 8 target
spectrum for Type 1 and Type 2 for
Lisbon and soil type A, as illustrated
in Fig. 8.

Nr. 4/2022



Connection properties

Es.dowel (MPa) 200,000
Fy.dowel (MPa) 550
Fu.dowel/Fy.dowel 1.2

Fc (MPa) 48

Number dowels, P 2

dp (mm) 24
ap 29.4
Br 0.025
IOtmax P 0.4
ddpx (mm) 150
ddpy (mm) 140
Number dowels, S 2

ds (mm) 20
ag 24.5
Bs 0.030
IOt maxss 0.4
ddg x (mm) 80
dd,y (mm) 150

Numerical model properties

Fy, Fn, Fy, uy, up, uy | Expressions 4-10

Kcont 2.4
Yy 3.5
YSpal 1.1
Yu 6
pinchX 0.5
pinchY 0.5
damagel 0
damage? 0.06
beta 0.01

Table 4: Parameters considered in the
definition of the hysteretic model

Parametric Study

To understand the seismic perform-
ance of the structure, a parametric
study is designed. Initially, a compari-
son is performed between the 2D and
3D models in the X-direction.
After that, the impact of the two differ-
ent earthquake loads is analyzed using
the 3D model. Then, also using the 3D
model, several cases are considered
with the aim of better understanding
the impact that certain parameters
have on the response of the building
being studied. The parameters
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Fig. 8: Elastic spectrum of the ground motions selected: (a) Type 1; (b) Type 2

considered are the height of the
column, the type of connection (diam-
eter of the dowels, neoprene pad and
friction) and the level of axial load.

All the different cases considered are
detailed in 7Table 5. Each case is
named according to the properties
considered in the model; for example,

Properties
Number/Diameter of
dowels (mm)
Height | Axial load X- Y- Neoprene pad

ID (m) (kN) direction | direction | Friction (mm)
PC 12 4774 Pinned connection
DFNC 12 4774 2024 2 920 Yes 20
DC 12 4774 2024 2 020 NC NC
FNC 12 4774 NC NC Yes 20
LDFNC 12 727.4 2 (24 2 #20 Yes 20
LFNC 12 7274 NC NC Yes 20
DFNC6 6 477.4 2 P24 2 @20 Yes 20
D2FNC6 6 477.4 2 @16 2 @16 Yes 20
NC: Not Considered in the model.
Table 5: List of the properties adopted in the different models

Nr. 4/2022
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the case “DFNC” corresponds to a
Dowel, Friction and Neoprene Con-
nection considered in the model. In
the same way, the case “DC” corre-
sponds to a Dowel Connection and
the case “FNC” corresponds to a Fric-
tion and Neoprene Connection con-
sidered in the model. The case
“LDFNC” is the same as case DFNC
but with a higher axial load, the case
“DFNC6” is the same as case DFNC
but with a lower height, and case
“D2FNC6” is the same as case
DFNC6 but with dowels of lower
diameter.

Discussion of the Results

This section discusses the results
obtained for the prototype building
under study considering the different
changes considered in the parametric
study. The results are discussed in
terms of maximum inter-story drift,
seismic coefficient and relative displa-
cement at the connection level
between the column and the beam.
The seismic coefficient is defined by
the ratio of the base shear to the total
weight of the structure. The main aim
of the analysis is to identify the main
properties that influence the seismic
behavior of a precast industrial build-
ing. Previous research on PRC
framed buildings showed a large dis-
persion in the drift values, ranging
from 3% to 8%, ’ highlighting the
current difficulties in the definition of
appropriate limit states for PRC struc-
tures. In the present study, a maximum
drift of 6% is considered for the sake
of comparison between the different
models.

