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ABSTRACT: Even though a large amount of precast concrete panels are produced every year in Europe,
there is a lack of studies on the seismic behaviour of connection systems. In order to understand the interac-
tion between the concrete panels and the structure, a numerical and experimental study on a connection sys-
tem subjected to seismic action has been faced. Non-linear finite element analyses of a concrete panel portion
connected to a concrete column by a steel system have been conducted with FE program DIANA. The non
linear behaviour of the materials and of the contact surface between the panel and the support system are con-
sidered. Experimental tests have been carried out on prototype specimens representing a column portion
linked by the connection system to a precast panel portion. The specimens have been subjected to cyclic hori-
zontal displacement histories by imposed transverse displacement. The tests are an effective tool to validate
the numerical results and to define an accurate force-displacement constitutive law of the connection.

1 INTRODUCTION

Precast concrete panels are often used for the fa-
cades of modern warehouses and commercial
malls.

In Italy, the precast concrete structures are gen-
erally designed neglecting the interaction between
the structure and the cladding panels. These ele-
ments are hung to the columns or the beams and
are considered to be mass, contributing only to the
dynamic properties of the structural skeleton of the
building, having no influence on the lateral stiff-
ness. The connection systems of the cladding pan-
els should be designed in order to provide the dis-
placement  demand  during  serviceability
earthquake without any damage occurring in the
panel and in the structure. At the same time, they
should be designed also to transmit forces to the
structure due to ultimate limit state earthquakes
(Eurocode 8, 2003). Furthermore, this assumption,
which neglects the structural behaviour of the ex-
ternal cladding, is presumed to be conservative in
the design of seismic resistant concrete frames.
Linear static and linear dynamic analyses of rein-
forced concrete frames have shown a reduction of
the lateral drift and a change in the natural fre-
quency and member force distribution, by consid-
ering external precast concrete wall claddings as
opposed to the bare frame (Henry and Roll, 1986).
These numerical results indicate that neglecting the

structural role of the external concrete walls might
not be conservative.

Although several works have been focused on
the seismic behaviour of RC frames with masonry
infills (Biondi et al., 2000; Mchrabi et al., 1996;
Mehrabi and Shing, 1997) or moment resisting
steel frames (De Matteis, 2005; Dogan et al., 2004;
Pinelli et al., 1995), the dynamic and non linear
behaviour of pre-cast structures under seismic ac-
tions, with pre-fabricated RC panels used as cur-
tain walls, is still not well known due to the lack of
studies on the interaction of the RC frame and the
external pre-cast concrete panels. This aspect has
been widely studied for moment resisting steel
frames: a recent study (De Matteis, 2005) proves,
by non-linear dynamic time-history analyses, that
light sandwich panels bolted to edge members of
the frame can improve the lateral stiffness of the
structure, allowing a remarkable reduction in size
of the MR steel bare frame. The hysteretic behav-
iour of the panels has been experimentally studied
and has been taken into account in the numerical
analyses. In (Pinelli et al., 1995) an advanced con-
nection between architectural cladding panels and
steel frames has been designed in order to dissipate
energy in the engineered connection elements
(Figure 1). The experimental behaviour of the con-
nection is described in (Pinelli et al., 1996). The
connection behaves like a passive dissipater, which
provides lateral stiffness to the main steel structure
because of the bracing effects of the cladding pan-



els. This way, the cladding walls are not only mass
hung to the structure, but, at the same time, by pro-
viding a bracing action to the frame, they change
the fundamental frequency of the building, in com-
parison with the bare resisting frame. The numeri-
cal results shown in (Pinelli et al., 1995) point out
that the effectiveness of the cladding connection in
the reduction of lateral displacements depends sig-
nificantly on the ratio of the modified fundamental
frequency of the structure and the critical fre-
quency of the earthquake. The combination of the
advanced cladding connections with a base isolator
system should be more effective in high-rise steel
frames. Some preliminary numerical studies show
that this hybrid passive energy dissipation system
provides a reduction of the base shear, earthquake
input energy, and ductility demand in frame mem-
bers (Dogan et al., 2004).

