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Abstract The diaphragm action of slab/roof decks ensures the collaboration of different parts of the
lateral load resisting system of a building. In reinforced concrete precast buildings for
industrial/commercial halls, not seldom the deck is not provided with a cast-in-situ topping: this
results into diaphragm action to rely upon the floor mechanical connections alone. In this study, the
effectiveness of three different typical floor-beam connections, namely hot-rolled angle brackets,
cold-formed angle brackets and dowel bars, on the diaphragm action of the deck has been
investigated. To this purpose, simplified macroscopic “behaviour models” have been proposed, based
on the results of monotonic and cyclic tests carried out within the framework of the research project
Safecast (FP7-SME-2007-2; GA 218417/2009). A numerical model of a dry-assembled precast structure
with mechanical floor-to-beam connections has been checked against the results of cyclic and pseudo-
dynamic tests carried out on a full-scale prototype within the framework of the Precast Structures
EC8 project (GA G6RD-CT-2002-70002). Non-linear dynamic analyses have then been performed to
investigate the diaphragm action effectiveness of the three different technological solutions to connect
slab and beams as above considering a seismic action orthogonal to the roof elements. Different
stiffness distributions of the lateral load resisting system have been considered, investigating the
possible bracing effect induced by an integrated connection system of the external cladding panels.
A simplified “design-wise” analytical interpretation of the phenomenon is also formulated and
checked against the numerical results.

Keywords Precast Concrete; Seismic Performance; Roof-to-Beam Connections; Diaphragm
Action; Pseudo-Dynamic Testing; Non-Linear Analysis; Seismic Design.

Highlights
¢ A numerical model is checked against seismic tests on a precast structure
e Simplified macro-models of typical dry roof-beam connections are proposed
e Analyses are carried out on precast structures with various deck connections
o Different stiffness distributions of the LLRS are also considered

e An analytical seismic design method for deck connections and structure is proposed



1 Introduction

The seismic behaviour of precast frame buildings is affected by the diaphragm effectiveness of the
floor/roof decks [01-06]. In partially-precast concrete buildings, for which in-situ concrete casting is
required for completion after assemblage, a structural concrete topping is often present. The deck
provided with structural topping, if the latter is correctly reinforced and detailed, features a large
diaphragm stiffness, and can be assumed as rigid, following the rules of the main structural codes
[07,08]. The seismic behaviour of the decks in partially-precast structures was investigated in [09-
13], mainly with reference to typical multi-storey parking facilities built in the USA. A design
framework for partially precast structures was set in [14-18]. Tailored tests on topping connections
were performed by [19,20] and full-scale prototype testing was performed by [21].

As a matter of fact, in several European countries, dry-assembled precast structures, which are
assembled without any in-situ concrete casting following the concept of the maximum
industrialisation of the precast product, are much more common.

In this type of structures, the diaphragm effectiveness has to rely only upon the mechanical
connections of the floor/roof decks. Not seldom the roof decks are made with spaced elements, to
allow zenith lighting of the buildings, (Figure 1), which, preventing mutual floor-floor connections
to be installed, may also result in jeopardised effectiveness of the diaphragm action.

The seismic behaviour of the decks of dry-assembled precast structures lacks an in-depth
investigation. Preliminary studies on the subject are available in [22-25]. The most typical floor-beam
connections consist of angle brackets for TT elements and dowels for other types of elements, such
as the wing-shaped ones [26,27]. Tests on typical and tailored floor-beam mechanical connections
have been reported in [28] and [29], respectively. Tests on dowel connections are reported in [30-35].
Design rules for these connections were proposed in [36]. The results of cyclic and pseudo-dynamic
tests on full-scale prototypes of precast structures with dry-assembled diaphragms are reported in [37-
44].

In this study, the effectiveness on the diaphragm action of three different typical floor-beam
connections, namely hot-rolled angle brackets, cold-formed angle brackets and dowel bars has been
investigated. To this purpose simplified macroscopic “behaviour models” have been proposed, based
on the results of tests carried out within the framework of the research project Safecast (FP7-SME-
2007-2; GA 218417/2009). A numerical model of a dry-assembled precast structure with mechanical
floor-to-beam connections has been checked against the results of cyclic and pseudo-dynamic tests

carried out on a full-scale prototype within the framework of the Precast Structures EC8 project (GA
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G6RD-CT-2002-70002). Non-linear dynamic analyses have then been performed to investigate the
diaphragm action effectiveness of the three different technological solutions to connect floor and
beams as above. This paper deals with the case of a seismic action orthogonal to the roof elements
only.

The earthquake induced actions on the diaphragm depend on the homogeneity of distribution of mass
and stiffness among the different frames of the structure. A possible in-plane seismic interaction of
the cladding panels with the frame [24,45-48] may lead to a non-uniform distribution of stiffness
among the peripheral and inner frames, inducing higher stress in the diaphragm or causing relevant
deck distortions. This restraint condition and its effects on the diaphragm effectiveness is also

investigated in this paper.