2D assessment of the Earthquake
Type

The aim of the first analysis is to
compare the effect of Type 1 and
Type 2 earthquakes in the 2D models.
Figure 9 presents the results in terms
of maximum drifts and seismic coeffi-
cient. The results show that, for
similar peak ground accelerations
(PGA:s), the drift and seismic coeffi-
cient are higher when the structure is
subjected to earthquakes representa-
tive of the Type 1 spectrum. This
effect is related to the longer duration
and the larger spectral ordinates
associated with Type 1 earthquake
records. As noted in the following sec-
tions, the first frequency of the struc-
ture is 0.66 Hz (T1=1.5s), which
corresponds to  higher spectral
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Fig. 9: 2D model (12 m) with pinned connections for earthquake Types 1 and 2: (a)
maximum drift comparison; (b) seismic coefficient comparison

accelerations for Type 1 earthquakes
when compared with those associated
with Type 2 records. This effect can
be observed in Fig. 8§ where, for the
first mode (T1=1.5s), the elastic
spectra associated with Type 2
(approximately 0.1 g) is significantly
lower than those characteristic of
Type 1 (approximately 0.2 g) spectra.
For this reason, the seismic demand
associated with Type 2 seismic action
is substantially lower for the structure
analyzed. Considering this and from
now on, for the sake of simplicity, the
analyses presented hereinafter con-
sider only the results obtained for
Type 1 earthquakes.

The 2D and 3D Models

The 2D and 3D models with pinned
connections are analyzed to compare
behavior between the 2D and 3D
models in the X-direction and to
compare both directions in the 3D
model. This type of comparison can
show which models should be devel-
oped to study certain aspects of the
structure. In fact, several authors
have already highlighted the impor-
tance of considering a 3D analysis in

precast industrial buildings. > '* This
section presents a comparative analy-
sis of the maximum inter-story drifts
and seismic coefficients of the 2D and
3D models. Figure 10 shows that the
drifts and seismic coefficients are
similar for the X-direction; the main
differences are observed for higher
levels of PGA and for large incursions
into the nonlinear behavior. The main
advantages of considering the 3D
model are related to the study of the
orthogonal direction and the consider-
ation of three components of the
earthquake records, accounting for
directionality effects, eventual plan
irregularities, either present or intro-
duced by the panels, among other
aspects. In particular cases, it can be
considered that a simplified model
(the 2D model) can perhaps be an
acceptable and reliable method to rep-
resent a more complex structure (the
3D model) and to study some aspects
of the complex structure. Similar find-
ings have already been observed by
Beilic et al. ** In Fig. 11, a comparison
between the X- and Y-directions can
be observed and, for the case under
study, for the same PGA, the drift
demand 1is similar, especially for
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Fig. 10: 2D and 3D models (12 m) with pinned connections for Type 1 earthquake: (a)
maximum drift comparison; (b) seismic coefficient comparison
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Drift (%)
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Fig. 11: 3D model (12 m) with pinned connections for Type 1 earthquake in the X- and Y-
directions: (a) maximum drift comparison; (b) seismic coefficient comparison

Height
6 m 12m
Connection Frequency (Hz) Frequency (Hz)
DFNC f; 1.26 f; 0.44
f, 1.85 f, 0.65

Table 6: Frequency comparison between the models with 6 and 12 m and DFNC connection

PGAs lower than 0.5 g. But the differ-
ences in the seismic coefficient
between the two directions are signifi-
cant. Owing to the use of the structural
solution, the capacity of the buildings
is significantly higher in the X-
direction.

Effect of Story Height

The height of the columns of precast
buildings can vary significantly, but
usually range between 6 and 12 m. To
assess the effect of story height, the
12 m column height of the reference
building (DFNC) was reduced to 6 m
in the new model (DFNC6). The first
relevant outcome of this comparison
regards modification of the dynamic
properties of the buildings. As expected,
Table 6 shows that the main natural fre-
quencies of the 6 m high structure are
almost three times higher than the fre-
quencies of the 12 m high structure. By
reducing the height of the building,
there is an increase in stiffness that
leads to higher frequencies of the struc-
ture and possible modifications in the
seismic response as a function of differ-
ent frequency content of ground
motions. ** *!

