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A B S T R A C T   

The paper presents experimental and analytical studies of the dynamic in-plane response of typical fastening 
systems for horizontal cladding panels in RC precast industrial buildings in Central Europe. The system consists 
of two main parts: a pair of top bolted connections, which provide the horizontal stability of the panel, and a pair 
of bottom cantilever connections, which support the weight of the panel. A typical response mechanism of the 
fastening system consists of three distinct stages: sliding with limited friction, contact with the panel causing an 
increase in the connection stiffness, and failure. It has been found that the capacity of the complete system is 
limited by the displacement capacity of the top connections, which are the most critical components. Therefore, 
it is better to express the capacity of the entire system in terms of displacements. 

Appropriate numerical models for the complete fastening system have been proposed and validated by the 
results of the presented experiments. The top and bottom connections were analysed separately and showed 
physically different response behaviours. The typical Coulomb friction model was used to describe the friction in 
the top connection, whereas the viscous friction model better simulated variable friction in the bottom con
nection. The contacts that occur when the gap for sliding of panels closes were simulated by an abrupt increase 
of the stiffness of the connection.   

1. Introduction 

Precast industrial buildings house a large share of the European 
industrial activity. Because of their rapid construction, open space and 
low cost, they are becoming a more and more popular structural system 
all over Europe. As observed during the past earthquakes in Northern 
Italy, if these buildings had not been adequately designed, their damage 
or collapse could have caused considerable direct and indirect eco
nomic losses due to production disruption [1–3]. 

To avoid such consequences, comprehensive systematic studies of 
RC precast buildings were performed within several EU research pro
jects combining the efforts of industry and different academic institu
tions. The last joint EU project SAFECLADDING [4] was devoted to the 
connections of the façade cladding panels to the main structural system 
of industrial buildings with the main aim of improving the related de
sign practice. 

Before SAFECLADDING and some parallel studies [5–7] were con
ducted, the knowledge about the seismic response of cladding panels 
was very poor, and even the basic mechanisms of seismic response were 
not known. The design practice was also inadequate. It only considered 

the out-of-plane response [8] instead of the more critical horizontal 
direction parallel to the plane of the panels [9,10]. This has also been 
confirmed in the recent earthquakes in Northern Italy, where the failure 
of the fastening system was one of the main reasons for the collapse of 
cladding panels [9]. Examples of the collapses in the Emilia Romagna 
earthquake are shown in Fig. 1. 

The comprehensive experimental [11,12] and analytical studies 
performed within the aforementioned European project considerably 
improved the knowledge about the seismic response of the cladding 
panels’ fastening systems. Three different basic concepts were assessed 
and considered within the studies: the integrated solution where the 
connections provide full integration of the cladding panels into the 
main structural system [13], the dissipative solution where the fastening 
system of the cladding panels is used as the important source of energy 
dissipation [12,14], and the isostatic solution where the fastenings allow 
the relative displacements between the panels and the main structural 
system, keeping the panels as non-structural elements. 

The part of the research, performed at the University of Ljubljana - 
UL [10], was devoted to the fastenings systems of vertical [15] and 
horizontal cladding panels, which are widely used in the existing 
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practice in Central Europe. The SAFECLADDING project significantly 
raised the awareness of many problems with the existing design and 
construction practice for cladding systems and has resulted in new 
design guidelines for precast structures with cladding panels [16] and 
for wall panel connections [17]. 

Similar research campaigns, however not included in the SAFECL
ADDING project, were performed in parallel with the mentioned pro
ject. The in-plane and the out-of-plane seismic response of the con
nections, which are used to fasten the horizontal cladding panels, was 
experimentally and analytically studied by Belleri et al. [5,6]. The 
isostatic types of the connections for vertical and horizontal panels 
were extensively investigated by Del Monte et al. [7], whom success
fully modified the cladding connections to improve their displacement 
capacity. 

Although many important observations about the seismic response 
of cladding panels, typical for Central Europe, have been obtained at 
the UL within the SAFECLADDING project, this research could not 
completely reveal and explain all the aspects of this complex response. 
It was not possible to fully determine the role of panels’ fastenings and 
their realistic boundary conditions without a more complex study of the 
whole system response. To get the answers to these questions, research 
has been continued within the research project ˝Seismic resilience and 
strengthening of precast industrial buildings with concrete claddings˝, 
funded by the Slovenian Research Agency. One of the main phases of 
this project is devoted to the full-scale shake table experiments of RC 
building with cladding panels. To be able to set-up these highly com
plex tests, studies of the single components, performed within SAFEC
LADDING, were complemented by additional cyclic and dynamic tests, 
to obtain as much data as possible about their basic seismic response 
mechanisms and their capacity. The experimental studies were followed 
by analytical studies which dealt with different possibilities for the 
numerical modelling of the investigated fastening systems. In this 
paper, the part of the research campaign devoted to dynamic tests of 
connections for the horizontal panels is presented. Test results were 
used to develop a new numerical model and calibrate the parameters. 