In precast concrete industrial buildings, the con-
crete cladding panels are often fixed to the struc-
ture by means of two support connections at the
bottom, carrying the gravity loads, and two tie-
back connections at the top of the panels, avoiding
the out of plane movement of the panel (Figure 2).
The four panel connections are designed to carry
the same amount of the horizontal (parallel or
normal to the panel) loads due to wind or earth-
quake. The cladding panels can be placed outside
the structure, thus hiding it (case (a) in Figure 2),
with the support system statically loaded in a plane
perpendicular to the panel, or between the columns
with the connection system, loaded in the plane of
the facade, placed on the lateral edges of the panel
(case (b) in Figure 2).

As previously mentioned, one of the problems
related to precast RC panels, is that the behaviour
of the supporting systems under earthquake actions
is not well known, both with respect to their
strength and ductility.

This paper aims at presenting finite element
analyses (FEA) and the results of a wide experi-
mental program of a particular steel support system
connecting pre-cast concrete panels to concrete
structures. This support system, called MT, has
been designed and used since the ‘90s to carry only
the concrete panel weight.

The numerical and experimental results pre-
sented in this paper provide a useful indications on
the local behaviour of connection system loaded by
a horizontal action and on diffusion phenomena in
the concrete which cause the damage in the con-
nected members. Furthermore the results can de-
fine an accurate force-displacement constitutive
law of the connection, which should be an effec-
tive tool to study the seismic response of precast
RC buildings.
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Figure 1. Ductile advanced cladding connection (Pinelli et
al., 1995).
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Figure 2. Typical arrangement of connections for precast
concrete panels.

2 THE CONNECTION SYSTEM

As shown in Figure 3, the MT support system is
composed of three main components: the anchor
steel plate with welded inserts embedded in the
column (1); the anchor steel distributing plate (2),
built in the precast panel; the steel bracket support-
ing the panel (3); a leveling bolt to adjust the verti-
cal position of the panel during installation (4);
two bolts transferring the dead load of the panel to
the column (5). Figure 4 shows a typical applica-
tion of the support connection system. Figure 5
shows the tie-back system, which is composed of
an anchor channel built in the column (6) and a
steel bracket embedded in the panel (7). Further-
more, the head of the levelling bolt and the distrib-
uting plate, built in the precast panel, are character-
ised by a saw-toothed surface in order to improve
the friction between the bolt and the distributing
plate.

Figure 3. Components of the support system: exploded view.
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Figure 5. The tie-back connection.

3 NUMERICAL ANALYSIS

3.1 FE model

A three dimensional Finite Element (FE) model of
the MT6 support system has been carried out by
adopting 8-node tetrahedral elements. Over 12,000
elements have been used, with a dimension vary-
ing from 5Smm to 50mm away from the diffusion
zone (Figure 6). The restraints and the geometry of
the model are shown in Figure 7: the panel re-
straints avoid out of plane movements, while the
column is assumed to be fixed. The column is
loaded by a vertical pressure equal to 8 MPa, in
order to simulate the load of the roof of a typical
one storey industrial precast building. A weight of
120 kN has been assigned to the panel, which is
carried by two support systems. A horizontal dis-
placement parallel (Y axis in Fig. 2) or normal (X
axis in Fig. 2) to the building fagade has been ap-
plied to the precast panel in order to evaluate the
behaviour of the system loaded by seismic actions.
All the details of the FE model can be find in the
work of Metelli and Riva (2006).

The non linear analyses have been carried out
with the FE program DIANA V.9.1. The non linear
behaviour of the materials and of the contact sur-
face between the panel and the support system
have been considered. A rotating smeared crack
approach has been used to model the concrete

cracking zone around the anchors of the support
system.
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Figure 6. FE model of the assembled components of the sup-
port system.

Figure 7. FE model: restraints and dimensions.