FIGURE 1. Roof of precast dry-assembled industrial building made with spaced wing-shaped
elements with zenith light openings

Three typical mechanical roof-beam connections have been considered in the present work. They are:
(i) hot-rolled angle brackets (Figure 2a), made by cutting thick hot-rolled steel profiles and connected
by post-inserted anchors to the beam and by a threaded bar to the roof element; (ii) cold-formed angle
brackets (Figure 2b), made by bending steel plates at right angle and connected by post-inserted
anchors to the beam and by a threaded bar to the roof element; (iii) dowels (Figure 2c), vertically
protruding from the beam and inserted into a pocket left into the roof element, generally completed

with cast-in-situ mortar.
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FIGURE 2. Typical roof-beam connections: (a) hot-rolled angles, (b) cold-formed angles, (c) dowels

2 Numerical model and comparison with results from full-scale prototype tests

The seismic performance of precast structures with different deck connections and restraint
conditions has been investigated by means of dynamic non-linear analyses with imposed seismic
accelerograms performed on numerical models. The modelling technique shall take into account
various peculiarities of the seismic behaviour of precast frame structures, including the non-linear
behaviour of the columns, the offset position of superposed structural elements, the second order
effects, and the specific behaviour of the connections. The modelling technique has been compared
against the experimental results of cyclic and pseudo-dynamic tests on a full-scale prototype of dry-
assembled precast industrial structure performed at the ELSA laboratory of the Joint Research Centre
of the European Commission, located in Ispra, Italy. This experimental program was carried out in
the framework of the Precast Concrete EC8 research project funded by the European Commission.

The building consists of three parallel portal frames made by columns and beams. The roof elements

are placed orthogonally to the beams, in a number of three for each of the two bays. The structural
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layout of the building is shown in Figure 3a. Geometric details of the structural elements are given in
Figure 3b. A picture of the prototype is also shown in Figure 3c. The six columns have 400x400 mm
square section and a clear height of 5 m. They are reinforced with 8 ®16 bars placed at the corners
and at mid-side, corresponding to 1% of geometrical reinforcement ratio. The three beams, placed on
a single 8 m span nave, have | cross-section and are 65 cm deep.

The six TT roof elements are 50 cm deep and cover the two bays of 8 m each. Two actuators were
connected at the roof level to the reaction wall of the laboratory. Steel load repartition beams were
linked to the actuators and welded to steel plates embedded in all roof elements. Both bare and cladded
frame configurations were tested. Typical mechanical connections used in practice were tested. They
consisted of pocket column-foundation, pinned beam-column, hot-rolled angle brackets roof-beam
and strap/anchor channel vertical panel-beam connections. Further details on the prototype and on
the experimental results are available in [37-39].

Structural analysis software Midas-Gen [50] has been employed for numerical modelling. Each
structural element of the frame has been modelled with beam elements. Beam and roof elements have
been modelled as elastic, since they are not expected to exceed the elastic limit during the earthquake.
A smeared plasticity fibre non-linear model has been attributed to the columns. The Mander model
[51] has been used for both confined and unconfined class C45/55 concrete fibres. The Menegotto
and Pinto model [52] has been used for grade B500H steel fibres.

The real position of the overlapped structural elements has been taken into account with a saddle-
type model (Figure 4). In this model, horizontal rigid links connect the centre of mass of the roof
element to the vertical axis of the centroids of the ribs. The vertical distance between centres of mass
of roof and beam is made up by two connection elements, one per rib, to which linear or non-linear
force-displacement relationships can be attributed in all directions, simulating the behaviour of the
mechanical connections. For the comparison of the numerical model against the experimental results,
an elastic stiffness of 25 KN/mm has been used to model the hot-rolled angle connections placed in
the prototype. Such a value has been derived from the first elastic branch (pre-activation) observed
in the tests described in [28].

The experimental programme was divided into three phases: (i) pseudo-dynamic tests on the bare
frame structure; (ii) pseudo-dynamic tests on the cladded frame structure; (iii) cyclic test on the bare

frame structure.



FIGURE 3. Full-scale prototype of precast building subjected to experimental assessment: (a)
structural layout, (b) structural elements [cm], (c) assembled prototype under testing
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FIGURE 4. Saddle modelling of roof-beam joint

The results of the cyclic test carried out during the experimental phase (iii) on the prototype are
reported in Figure 5, compared with the numerical results obtained by imposing a displacement at
mid-span of the roof elements, consistently with the experimental load apparatus. A remarkable
correspondence of the results is observed, which are also able to correctly describe the progressive
stiffness degradation due to yielding of the reinforcing bars, which results into a low stiffness at the
displacement reversal. As a matter of fact, before a plastic compressive strain is activated that makes
the crack to close and restores the concrete contribution to the cross-section stiffness, only the bars
are acting in compression.