The studied fastening system consists of two main parts: (1) a pair of 
top bolted connections, which provide the stability of the panel, sub
jected to the horizontal excitations, and (2) a pair of bottom cantilever 
connections, which support the weight of the panel. This fastening 
system is the so-called seated isostatic connection system, which is 
supposed to provide horizontal relative displacements between the 
panel and the main structure of the building at the upper side of the 
panels. To augment mostly monotonic and cyclic tests of single con
nections [5,7,13–15], the dynamic tests of the fastening system are 
presented in this paper. The response of the cladding connections was 
investigated in the in-plane direction, which has been recognised as 
critical in a survey of precast structures after the L’Aquila earthquake  
[9]. It should be noted, that in some papers, which deal with structures 
without roof diaphragm and develop significant torsion, higher load 

demand is reported in the out–of–plane direction [6,18]. Such struc
tures are not considered in this paper. 

The investigated fastening system and test setup are presented in  
Section 2 and Section 3, respectively. In Section 4, the test results and 
observations are analysed. Typical response mechanisms of the com
ponents and the complete fastening system are presented, and the main 
response parameters are discussed. In Section 5, the numerical model 
for the simulation of the hysteretic response of the investigated fas
tening system is proposed and validated by the results of the performed 
experiments. 

2. Description of the tested connections 

The fastening system investigated within the presented research 
campaign is one of the most common systems used in Central Europe to 
attach horizontal cladding panels to the columns of RC precast struc
tures. It consists of a bolted connection attaching the top part of the 
panel and a cantilever connection attaching the bottom part of the 
panel to the columns of the building (Fig. 2). 

The top connection (Fig. 3) is intended to provide the stability of the 
panel and the relative displacements between the panel and the col
umns when the structure is subjected to horizontal excitations. It con
sists of a vertical steel channel built into the column, and a special box- 
shaped steel element, which is cast in the panel as presented in Fig. 3. 
These two elements are connected using a special hammer-head bolt, 
which is set inside the channel (cast in the column) and on the other 
side firmly secured to the steel box element (cast in the panel). Bolts HS 
40/22M16 are typically used to attach panels to the columns. 

The bottom component of the fastening system is the cantilever con
nection (Fig. 4), which is placed at the bottom corners of the panel. The 
primary role of the bottom connection is to support the weight of the panel. 
It consists of a special steel box, which is inserted in the column before 
casting, and a steel plate, which is cast into the panel. During the mounting 
of the panels, the cantilever steel bracket is placed in the steel box in the 
column and anchored to it using a skewed bolt. The panel simply lays on 
this steel cantilever element. As can be seen in Fig. 4, the panel is actually 
supported by the steel studs fastened to the top of the cantilever brackets, 
which are used to regulate the level of the panel to account for tolerances. 
Finally, the panel is secured at the top with the hammer-head bolts. 

3. Description of the experiments 

3.1. Description of the tested specimens and test setup 

Two sets of experiments were performed:  

(1) tests of the top connections, and  
(2) tests of the complete fastening system consisting of top and bottom 

connections. 

Fig. 1. (a) Failure of the cladding panels and (b) the damaged cladding connections during the earthquake in Emilia Romagna.  
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The general setup of the experiments is illustrated in Figs. 5 and 6. 
The inverted T-shaped beam was fixed to the laboratory floor. The 
panel was placed in parallel to the beam and connected to it by using 
the fastening system. In the tests of the top connections (Fig. 5a, b, c), 
the bottom of the panel was mounted on specially designed rollers, 
which allowed for the friction-free movement of the panel parallel to 
the foundation beam. In the tests of the complete fastening system 
(Fig. 5d, e, f), the bottom of the panel was supported by the cantilevers. 
An actuator was connected to the panel, as illustrated in Fig. 5 (c, f). 