The friction between the levelling bolt head and
the distributing plate has been modelled by linking
the symmetrical nodes of the two elements with
two springs parallel to the contact surface (x and y
directions in Figure 8), thus allowing the support
system to carry the horizontal loads. A no tension
gap element allowed the vertical load to be trans-
ferred from the panel to the column. As shown in
Figure 8, the stiffness & of the longitudinal spring
depends on the geometrical characteristic of the
toothed surfaces and has been calculated consider-
ing the force Fycausing the panel to slide along the
toothed surface. Considering a slip metal to metal
friction coefficient x equal to 0.3 and the equilib-
rium along the tooth face, it is possible to define an
equivalent interlocking coefficient &between the
distributing plate and the levelling bolt (Fig. 8):

F,cosa=u Ncosa + Nsina (1)

F,=(u+tana)N=¢N (2)

This way, by assuming a tooth angle a equal to
63°, the horizontal force F;causing the panel slip is
2.3 times the vertical load N carried by the support
system. Hence, the stiffness k& of the longitudinal
springs is given by equation (3):

p=Ne L (3)

n 6,



where n=number of the linked nodes on the head
of the bolt; & ; =conventional slip of 0.1 mm cor-
responding to a longitudinal force equal to 2.3N
(slip onset).

element
A= Ny

bolt
head

Figure 8. FE modeling of the friction between the distribut-
ing plate and the head of the leveling bolt.

A C35/45 concrete has been assumed with the
compressive stress—strain relationship provided by
EC2 (Eurocode 2, 2004). In tension, a linear cohe-
sive crack model has been assumed with a tensile
strength f; equal to 3.2 MPa and a fracture energy
Gy equal to 0.15 N/mm. The behaviour of the con-
crete far from the connection system has been as-
sumed as linear elastic. For the steel components
of the system, an elasto-plastic with linear harden-
ing constitutive model and a Von Mises yield crite-
rion has been assumed. The material properties are
summarised in Table 1.

Table 1. Mechanical properties of the materials.

Concrete  f. E. v Gy fi &l Eeu
[MPa] [GPa] [N/mm] [MPa]  [%]  [%]
35 35 0.2 0.15 32 022 034
Steel E; v 5 fu Eau
[GPa] [MPa] [MPa]  [%]
Bolts 210 0.3 640 800 11
Bracketsand 515 53 350 520 29
plates
Anchors 210 0.3 500 500 12

E: modulus of elasticity; v. Poisson’s ratio; f.: compressive strength; f;: tensile
strength; &.;: strain at the peak compressive stress; Gy fracture energy; &.,: ulti-

mate strain; &,: ultimate plastic strain; f;: yield strength; £;: ultimate strength.

3.2 Numerical Results

As previously mentioned, the analyses have been
conducted considering the case of the cladding
panel external to the structure (case (a) in Fig. 2),
applying a horizontal displacement to the panel
along the Y axis (;, parallel to the panel) or X axis
(6y, normal to the panel). For each displacement di-
rection, three analyses have been carried out by as-
suming a vertical load N in the panel equal to

100%, 66% and 33% of the panel weight in order
to simulate a vertical component of the seismic ac-
tion. The numerical results with normal displace-
ment o, are representative also of the case with the
cladding panel placed between the two columns
(case (b) in Figure 2), being the imposed displace-
ment parallel to the bracket and to the anchors em-
bedded in the column.

The main results of the numerical analyses are
summarized in Table 2 and Table 3, where the
failure load F),, or F\,, the lateral displacement J,,,
or J., at failure, and the tangent stiffness 4, or k.
are shown for six loading configurations. The load-
displacement curve is illustrated in Figure 9 for a
vertical load equal to 60 kN and a longitudinal dis-
placement J,. In order to evaluate the contribution
of each component to the lateral deformation of the
support system, the lateral absolute displacement
of four points has been plotted: the displacement
imposed to the panel (0;), the bolt head (o;) and
the bracket (03 and oy). The results of all other
studied cases are discussed and reported in details
by the work of Metelli and Riva (2006). Based on
the results, the following main observations may
be made:

- the value of the vertical load N governs the fail-
ure and the resistance of the support system due to
the friction provided by the interlocking of the bolt
head and the distributing plate: for longitudinal
displacement with a vertical load reduced to the
33% of the panel weight (Table 2 — case ay3) or
for normal displacement with a vertical load re-
duced to the 66% of the panel weight (Table 2 —
case ax2 and ax3) the failure of the system is due
to the panel slip. In all other cases, the failure is
due to the bolt yield;

- the support system loaded in the direction nor-
mal to the panel shows a better performance than
the one loaded in the longitudinal direction, both in
term of resistance and stiffness. The resistance of
the system varies from 46.0 kN for case ay3 to
95.1 kN for case axl, while the stiffness varies
from 27.5 kN/mm to 51.2 kN/mm;

- by representing the experimental results of each
analysis by means of a bilinear curve, it is possible
to define a ductility factor g as the ratio between
the ultimate lateral displacement &,.,, or J,,, and the

yield displacement &, or 6,

1) J,
x,u or q= o (4)
o o

X,y .y

q:

The ductility factor g varies from 1.45 in case ax2
to 13.5 in case ayl. The support system loaded in
the longitudinal direction shows a good ductility
due to the low torsional resistance of the bracket.
The main lateral deformation o of the system in the



case of the support system loaded in the longitudi-
nal direction is caused by the bracket torsion,
which accounts for approximately 50% of the total
imposed displacement &, while in the case of the
support system loaded along the normal direction it
is mostly due to the bolt deformation, accounting
for 63.8% to 80.3% of the total imposed displace-
ment J.

- The damage of the concrete is limited to the
zone around the anchors as shown by the crack
pattern of the column at failure: the average crack
width around the anchors is approximately equal to
0.30 mm.

Table 2. Numerical results with an applied displacement in
the plane of the panel (Y axis).

Panel Bolt Bracket Column
C N F,, o k Fail
ase yu Opu 0 5.5 66 66, s ailure
MT6 [kN] [kN] [mm] [kKN/mm] [mm] [mm] [mm] [mm]

010 520 1294 775 Bolt
ayl 60 50.726.0 27.5 (4o, 209 498% 298%  yield
ay2 40 50.726.0 27.5

0.10 520 1294 775  Bolt
ay3 20 46.07.00 25.5

0.4% 20% 49.8% 29.8% yield
0.81 1.19 324 1.75  Panel
11.6% 17.0% 46.4% 25.0%  slip

Table 3. Numerical results with an applied displacement in
the plane of the panel (Y axis).

k Panel Bolt Bracket Column
Y 010 00 030y o
MT6 [kN] [kN] [mm] [kN/mm] [mm] [mm] [mm] [mm]
0.21 3.05 0.44 0.10 Bolt
axl 60 95.13.80 49.6 550, s03% 116% 26% yield
024 220 0.37 0.09  Panel
83% 759% 12.7% 3.1% slip
0.13 0.57 0.15 0.04  Panel
14.6% 63.8% 16.9% 4.7% slip

Case N Ev, u é; u

Failure

ax2 40 92.02.90 51.2
ax3 20 46.00.90 51.0

MT6 - 0.5L - 60kN

—1 - Panel

2 - Bolt head
—=3 - Bracket
——4-Bracket |- — — — + — — — — —

k);27.5 KN/mm
0 v ; ; ;

0 5 10 15 20 25 30
Figure 9. Longitudinal Load F, — Lateral Displacement o,
with a dead load equal to 60 kN.