The artificial accelerogram spectrum compatible with that from the EC8 shown in Figure 6a was used

in the experimental campaign to carry out the seismic tests using the pseudo-dynamic technique.
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FIGURE 5. Cyclic behaviour of the prototype: experimental vs numerical results
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FIGURE 6. Seismic input spectrum compatible accelerograms: (a) artificially generated
(accelerogram 1), (b) artificially modified from the natural signal recorded at Tolmezzo (Friuli

earthquake, Italy, 1976 — accelerogram 2)

During the phase (i), the prototype was subjected to the accelerogram (1) scaled at increasing PGAs.
The vibratory response of the prototype is reported in Figure 7 for PGAs of 0.14g, 0.35g and 0.525g,
respectively, with reference to the central frame displacement. The structural behaviour is
characterised by a remarkable flexibility, with maximum experimental displacements of 57, 117 and
159 mm associated to each of the applied accelerograms. The maximum base shear of the central
frame was measured equal to 18, 30 and 33 kN, respectively. The results of the numerical simulations
performed with a damping factor of 5% are overlapped to the experimental in Figure 7. The
comparison of the results of the 0.14g test highlights an underestimation of the maximum
displacement of the numerical model. This should be attributed to the negligible influence of the pre-
cracking stiffer branch in the seismic response of the specimen, which vibrates practically according
to the cracked stiffness only, whilst the numerical model shows a stiffer initial branch associated to
the non-cracked section due to the influence of the axial load. This effect plays a decreasing role with
increasing PGAs. The numerical results of the tests with higher PGAs indicates that the non-linear

dynamic behaviour is matched by the model with good approximation (Figure 7b, 7c¢).
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FIGURE 7. Experimental and numerical top displacement time histories of the central frame of the
prototype under accelerogram scaled at PGA equal to (a) 0.14g, (b) 0.35g, (c) 0.525g for bare frame

structure, (d) 0.14g for cladded frame structure

At the beginning of phase (ii), vertical r/c cladding panels were installed besides the external frames
simply leaning on their foundation and connected to the beams with classical channel profiles placed
in couples (see [53] for details on this connection). The experimental results related to a PGA equal
to 0.14g are reported in Figure 7d. The frame-cladding interaction gave a remarkable stiffening of the
structure due to the bracing effect of the panels as a consequence of the in-plane stress induced from
the panel-beam connection. The effect of the added stiffness is noticeable from the shorter vibration
period and the reduced maximum displacement attained, equal to about 20 mm, corresponding to
about one third of that attained in the same test on the bare frame structure. This also indicates a good
diaphragm behaviour. The experimental curves are compared with the results of the numerical
analyses carried out under the assumption of fixed external frames. A good correspondence of the
results is attained up to about 11 seconds, after which the uplift of the cladding panels rocking over
their base occurred, which could not be caught by the model.



3 Non-linear modelling assumptions for the roof-beam connections

The non-linear mechanical behaviour of the typical roof-beam connections has been calibrated on the
basis of experimental evidence, so to investigate their role in the seismic performance of precast
structures through non-linear dynamic analyses. From the test results described in [28], the
experimental behaviour of post-inserted 10-mm thick hot-rolled angle brackets placed at both sides
of a rib and connected through a bolt may be described with:

(a) a stiff initial phase, up to about 5 kN, where the activation of the kinematics of the connection is
hampered by friction,

(b) a softer linear branch due to the activation and deformation of the connection up to around 12 kN,
(c) a further harder linear branch due to the over-strength of the connection up to its functional limit,
equal to about 70 kN.

The hysteresis during branch (b) is characterised by cycles with large area, while the area within the
cycles decreases when entering the branch (c) due to the influence of the rigid body rotation of the
angle upon unloading, which causes a pinching effect.

The proposed simplified macro-model (Figure 8a) is characterised by an elastic-plastic behaviour
with inflection at 5 kN and a linear hardening branch with an average stiffness with respect to those
of phases (b) and (c), equal to 2.4 kN/mm. A kinematic hardening rule is assigned, which, while
showing a good matching with phase (b), may under-estimate the dissipation of energy for phase (c).
More sophisticated hysteretic laws might better define the behaviour of this connection. However,
reference has been made to common hysteretic laws available in most of the structural software used
by practitioners.

From the results of tests described in detail in [28], the experimental behaviour of 5-mm thick post-
inserted cold-formed angle brackets placed at both sides of a rib and connected by a bolt may be
described with:

(a) a stiff initial phase, up to about 5 kN, where the activation of the kinematics of the connection is
hampered by friction,

(b) a single softer linear branch due to the activation and deformation of the connection under
combined shear, flexure and torsion up to its functional displacement limit, to which corresponds a
load of about 30 kN.

The hysteresis during branch (b) is characterised by yielding of the steel and stable dissipation of

energy with negligible pinching effects.
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The proposed macro-model (Figure 8b) is elastic up to the inflection 5 kN point, followed by a plastic
branch with stiffness equal to 1.1 kN/mm. The kinematic hardening hysteretic model correctly fits
the experimental results.