To perform as many experiments as possible, the foundation block 
was designed so that it could be used for two sets of tests on each side. 
The top connections were tested in pairs. The inner two top connections 
were used for one set of tests and the outer two connections for the 
other set of tests (Fig. 5b). The distance between the connections was 
45 cm in the case of the inner two connections, and 135 cm in the case 
of the outer two. Although this configuration differs from the real ap
plication of the system where connections are at the end of the several 
meters long panels, the simplification is justifiable because the panels 
act as translationally moving rigid bodies in both cases. The same ap
proach was used to test the complete fastening system, consisting of two 
top and two bottom connections (Fig. 5e). 

3.2. Summary of the performed experiments and loading protocol 

In total, six dynamic tests were performed, as summarized in  
Table 1. Four dynamic tests were performed on the top connections and 
two dynamic tests on the complete fastening system. 

The loading protocol for the dynamic tests was defined based on the 
estimated displacements and velocities in the connections of an actual 
building and taking into account the capacity of the hydraulic system. 
An actuator with a static capacity of 250 kN (with a  ±  200 mm stroke) 
was used. However, when performing dynamic tests, the capacity of the 
actuator is managed by the capacity of the hydraulic system, and the 
maximum force capacity is co-dependent on the applied velocities. 

In order to estimate the range of displacements and velocities, the 
response-history analysis of a structure, planned to be tested on the 
shaking table, was considered. In the analysis, the generated accel
erogram, corresponding to the acceleration spectrum matching the 
Eurocode acceleration design spectrum for soil type B, was used (see  
[19] for more details). The applied displacement response history was 
defined, taking into account these analytical studies as well as the ca
pacity of the actuator used in the tests. 

Each test consisted of several runs. The displacement amplitude 

Fig. 2. Scheme of a typical RC precast structure with horizontal panels.  

Fig. 3. The assembly of the top connection under consideration: (a) 3d view, (b) side view and (c) top view.  
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(and consequently also the velocities) gradually increased up to the 
failure of the connections, or the capacity of the actuator. The applied 
dynamic load (displacements and velocities) that corresponds to the 
scale factor 1.0 (see also Table 1) is shown in Fig. 7. When the top 
connections were tested, the bolts were retightened to 65 Nm before 
each run. In tests of the complete fastening system, the bolts were 
tightened to 65 Nm only before the first run. 

4. Results and observations of the experiments 

The test results are presented in the form of force–displacement 
hysteretic responses. Since the strong and stiff foundation beam was 
fixed to the laboratory floor and the displacements were imposed only 
to the panel, processing of the results was straightforward. The sum of 
forces in the tested connections is the same as the recorded forces in the 

Fig. 4. The assembly of the bottom connection under consideration: (a) 3d view, (b) side view and (c) top view.  

Fig. 5. The general arrangement of the experimental setup: (a) side view of the specimen with the top connections, (b) front view of the specimen with the top 
connections (c) plan view of the specimen with the top connections, (d) side view of the specimen with the complete fastening system, (e) front view of the specimen 
with the complete fastening system, and (f) plan view of the specimen with the complete fastening system. 
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actuator, and the imposed displacements correspond to the relative 
displacements of each connection. This was confirmed with the optical 
deformation measuring system GOM Aramis 5M [20] which was also 
used. The main reason for the use of the optical system was to control 
the movements of the panel in the vertical direction, which were found 
to be negligibly small. 

4.1. Response mechanism of the top bolted connections 

Typical force–displacement hysteretic responses of the top connec
tions are presented in Fig. 8. On each plot, the results of all the runs 
performed within the addressed test are shown. The response consists of 

three main stages, as presented in Fig. 9 and marked with dots in Fig. 8:  

(1) In the first phase (between dots 1 and 2) the bolt slides along the 
steel box profile cast in the panel (see Figs. 8 and 9). At this stage, a 
limited friction force of about 10–16 kN (corresponding to the pair 
of connections) is activated. Its amount depends on the tightening 
moment applied to the bolt and the coefficient of friction between 
the special steel washer and the steel box profile cast in the panel 
(see Fig. 9).  

(2) The second stage (between dots 2 and 3) starts when the bolt 
washer reaches the edge of the steel box (see Fig. 9b), corre
sponding to the slip of the bolt dslip = 3–4 cm. At this stage, the bolt 

Fig. 6. The experimental setup during testing (a) the top connections and (b) the complete fastening system.  

Table 1 
Summary of the dynamic experiments.       