In addition, the decrease in the
column’s height leads to a reduction
in the column’s horizontal displace-
ment and drift capacity. On the other
hand, the lateral capacity, and hence
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the seismic coefficient, increases sig-
nificantly, as illustrated in Fig. 12.

Concerning the behavior of the con-
nection, it is interesting to note that
the sliding of the connection increases

in the DFNC6 model. This effect
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highlights the need to adjust the con-
nection properties as a function of
the column’s capacity. With a
reduction in the column’s height (and
keeping the connection properties
unchanged) the shear forces on the
column increase, leading to an increase
in the connection force and conse-
quently the lateral deformation. In
other words, in order to exhibit an ade-
quate seismic behavior, the connection
strength should be equal to at least the
column’s maximum horizontal
strength ( Fig. 13).

Contribution of the Connection to
the Global Behavior

One of the main aims of the present
study is to assess the effects of the con-
nection on the global behavior of the
building under study. The changes are
presented in Table 5 and the results
obtained are discussed next. 7Table 7
presents the 1st and 2nd frequencies
of the different 3D structures with
different connections and character-
istics. The 3D models with pinned con-
nections (PCs) and DFNC connections
have the same frequencies. This situ-
ation shows that, for this model, when
analyzing the frequencies, considering
a detailed connection with dowel, neo-
prene and friction is the same as consid-
ering a pinned connection.
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Fig. 12: DFNC6 (6 m) and DFNC (12 m) 3D models for Type 1 earthquake in the X- and Y-
directions: (a) maximum drift in the X-direction; (b) seismic coefficient in the X-direction;
(c) maximum drift in the Y-direction; (d) seismic coefficient in the Y-direction
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Fig. 13: Connection sliding in DFNC6 (6 m) and DFNC (12 m) 3D models: (a) X-direction;

(b) Y-direction

Frequency

Model f1 f2

PC 0.44 0.65
DEFNC 0.44 0.65
DC 0.44 0.65
FNC 0.44 0.48
LDFNC 0.36 0.53
LFNC 0.36 0.38
DFNC6 1.25 1.53
D2FNC6 1.24 1.48

Table 7: Frequency comparison between the
models with different connections and
characteristics

The 3D models with DFNC and DC
connections have the same frequen-
cies, which shows the very low impact
of the neoprene and friction on the
structure’s frequency. On the other
hand, the 3D models with DFNC and
FNC connections have different con-
tributions to the global stiffness of
the structure, which shows that the
dowels may have a significant impact
on structure’s behavior in terms of
strength, as expected, but also on the
global stiffness. Comparing the
DFNC and LDFNC models, where
the only difference between the
models is the higher mass applied in
the LDFNC model, it is possible to
see that the LDFNC model has a
lower frequency. The LFNC model
can be compared with the FNC and
the LDFNC models. In both compari-
sons, the LFNC model is the one with
lower frequencies, which shows, as pre-
viously observed, that an increase in
the mass and a reduction of the
dowels lead to lower frequencies. The
conclusions regarding the comparison
between the DFNC and DFNC6
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models are the same as presented
earlier when discussing the results in

Table 6. Finally, comparing

the

DFNC6 model with the D2FNC6
model, where the only difference is
the lower diameter of the dowels in
the D2FNC6 model, it is possible to
see that the D2FNC6 model presents
a slightly lower frequency when com-
pared with the DFNC6 model, which
shows that a lower diameter of the
dowel leads to a lower frequency of
the structure. This aspect follows the
same idea as the comparison between
the DFNC and FNC models, where
the absence of dowels leads to a

lower frequency of the structure.
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Fig. 15: Connection sliding in the X- and Y-
directions in the DFNC model