The hysteretic behaviour of a dowel connection has been calibrated on the basis of the results of the
cyclic test reported in [33] on a 25-mm dowel bar inserted into elements cast with a proper
confinement provided by ®12/50 horizontal hooks and 100 mm of concrete cover. The monotonic
curve is characterised by:

(a) a stiff elastic phase up to the yield load of about 75 kN,

(b) a plateau characterised by yielding of the dowel. The plastic hysteresis is characterised by the
tendency to reach the reverse load point after the elastic unloading branch.

The proposed macro-model (Figure 8c) is elastic-plastic with initial stiffness of 28.9 kN/mm and
constant post-yield load of 75 kN. The Takeda hysteretic model [48] is in good agreement with the

experimental observations.
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FIGURE 8. Proposed cyclic behaviour laws for typical roof-beam connections: (a) hot-rolled angles,

(b) cold-formed angles, (c) dowels
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4 Non-linear dynamic analysis on the test prototype with different connections

The results of the non-linear dynamic analyses on the bare frame model with different roof-to-beam

connections under the accelerogram 2 (Figure 6b) artificially modified from the natural signal

registered at Tolmezzo (Italy-1976) in order to match the EC8 response spectrum are shown in Figure

9 for a PGA of 0.525¢g and in Figure 10 for a PGA of 0.7g. It clearly appears that only dowel

connections are able to guarantee full activation of diaphragm action. On the other hand, when angle

brackets are employed, a distortion of the diaphragm not accompanied with out-of-phase vibration is

evidenced.
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FIGURE 9. Analysis on bare frame with PGA = 0.525¢: vibratory curves with (a) hot rolled angle,

(b) cold formed angle, (c) dowel, and corresponding hysteresis of a couple of (d) hot rolled angle, (e)

cold formed angle, (f) dowel roof-to-beam connections
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FIGURE 10. Analysis on bare frame with PGA = 0.70g: vibratory curves with (a) hot rolled angle,
(b) cold formed angle, (c) dowel, and corresponding hysteresis of a couple of (d) hot rolled angle, (e)

cold formed angle, (f) dowel roof-to-beam connections

In both cases, the maximum relative displacement is attained with the use of cold formed angles,
which are more flexible. It can be noted from the hysteresis cycles of the connections that the angles
were activated and acted in the plastic field, while the dowels remained in the elastic regime. The
maximum load on the connections is comparable among the three solutions. Conversely, the
maximum displacement demand for the connections is limited to about 4 mm for hot rolled angles, 6
mm for cold formed angles and 0.5 mm for dowels, which are all much lower values with respect to
the displacement capacity of the connections. Finally, it can be observed that the hysteresis of the
angles provided a contribution of energy dissipation which, even if modest with respect to the
potential energy dissipation capacity of the columns, scarcely attained in these analyses, allowed to
reduce the overall structural displacement.

The vibratory curves and the connection hysteresis cycles resulting from the analyses with restrained
external frames performed at PGAs equal to 0.14g and 0.525g are reported in Figures 11 and 12,

respectively. In this case, the diaphragm is subjected to higher stress with respect to the bare frame
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case due to the large inhomogeneity of stiffness within the different lateral load resisting frames acting
in parallel. A perfectly rigid diaphragm would lead to null displacement of the central frame, which
is far from being obtained with any of the connections employed.
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FIGURE 11. Analysis on braced frame with PGA = 0.14q: (a) vibratory curves of the central frame
with different deck connections, and hysteresis of a couple of (b) hot rolled angle, (c) cold formed
angle, (d) dowel roof-to-beam connections

It can be observed that the predicted displacement of the central frame in the cases with and without
cladding panels under the accelerogram scaled at 0.525g, is fundamentally the same, with a mere 20%
difference. This indicates a poor collaboration of external and central frames. The deformation of the
connections becomes relevant, up to more than 8 mm, however still far from the capacity of the
angles. Only the use of dowels can bring to a rigid diaphragm behaviour, with a relevant reduction of
the top displacement of the central frame of about 80%. This is due to the effective bracing action
induced by the external frames and transmitted through the diaphragm. In the braced frame case, the
dowels are subjected to a much higher action, which brings them to the yield limit. However, they

barely entered the plastic range of displacement, still offering high deformation capacity.

14



120

100
= 80
‘= 40 A
£ 50 A THIN g A )
3 0 ,.,‘3 SN (NI DGR z
£ 0 APERIT L AW BTV VAV
o | il \ 1
&-60 \ —— Hot-rolled angles
o -80 l ! Cold-formed angles
'1(2)8 v \ - - - Dowels
0123456 7 8 91011121314151617 18 19 20
Time t [sec]
(@)