Displacement 8, [mm]
T

4 EXPERIMENTS

4.1 Test Set-up

The aims of the experimental program are to evalu-
ate the stiffness, the ductility and the energy dissi-
pation characteristic of each type of MT support
system as well as to investigate the role of the ver-
tical load and of the extension length of the level-
ling bolt on the lateral behaviour of the support
system. The experimental tests concern 11 proto-

type specimens representing a column portion
linked by the support system to a precast panel
portion. Three batches of tests have been carried
out at the P.Pisa Laboratory of the University of
Brescia in order to investigate the behaviour of dif-
ferent support system, called MT4, MT6 and MT9,
where the number refers to the nominal vertical
load transferred by the support system to the col-
umn (half weight of the concrete panel) (see Table
4). The MT4 and the MT9 series consist of 3 speci-
mens, each one with a different vertical load, while
the MT6 series consists of five specimens with a
varying vertical load and different extension length
of the levelling bolt. All the specimens tested had a
250x250 mm column cross section and a column
length equal to 1250 mm. The panel portions were
200 mm depth, 300 mm wide and 480+580 mm
high. The geometry of the tested specimens and the
mechanical characteristic of concrete and reinforc-
ing steel are shown in Figure 10, while Figure 11
and Figure 12 show the experimental setup
adopted. The bench consists of a 1800x2150 mm
steel ring frame (a) designed in order to allow the
panel to move in its plane and to avoid any move-
ment of the column portion. For all the tests, the
vertical load N, varying from 13 kN to 90kN, was
applied and kept constant during the test by means
of two tendon rods (b). The horizontal displace-
ment was applied at the top of the panel by means
of threaded steel bars (c) (16 mm in diameter),
which are instrumented with strain gauges to
measure the applied load F. As in the numerical
analysis, the column is loaded by a vertical pres-
sure equal to 8 MPa, by means of four 24 mm di-
ameter steel bars (d).

The specimens were subjected to eight cyclic
horizontal displacement histories by imposed
transverse displacement o of increasing amplitude
(Figure 13) with a step increment of about
0.1 mm/s. In order to evaluate the contribution of
each component to the lateral deformation of the
support system, the lateral absolute displacement
of four points were measured: the displacement
imposed to the panel (J;), the bolt head and bottom
displacements (0, ¢3), and the bracket displace-
ment(dy) (Figure 13). In order to verify that the in
plane panel rotation was correctly controlled by
the two vertical tendons, the horizontal displace-
ment o5 of the panel bottom (b) was also measured.
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Figure 10. Dimensions of the specimens and mechanical
characteristic of the materials.
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Figure 11. Experimental set-up: steel frame and specimen.
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4.2 Experimental Results

The experimental horizontal load F — displacement
o; curves of five tested specimens are shown in
Figure 16 while Table 4 show in details the main
results of each test. For the MT6 support system
with 60kN vertical load and leveling bolt at the
middle extension (0.5L), the comparison between
the numerical and experimental results is also
shown. On the basis of the results, the following
main observations can be drawn:

- the shear resistance F), of the support system
and failure are strongly affected by the leveling
bolt extension length. For the MT6 support system
the failure load decreases from 51.0 kN in the case
of  completely screwed leveling  bolt
(MT6_0.0L_60kN) to 18.8 kN (MT6_1.0L_60kN) in
case of completely unscrewed leveling bolt. At the
same time, longer extension length of the leveling
bolt allows the system to develop larger lateral de-
formation o,,, due to the bolt plastic deformation
(see pictures in Figure 16);

- in case of short leveling bolt extension or small
vertical load, the failure is due to the panel slip
with a severe damage of the saw-toothed surfaces
of bolt and plate. In the case of completely
screwed bolt (MT6 _0.0L_60kN) the lateral deforma-



tions of the bolt and the panel sliding correspond
respectively to the 17% and 68% of the total lateral
deformation. On the contrary the completely un-
screwed bolt allows a lower panel slip (37%) and a
larger bolt deformation (53%);

- the vertical load N affects the behaviour of the
support system both in terms of components de-
formation and ultimate load. A decrease of 67% of
the vertical load N causes a reduction of shear re-
sistance F, equal to 9% for MT6 support system,
28% for MT9 and 36% for MT4. As lower the ver-
tical load is, as lower the friction between the dis-
tributing plate and the head of the leveling bolt be-
comes, causing the damage of the saw-toothed
surfaces and a failure by panel slip. The teeth dam-
age and the slip panel are pointed out by the hori-
zontal path in the F-J curves;