DFNC Connection and Pinned
Connection

This section compares the DFNC
model with the PC model to find the
difference between considering a
model with a dowel, friction and neo-
prene connection, and a model with
pinned connections, as usually con-
sidered in common design practice.
Figure 14 presents the drifts and
seismic coefficients for the DFNC
and PC models in both directions.
The differences between the DFNC
and PC models are very low, indicating
that, in cases where the connection is
adequately designed, i.e. the connec-
tion is capacity protected with respect
to the level of forces expected in the
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Fig. 14: 3D model (12 m) with pinned and DFNC connections for Type 1 earthquake in the
X- and Y-directions: (a) drift comparison in the X-direction; (b) seismic coefficient com-
parison in the X-direction; (c) drift comparison in the Y-direction; (d) seismic coefficient

comparison for Y-direction
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adjacent columns, the seismic behavior
of the building can be modeled with
acceptable accuracy using simple
pinned connection models. The obser-
vation that the sliding of the connec-
tion in the X-direction is considerably
higher than that in the Y-direction is
related to the higher shear forces
developed along the X-direction,
which correspond to the columns
stronger direction ( Fig. 15).

Effect of the Neoprene and Friction

This section discusses comparisons of
the drift and seismic coefficient of 3D
models with DC and DFNC connec-
tions, to evaluate the effect of a con-
nection with dowel only with that of
a connection with dowel, friction and
neoprene. For the building under
study, this effect seems not to play a
significant role. Figure 16 shows that
the influence of the friction and neo-
prene is low in terms of the drift and
seismic coefficient of the structure. In
fact, previous studies ' pointed to a
contribution of the friction and neo-
prene of around 25% of the global
connection response. Such values are
not observed in this case because the
columns are significantly more flexible
than connections with dowels, even if
the friction and neoprene are neg-
lected, and therefore the horizontal
response of the building is governed
by the flexibility of the columns.

Effect of the Dowels

This section presents a comparative
analysis of the 3D models with FNC
and DFNC connections. Figure 17
shows a  significant difference
between considering FNC and DFNC
connections, which highlights the
importance of the dowels in the
overall seismic behavior of the struc-
ture. For the same level of PGA, the
columns in the model without dowel
presents a lower drift demand when
compared with the model with
dowels. On the other hand, DFNC
connections have higher seismic coeffi-
cients when compared with the FNC
connections (see Figs. 17b, 17d) due
to the connection sliding that in the
models without dowel are much
higher than those with dowels (
Fig. 18). The previous observations
show that, in the model without
dowel, the deformations are essen-
tially concentrated in the connection.
Assuming a limit for connection
maximum sliding of 350 mm based on
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The results observed are in line with the
damage observed after past seismic
events such as the Emilia earthquake
of 20 and 29 May 2012. In fact, the
damage observed in the connections
occurs essentially in buildings without
dowels. In these cases, the horizontal
strength at the connection level is
ensured essentially by friction and
hence its capacity to sustain horizontal
loads is severely compromised. This
observation highlights the need to con-
sider detailed connections models,
capable of simulate the different
strength mechanisms at the connections,
to conduct reliable seismic assessment of
existing buildings, especially those built
without considering steel dowels.

Influence of the Dowel Diameter

This section compares models having
connections with dowels of different
diameter —the DFNC6 connection
has 2 @24 in the X-direction and 2
@20 in the Y-direction, while the
D2FNC6 connection has 2 @16 in
both principal directions.

Figure 19 shows that the seismic coeffi-
cient remains essentially unchanged
regardless of the diameter of the
dowels considered, indicating that the
connection strength remains higher
than the maximum capacity of the
columns, despite the reduction in the
dowels’ diameter. In terms of drifts, the
results of the DFNC6 model are slightly
larger as a consequence of a reduction in
the connection stiffness of the D2FNC6
model when compared with the DFNC6
model. Despite being limited to the
structural properties admitted in the
case study presented in this paper, the
results obtained indicate that the pres-
ence of dowels, even of small diameter,
substantially increases the connection
strength, avoiding undesired brittle con-
nection failures.