B — pLgge——, 80““"
= 20 —Connect!on 1 ) gzo A—Connect!on 1 g 60 | —Connect!on 1
= 15 Connection 2 & =15 | Connection 2 = Connection 2 /
v [ A) % [ -] 5 40 /
2 10 A £10 - 2
5 5 J/)‘ ‘»7', T 5 ‘/,6—“”\, & 20
fris i/ S —7 Z A J-M/ Y S
S o A5 8 0 IS e 0
° - < / ]f’l | 777 °
w -5 Y w -5 [ -

o 'z |z -20
S 11 ¢7 S { L = <
o -10 \[r” ©-10 > K] /
© d © 1, © -40
B -15 -8-15 ]
S-20 9-20 S-60
-25 -25 80
-10-8 6 -4-20 2 46 81 -10-8 6 -4 -2 0 2 4 6 8 1 108 6 -4 -2 0 2 4 6 8 1
Displacement along roof axis 6 [mm] Displacement along roof axis & [mm] Displacement along roof axis & [mm]
(b) (©) (d)

FIGURE 12. Analysis on braced frame with PGA = 0.525¢: (a) vibratory curves of the central frame
with different deck connections, and hysteresis of a couple of (b) hot rolled angle, (c) cold formed

angle, (d) dowel roof-to-beam connections

5 Non-linear dynamic analysis on a typical precast industrial building

Additional analyses were performed on a precast structure more representative of the existing
prefabricated building stock, since the test prototype was kept with limited dimensions due to
laboratory constraints. The building completely described and analysed in [54] in a seismic design
example where the ULS PGA was taken equal to 0.22g, was selected as a case study. The geometry
of the building is shown in Figure 13a, and its elements are shown in Figure 13b. It is a regular
building with rectangular plan of 50.15 by 41.75 m and 7.7 m of height. The columns have square
section with 650 mm of side reinforced with 20 ®20 rebars, corresponding to 1.49% of geometrical
ratio. The transverse reinforcement consists of ®10 stirrups spaced at 100 mm in the critical zone and
200 mm elsewhere. The roof is made with | beams spanning 10 m over 5 bays and with TT roof

elements spanning 20.55 m over 2 bays. The concrete class is C45/55 and the steel grade is B450C.
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FIGURE 13. Industrial precast building: (a) structural layout, (b) structural elements [cm]

The results of the non-linear dynamic analyses on the bare frame model with different roof-to-beam
connections are shown in Figures 14-15; the modified Tolmezzo accelerogram (Figure 6b) scaled at
a PGA equal to 0.14g and at the ULS PGA of 0.22g has been employed. The diaphragm action is
poor for all the considered connections. While out-of-phase vibration is reported when angle
connections are employed. This tendency is less pronounced when dowels are employed. All the
considered connections were subjected to a comparable displacement, to which higher load
corresponds when dowels are employed. It can be noted from the hysteresis cycles of the connections
that the angles were fully engaged in the plastic field, whereas the dowels did not overcome the elastic
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FIGURE 15. Analysis on bare frame with PGA = 0.22g: vibratory curves with (a) hot rolled angle,
(b) cold formed angle, (c) dowel, and corresponding hysteresis of a couple of (d) hot rolled angle, (e)

cold formed angle, (f) dowel roof-to-beam connections

The seismic performance of the externally braced industrial building, shown in Figure 16 under the
accelerogram scaled at the ULS PGA of 0.22g, confirms that the maximum displacements of the
structure and of the connections do not vary significantly with the type of roof-to-beam connection.
However, to similar displacements corresponds higher stress for the dowels, even if still lower than
the yielding limit. The diaphragm action is poor in all cases, since the central frame vibrates
practically independently from the external ones, as it can be seen by comparing the vibratory curves
of the bare frame and braced frame configurations.
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FIGURE 16. Analysis on braced frame with PGA = 0.22g: (a) vibratory curves of the central frame

with different deck connections, and hysteresis of a couple of (b) hot rolled angle, (c) cold formed

angle, (d) dowel roof-to-beam connections

6 Analytical interpretation

An analytical model has been formulated with the aim to interpret the numerical results. This model
might provide a simplified tool for the seismic proportioning of precast structures with non-rigid
diaphragm and for the evaluation of the efficiency of the diaphragm and of the forces acting in the
connections. The model is based on the definition of elastic springs: translation springs model the
stiffness of the different frames of the lateral load resisting system, whereas rotation springs model
the stiffness of the beam-to-column connections, based on the degree of restraint provided by two
connections as spaced by the rib distance. The degrees of freedom of the model, which considers the
floor/roof members as rigid bodies, are illustrated in Figure 17a. The translation and rotation springs
are schematically represented in Figure 17b. If the conditions of structural regularity are fulfilled, as
is typically required for the use of equivalent static force method for seismic design, the load indicated

in Figure 17b can be used for the evaluation of the masses associated to the displacement degrees of

19



freedom of the different frames. Distributed loads are associated to the distributed mass of added dead
and live loads summed to the self-weight of floor/roof elements and the point loads are associated to
the self-weight of the frames and eventually of the cladding panel row. It is worth remarking that the
uniformly distributed load is truly representing the inertia forces only in the case of equal
displacements of the frames (or rigid diaphragm). In this simplified model, it has been kept uniformly
distributed also in the case of non-rigid diaphragm.