- the support systems showed good energy dissi-
pation properties with very high lateral displace-
ments and without loosing the capability to sustain
the vertical load. The specimen Mt6 0.0L 60kN
shows a larger energy dissipation capacity than the
other specimens. Furthermore most of the energy is
dissipated by friction, so that it increases with the
vertical load. Figure 15 shows the comparison of
the specific dissipated energy, normalized with re-
spect to the vertical load N, among all of tested
specimens;

- in Figure 14 the comparison between numerical
monotonic and hysteretic experimental curves is
presented for the MT6 0.5L 60kN specimen. It is
worth pointing out that the numerical analyses
catch the same failure mode than the tests with a
shear ultimate load equal 1.20 time the experimen-
tal value. Nevertheless, the numerical initial stiff-
ness k of the system is double than the experimen-
tal one because a conventional infinitely high
stiffness (given by eq. (3)) of the longitudinal
springs which connect the bolt head and the dis-
tributing plate of the panel is assumed in the FE
model;

- the tests pointed out that the damage in the sup-
porting system is localized either in the saw-
toothed surfaces or in the plastic deformation of

the leveling bolt. Very little damage pattern was
observed in concrete elements: in the
MT6 0.0L 60kN, MT6 0.5L_60kN, MT9 0.5L 90kN
specimens a crack may be observed, departing
from the right top of the bracket toward the side
column with an angle approximately equal to 50°.

Table 4. Summary of the experimental results.

Panel
slid- Bolt Bracket

N k F,, 0, ing 00 010 E Failure
01-6;
[KN] [kKN/mm] [kN] [mm] [mm] [mm] [mm]  [k]]
125 180 29 Bolt
MT6 1.0L 10 18.8 34 1.43
- 60 10 13.8 3 (37%) (53%) (8%) yield
17.5 4.4 4.8 Panel
MT6_0.0L 60 23 51.0 26 68%) (17%) (18%) 2.79 Slip”
11.6 58 8.6 Bolt
MT6 0.5L 60 11 41.0 26 s (22%) (33%) 2.53 vield
162 57 7.1 Bolt
MT6 0.5L 40 15 43.3 29 (56%) (20%) (24%) 221 yield
214 22 5.4 Panel
MT6 0.5L 20 15 37.5 29 T4%) 8% (18%) 1.83 Slip”
112 155 8.0 Bolt
MT9 0.5L 90 30 43.8 35 (32%) (@4%) (23%) 271 yield
87 141 151 Bolt
MT9 0.5L 60 25 46.8 35 Q5%) (40%) (43%) 2.19 vield
137 8.0 14.1 Panel
MT9 0.5L 30 20 31.4 30 4s%) (6% (47%) 1.67 Slip”
3.1 4.3 4.7 Panel
MT4 0.5L 40 12 30.5 12 Q6%) (36%) (40%) 0.71 Slip”
6.2 3.8 1.6 Panel
MT4_0.5L 27 13 20.3 12 (50%) (30%) (13%) 0.68 Slip”
9.4 3.0 2.9 Panel
MT4 0.5L 13 11 193 16 (59%) (19%) (18%) 0.58 Slip”
100 +
g JEfANWOY W7theyele|
D oth cycle
807 7777777777777777777777777777 .Sthcycleiiii
nmN+r---—-——-—""""~"~"~"~"~-“/ -~~~ —~—~——————— O4thcycler — — —
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Figure 15. Dissipated energy.
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5 DESIGN CONSIDERATIONS

On the basis of the experimental results, some de-
sign considerations may be proposed concerning the
MT support system behaviour. According to Euro-
code 8 (§4.3.5.2), the non structural elements, as
well as their connections and attachments or anchor-
ages, shall be verified for the seismic design situa-
tion by applying a horizontal force F,, acting at the
centre of mass of the non-structural element, which
is defined as follows:

F,=(S,-W,-7.)4q, (5)

where Wais the weight of the element, Su is the seis-
mic coefficient applicable to non-structural ele-
ments, (defined by the eq. (6)), y« i1s the importance
factor of the element assumed equal to 1, g« is the
behaviour factor of the element assumed equal to 2.
The seismic coefficient S« may be calculated using
the following expression:

s, =a-S- {1+ BI+(0-1/TF)-03] ()

where a is the ratio of the design ground accelera-
tion (PGA) on type A ground, ag, to the acceleration
of gravity g; S is the soil factor; 7, is the fundamen-
tal vibration period of the non-structural element; 7;
is the fundamental vibration period of the building in
the relevant direction; z is the height of the non-
structural element above ground; and H is the build-
ing height. Assuming the ratio 7,/7; equal to 0 and
z/H equal to 1, a PGA equal to 0.35g and $=1.4,
equal to the most severe PGA and soil conditions for
European sites, the seismic coefficient S, and the
seismic action F, are given by the following expres-
sions:

S, =035-1.4-B+1)/1+(1-0})-0.5]=1225 (7)

123w, 1

F,=(S,-W,-7.)q =061,  (8)

As previously mentioned, the label of each type of
the MT brackets, is followed by a number which
represents the half weight of the supported panel.
Assuming that the seismic action of the panel F, is
equally distributed among the two brackets and two
tie-back systems, the seismic action on each connec-
tion system F; is equal to F, /4. So that it is possible
to calculate the safety factor w for each tested
bracket, as shown in Table 5. In all cases, the seis-
mic action is smaller than the bracket strength, and
the safety factor > 1.5, with the exception of the
MT6-1.0L-60 (levelling bolt completely unscrewed
and a vertical load equal to 60kN) and MT9-0.5L-30
(levelling bolt partially screwed and a vertical load
equal to 30kN) specimens for which the safety factor
is smaller than 1.5, but larger than 1.

Regarding the serviceability limit state, it is not pos-
sible to verify each analyzed support system because
it depends on the concrete panel dimension. Assum-
ing a panel height /4 equal to 2.50 m, the MT6 and
MTO9 support system can develop deformations con-
sistent with an interstory drift of 0.014.

Table 5. Verification of the MT support system at ultimate
limit state.

Support system F, F v

MT6-0.5L-60 kKN 41.0 18.3 2.24
MT6-0.5L-40 kN 433 18.3 2.36
MT6-0.5L-20 kN 37.5 18.3 2.05
MT6-1.0L-60 kKN 18.8 18.3 1.03
MT6-0.0L-60 kKN 51.0 18.3 2.79
MT9-0.5L-90 kN 438 27.5 1.59
MT9-0.5L-60 kN 46.8 27.5 1.70
MT9-0.5L-30 kN 314 27.5 1.14
MT4-0.5L-40 kN 30.5 12.2 2.50
MT4-0.5L-27 kN 20.3 12.2 1.66
MT9-0.5L-13 kN 19.3 12.2 1.58

6 CONCLUSIONS

The behaviour of a typical support system for pre-
cast panels has been analysed both numerically and
experimentally to asses its capacity to resist seismic
(i.e. transverse) forces.

Although the support system was not originally
designed to carry lateral loads, the results show a
good performance of the support bracket, both in
terms of resistance, energy dissipation and ductility
with a very limited damage in the concrete elements.

The transverse force transmission of the support-
ing system is ensured by the enhanced friction due
to the saw toothed surface of the levelling bolt head
and of the corresponding plate.

Further numerical analyses involving the FE
modelling of the saw-toothed surfaces should be car-
ried out in order to fine-tune the constitutive model
of the levelling bolt-to-plate interface.

Finally, based on the FE analysis and experimen-
tal results, a simplified constitutive model of the
support system has to be developed in order to allow
the study of the seismic response of industrial build-
ings taking into account the interaction between the
concrete structure and the cladding panels.
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