Effect of Vertical Roof Load

This section analyzes the effect of the
vertical roof load in models with
dowels (DFNC) and without dowels
(FNCQC). The vertical roof loads and cor-
responding mass are applied to the
extremities of beams oriented along
the X-direction, introducing modifi-
cations to the frequency of the struc-
ture, the level of axial force in the
columns, and the friction strength at
the beam-column interface. In the
DFNC and FNC models, a load of
4774 kN is applied, while in the
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LDFNC and LFNC models the load
applied is 727.4 kN.

The results obtained show that the con-
sideration of a higher axial load intro-
duces important modifications to the
seismic behavior of the building. A
first and direct consequence concerns
a considerable reduction in the
seismic coefficient due to the incre-
ment in the self-weight of the building.
In addition, modifications to the
dynamic properties of the buildings
(an increase in the fundamental
period of vibration) will naturally
change (generally reduce) the seismic

Structural Engineering International

demand. On the other hand, an
increase in the axial load at the connec-
tion level will result in an increment in
the friction strength, and hence in the
overall connection strength ( Figs. 20,
21). This latter observation is particu-
larly relevant along the Y-direction,
where this increment in strength drasti-
cally reduces sliding of the connection (
Fig. 22).

Conclusions

This paper presents a parametric study
carried out through a series of

Nr. 4/2022

nonlinear dynamic analyses on 2D
and 3D PRC building models aiming
to evaluate the importance of different
sensitivity parameters, namely earth-
quake type, story height, and contri-
bution of the different beam-to-
column connection mechanisms, to
the seismic behavior of precast
reinforced concrete buildings. For this
purpose, the properties of the numeri-
cal model developed are defined to
mimic common industrial buildings
with this typology. For this reason, it
is believed that the discussion of the
results obtained in this study are not
necessarily limited to the case study
considered, and that it is possible to
extract conclusions that are valid for
the generality of this type of building.

PRC buildings are generally flexible
structures when compared with con-
ventional RC buildings. For this
reason, these buildings tend to be
more sensitive to ground motion
from distant epicenters, which tend to
present larger spectral accelerations
for longer periods of vibration (com-
monly designated as seismic action
Type 1, according with ECS8). In
regular buildings, consideration of a
simplified 2D model can be acceptable.
On the other hand, the consideration
of 3D modeling is recommended
when in the presence of plan irregula-
rities such as those introduced by clad-
ding panels.

Connection sliding (i.e. relative defor-
mation between the column and the
beam) may be affected by several par-
ameters, and the first is related to story
height: lower buildings usually lead to
an increase in the shear forces in the
columns and also introduce higher
demands on the connections.

Associated with the previous consider-
ation, it is also observed that buildings
having lower height tend to experience
larger seismic loads, both in terms of
forces and displacements, as a result
of a decrease in their natural period
of vibration and consequent approxi-
mation to the frequency content of
typical ground motions.

Regarding the seismic behavior of
beam-to-column connections, from a
general point of view, the results
show the importance of these elements
to the seismic behavior of the entire
structure. In the presence of ade-
quately designed dowels, small defor-
mations are expected at the
connections level, and therefore the
response of such structures is
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controlled by the properties of the
columns. For these cases, the consider-
ation of a simple pinned connection
appears to be an efficient and accurate
numerical approach.

On the other hand, in the absence of
dowels, or in cases where these are
not properly designed, a concentration
of damage is expected to occur at the
connection level, whilst the columns
remain essentially undeformed, which
is in line with the damage observed in
field observations after recent
earthquakes.

For intermediate cases, i.e. beam-to-
column connections featuring conven-
tional diameter dowels, the explicit
consideration of the connection prop-
erties through a reliable numerical
model is advocated in order to esti-
mate the actual capacity of the connec-
tion, especially in terms of
deformation, in order to avoid local
damage or even the collapse of the
beams.
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