The stiffness ki of each translation spring is defined as the sum of the displacement stiffness ki; of
each individual column j on the i-th frame, as per Equation 01, where the formula is specified for
cantilever-type columns having flexural stiffness Elij and clear height Hj. Due to the intrinsic
deformability of the cantilever-type static scheme, the second order correction factor g;j is also
introduced, as specified in Equation 01.

ke = ki =3 EIU _ EIU aij3Hl'j3 01
VAP 13T L Bana Hy, — agHy (01)
j j Hij j Hij ijfij — QijHij

where aij = V(Nij/Eljj), being Njj the axial load of the column j of the i-th frame. The flexural stiffness

Elp of each equivalent beam on the p-th bay is calculated as the sum of the individual flexural stiffness
of each of the k-th roof element, as per Equation 02.

El, = zkmpk (02)
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FIGURE 17. Simplified mechanical model: (a) degrees of freedom, (b) stiffness and mass

distribution, (c) kinematics of the edge of a floor/roof element
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The rotation stiffness u, of each of the z-th rotational springs placed at the ends of the beams is
calculated as the sum of the individual rotation stiffness of each of the k-th roof element, as per
Equation 03, where Fconn is the force on the connection, keonn the translation stiffness, ¢ the
displacement of the floor-to-beam connection in the direction parallel to the floor axis and d is the

distance between the two connections on the same element (Figure 17c).

Z Z d z
Uzk = conn L Zk kconn zk (03)
k (pzk 2

After the solution of the problem, the dlstortlon of the diaphragm can be evaluated, and an assessment

of its rigidity can be performed. According to Eurocode 8 [07], a diaphragm is considered as effective
if the displacements of its different parts differ by less than 10%. With reference to the building shown
in Figure 18, this rule can be expressed as per Equation 04.

09<2<11

U (04)

This limitation is absolute and does not consider the effective length of the bays, leading to a difficult
application to traditional precast structures, as it will be shown further on. Moreover, it does not
consider the situation of a perfect bracing system inserted in one frame of the structure. For example,
if considering the external frame of Figure 18 as perfectly braced, the ratio of Equation 04 diverges
to infinite and it cannot fulfil the required condition even assuming a very large diaphragm stiffness.
An alternative proposal is to consider the relative distortion of each bay, and to limit it to a threshold
value (Equation 05), similarly to what is done when checking the deflection of a beam under gravity

load for serviceability limit state.

L
An =1Im =m0 =255 % 555 (05)
>
| ] u »
L
|
u ] n y
L
L ] . .
&)

FIGURE 18. Definition of the quantities to be checked
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The results of the simplified static equivalent analytical procedure applied to all cases considered in
the non-linear dynamic analysis carried out on the above-described test prototype and industrial
building are reported in Table 1 and in Table 2, respectively. The results are compared with those
obtained from the numerical analyses. The different connections have been modelled elastically,
considering the elastic stiffness for the dowels and the post-activation stiffness for the angles. The
force on the angles resulting from the procedure by multiplying the expected displacement by the
stiffness has been increased by the activation load threshold, considered equal to 5 kN (Equation 06).
The stiffness values used are calibrated on the basis of the experimental values as described above in

the simplified macro-models of the different connections.

k ) for dowels
chnn _ { conn conn (06)

~ kconn * Sconn + SkN for angles
The final force on the connections shall include the share perpendicular to the roof element axis,
which is associated to the mass of the single element. The forces can usually be combined with a
vectoral sum.
In terms of definition of rigid diaphragm, it can be noted that none of the cases considered, even at
low PGA, is below the limit of 10% of displacement ratio #2/41. The proposed evaluation criterion
leads to more reasonable indications about the effectiveness of the diaphragm effect. For the test
prototype, where the span of the roof elements is relatively short (8 m), the use of angle connections
did not provide a strong diaphragm action in any of the cases investigated. In this case, the use of
dowels brings to a much better performance of the diaphragm.

TABLE 1. Results of the simplified static analytical procedure compared with the numerical model
(FEM): test prototype

i | =
Connection  Structural (gl N;,=Ns [m] n, [m] n/n Animl Uty Feonnyy [kN] Smax [Mm]
type arrangement Analytical FEM  Analytical FEM Analytical FEM  Analytical FEM
Bare frame 0.525 0.063 0.106 0.110 0.144 1.75 0.048 12.90 13.90 3.36 3.97
Hot rolled 0.7 0.083 0.119 0.147 0.176 1.77 0.064 15.54 15.96 4.49 4.88
angles 0.14 0.000 0.000 0.030 0.023 o 0.030 266 9.91 8.27 2.08 1.66
Braced frame
0.525 0.000 0.000 0.112 0.112 [ 0.112 23.40 22.12 7.80 8.11
Bare frame 0.525 0.061 0.097 0.114 0.137 1.87 0.053 8.92 10.29 3.76 5.67
Cold formed 0.7 0.081 0.137 0.152 0.221 1.88 0.071 10.23 13.72 5.01 9.18
angles 0.14 0.000 0.000 0.032 0.014 oo 0.032 250 7.36 5.71 2.25 0.87
Braced frame
0.525 0.000 0.000 0.121 0.113 oo 0.120 13.83 13.36 8.44 8.27
Bare frame 0.525 0.073 0.190 0.089 0.196 1.22 0.015 31.08 17.22 1.10 0.59
Dowels 0.7 0.098 0.231 0.118 0.236 1.2 0.021 380 41.44 16.78 1.46 0.58
0.14 0.000 0.000 0.012 0.011 oo 0.012 23.93 22.60 0.83 0.79
Braced frame
0.525 0.000 0.000 0.045 0.036 oo 0.045 89.72 72.13 3.12 2.57
l Poor diaphragm action Good diaphragm action l Strong diaphragm action
L/An < 250 250 < L/An < 500 L/An > 500
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TABLE 2. Results of the simplified static analytical procedure compared with the numerical model
(FEM): industrial building

i | =
Connection  Structural gl n;,=Ns [m] n, [m] n/n Animl Uy Feonnyy [kN] Smax [mm]

type arrangement Analytical FEM  Analytical FEM Analytical FEM  Analytical FEM
0.14 0.024 0.024 0.034 0.030 1.42 0.010 5.70 7.00 0.37 0.74

Hot rolled Bare frame
angles 0.22 0.038 0.039 0.053 0.046 1.39 0.015 6.10 8.14 0.58 1.40
Braced frame 0.22 0.000 0.000 0.081 0.042 o 0.081 253 10.79 8.53 2.62 1.69
0.14 0.024 0.025 0.034 0.031 1.41 0.010 5.31 5.78 0.37 0.96

Cold formed  Bare frame
angles 0.22 0.038 0.039 0.053 0.047 1.39 0.015 5.49 6.72 0.58 1.45
Braced frame 0.22 0.000 0.000 0.082 0.044 oo 0.082 250 7.59 6.62 2.64 1.74
Bare frame 0.14 0.025 0.021 0.033 0.034 132 0.008 6.88 27.84 0.31 0.94
Dowels 0.22 0.039 0.032 0.051 0.058 131 0.012 10.81 40.40 0.48 141
Braced frame 0.22 0.000 0.000 0.070 0.046 oo 0.070 293 60.93 44,91 2.25 1.50

l Poor diaphragm action Good diaphragm action l Strong diaphragm action
L/An < 250 250 < L/An <500 L/An > 500

Conversely, for the industrial building, where the span length of the roof elements is 20.55 m, the use
of both angle or dowel connections provides a strong diaphragm action in all the investigated cases
with bare frame structures and a good diaphragm action in the cases with braced frame structures.
However, the use of dowels brings to a better performance of the diaphragm.

It is worth remarking that the effectiveness of the diaphragm decreases with increasing PGAs in both
cases.

It can be furthermore noted that in some cases the estimation of the force acting on the connections
provides a poor matching with the numerical results and a relevant underestimation when dowels are
employed in the industrial building. This happens when the dynamic behaviour of the structure is
affected by higher modes associated to the vibration of the deck. In particular, a clear example is
given in Figure 14c, where it can be noted that in between 5 and 6 seconds of motion, the different
frames behave in counter-phase. This induces additional distortions in the deck which shall be taken
into account for the determination of the force acting on the connections. For all these cases where
higher modes of the deck affect the seismic response, the model can be adapted to be solved with
modal analysis.

Table 3 shows the results of the application of modal analysis to those cases in which the estimation
of the force on the connection was poor, all related to the industrial building only. The estimation of
the force carried out by using the rule of the Square Root of the Sum of the Squares (SRSS) is proved

to be much more reliable.
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TABLE 3. Results of the simplified modal analytical procedure compared with the numerical model

(FEM): industrial building

Connection Structural =
i uctu GA[g] n_l ns [m] .ﬂz [m] n/n oniml Loy Ffonn//[kN] élmax[mm]
type arrangement Analytical FEM  Analytical FEM Analytical FEM  Analytical FEM
Hot rolled Bare frame 0.14 0.019 0.024 0.033 0.030 1.74 0.014 7.68 7.00 0.43 0.74
angles 0.22 0.029 0.039 0.052 0.046 1.79 0.023 9.22 8.14 0.70 1.40
Cold formed Bare frame 0.14 0.019 0.025 0.033 0.031 1.74 0.014 6.19 5.78 0.43 0.96
angles 0.22 0.029 0.039 0.052 0.047 1.79 0.023 6.87 6.72 0.70 1.45
0.14 0.015 0.021 0.033 0.034 2.20 0.018 23.09 27.84 0.55 0.94
Dowels Bare frame
0.22 0.020 0.032 0.052 0.058 2.60 0.032 33.08 40.40 0.97 1.41
l Poor diaphragm action Good diaphragm action l Strong diaphragm action
L/An <250 250<L/An <500 L/An > 500

7 Parametric analysis

The simplified method illustrated in the previous section has been used to perform a parametric
analysis on the industrial building, which is more representative of the existing building stock, to
investigate the role of the following parameters on the effectiveness of the diaphragm: (a) translation
stiffness of floor-to-beam connections, (b) out-of-plane flexural stiffness of floor/roof elements, (c)
uniformity, defined as the ratio of the natural vibration modes T1 and T associated to the external and
internal frames, respectively, and (d) PGA.

Figure 19 shows the influence of the stiffness of the connection keonn 0N the seismic performance of
the bare frame structure. The range of order of magnitude of kconn fOr the connections investigated in
the present paper (1-30 kN/mm) falls well before the asymptotic values of the curves, which indicate
a perfect diaphragm action.

The diagrams concerning the influence of the out-of-plane stiffness El of the roof elements on the
seismic performance of the bare frame are shown in Figure 20. The straight lines obtained for angle
bracket connections indicate that this parameter does not influence at all the seismic performance of
the building. Only in the case of dowel connections, the curves tend to bend for low values of stiffness
(the stiffness of the TT elements investigated in the present papers is of the order of magnitude of

10 Nm?), but still the influence is very limited.
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The dynamic uniformity of the frames is a main parameter for the determination of the performance
of the diaphragm. As shown in Figure 21, for ratios between the fundamental periods of central and
external frames other than one, the drift ratio function forms a cusp. The stiffer the connection, the
wider is the cusp.

The level of PGA results into practically negligible differences among the curves. It can be noticed
that the 10% requirement would be fulfilled only for very small variations of the period ratio. A much

wider range of fulfilment is found when looking at the differential drift of the frames, with functions
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forming a cusp for values lower than one and asymptotic curves for values higher than one. The level

of PGA determines a remarkable pinching of the curves, and a stricter fulfilment of the limitations.

Concerning the displacement demand on the connection, it can be seen from the diagrams of Figure

22 that they depend almost linearly on the level of excitation, with steep curves for angles and much

softer curves for dowels. In all the cases considered in the present paper, the demand of displacement

in the direction of the roof axis was kept much lower than their capacity, which could be set to a

functional limit of about 25 mm for both angles and dowels.
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8 Conclusions

In this paper, the diaphragm effect of precast dry-assembled buildings under seismic action in the
direction orthogonal to the roof elements has been investigated. Simplified load-displacement macro-
models for the structural behaviour of hot-rolled angle brackets, cold-formed angle brackets and
dowel roof-to-beam connections in the direction of the roof elements are proposed based on
experimental evidence.

Dynamic non-linear analyses have been carried out on a finite element model whose validity and
limits have been shown through the comparison against the results of a full-scale prototype of dry-
assembled precast industrial buildings tested within the framework of the Precast Structures EC8
research project. The results of analyses carried out on the test prototype buildings with different roof-
to-beam connections have shown that steel angle connections do not provide enough stiffness to the
roof deck so to allow it to be considered as a rigid diaphragm. Dowel connections, which are provided
with a higher stiffness, made effectively collaborate the different frames acting in parallel. These
results have also been confirmed by the analyses carried out on the prototype supposed perfectly
braced at the external frames, for instance by an integrated connection system of the cladding panels.
When angle connections are employed, the central frame practically vibrates independently from the
external ones. Conversely, a remarkable reduction of the maximum drift occurred with the use of
dowels. However, this behaviour has not been confirmed when analysing an industrial structure with
spans of the roof elements of about 20 m, about three times longer than the test prototype ones, which
better reflects the existing precast building stock. For this structure, none of the considered
connections provides a rigid diaphragm behaviour.

It is to be pointed out that a non-rigid diaphragm behaviour does not automatically mean a bad seismic
performance of the structure, as shown by the experimentation and the analyses. However, this shall
be taken into account in the design by properly modelling the deck and its connections.

A simplified analytical procedure for the seismic design of precast structures with non-rigid
diaphragms has been proposed and checked against the numerical results. The comparison with the
numerical results shows that the application of the procedure with equivalent static actions catches
the order of magnitude of the displacements of structure and connections, and the relative actions,
given that the deck vibrates predominantly according to the first mode only. When this condition is
not fulfilled, the equivalent force method provides wrong estimations of the displacement demand at
the connection level, which are more accurately caught through modal dynamic analysis and are

enlarged due to out-of-phase distortions of the deck.
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A parametric analysis performed with the analytical procedure highlighted that the level of PGA and
the stiffness of the roof-to-beam connections play an important role on the diaphragm effectiveness.
Conversely, the out-of-plane stiffness of the roof elements plays a negligible role, given that multiple
ribbed elements are used. Even in the cases where the diaphragm action was effective, it could have
not been considered rigid according to the rule of Eurocode 8 prescribing a differential displacement
lower than 10%, which proves to be too strict for precast buildings with usual large spans. A different
approach based on the limitation of the differential drift has been proposed.

It has finally to be pointed out that a poor diaphragm effectiveness of the dry-assembled precast deck
did not correspond in any of the analysed cases to a bad seismic performance of the deck, since the
displacement demand of the roof-to-beam connections has been in all cases much lower than their
capacity.
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