Test Type of the connections Scale factor for test run Max displacement [cm] Max velocity [m/s]  

T1 Top connections 0.5 / 1.0 / 1.5 / 2.0 / 2.5 8.2 0.10 
T2 Top connections 1.0 / 2.0 / 3.0 11.0 0.13 
T3 Top connections 1.0 / 2.0 / 3.0 11.0 0.13 
T4 Top connections 1.0 / 2.0 / 3.0 11.0 0.13 
C1 Complete fastening system 1.0 / 1.1 / 1.2 / 1.5 / 1.6 5.9 0.07 
C2 Complete fastening system 1.0 / 1.2 / 1.4 / 1.5 / 1.6 5.9 0.07 

Fig. 7. Testing protocol for dynamic tests: (a) displacement response history and (b) velocity response history.  
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is subjected to bending. Consequently, the lateral stiffness of the 
connection increases considerably (Fig. 8 between dots 2 and 3). 
Plastic deformations of the bolt and the channel cast in the column 
gradually increase.  

(3) At the last stage, the failure of the connection is reached (dot 3 in  
Fig. 8). The connection typically fails due to the considerable plastic 
deformations of the channel and the bolt being pulled out (Figs. 8 
and 9 Stage 3). 

4.2. Response mechanism of the complete fastening system 

The response mechanism of the top connections, observed within the 
experiments of the complete fastening systems was the same as de
scribed in the previous section. 

The response mechanism of the bottom cantilever connections also 
consisted of three main stages, presented in Fig. 10:  

(1) Initially, the friction force was activated (Fig. 10a) followed by the 
sliding of the panel. The friction was considerably smaller than in 
the top connections.  

(2) When the available gap in the connection was exhausted (Fig. 10b), 
the stiffness of the connection increased considerably due to the 
bending of the cantilever bracket.  

(3) Due to the large stiffness and the strength of the cantilever bracket, 
the response of the connection was predominantly elastic. At the 
end of the tests (which were mostly terminated since the total ca
pacity of the hydraulic system was approaching) limited plastic 
deformations of the steel cantilever were observed (see Fig. 10c). 

The response mechanisms of the top and bottom connections were, 
in general, similar. Thus, the response mechanism of the complete fastening 
system can also be characterized by three main stages (see the typical 
hysteretic response, presented in Fig. 11a): 

(1) The friction force, which is activated in the top and bottom con
nections at the beginning of the tests, was approximately 20 kN. 
Mainly it was activated at the top connections (amounted to about 
16 kN, see also Section 4.1 for more details).  

(2) When the gaps in the top and the bottom connections were depleted 
at a displacement of around 4 cm (note that the gaps in the top and 
bottom connections were quite similar), the stiffness was con
siderably increased due to the activated bending stiffness of the 
bolts and the channels of the top connections and the bending 
stiffness of the cantilever brackets in the bottom connections. The 
comparison between the response of the complete fastening system 
and that of the top connections confirmed that the increase in the 

Fig. 8. Test of the top bolted connections: (a) typical hysteretic response of the top connections, (b) failed channel and deformed bolt.  

Fig. 9. Failure mechanism of the top bolted connections: (a) initial position, (b) the special bolt washer reaches the edge of the steel box profile cast in the panel, (c) 
failure due to the plastic deformations of the channel and the bolt being pulled out. 
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stiffness of the whole fastening system was considerably higher, 
mainly due to the activated bending stiffness of the cantilever 
bracket. 

(3) Due to the depleted capacity of the actuator, the tests were termi
nated before the failure of the connections was achieved. At that 
moment, however, the top connections were considerably da
maged, and the channels and bolts at the top were substantially and 
irreversibly deformed (see Fig. 11b). In some cases, also the con
crete around the top connections was damaged (see Fig. 11c). The 
failure of the top connections was likely to occur at a relatively 
small increase in the displacement demand. Since at the same time, 
the damage to the bottom cantilever was minor (see Fig. 11b) it can 
be concluded that the failure of the whole fastening system would 
occur due to the failure of the top connection. This failure (as ex
plained in Section 4.1) typically occurs due to the considerable 
plastic deformations of the channel and the bolt being pulled out. 

In order to illustrate the previous observations, the response of the 
top connections and the whole fastening system are compared in  
Fig. 12. Both plots also show the corresponding envelope of the re
sponse (bold black line). In this particular case, the gaps at the top and 
the bottom connections were depleted approximately at the same time. 
Note, however, that this is not the rule and it depends on the con
struction tolerances (the bolt and the cantilever bracket may not be 
positioned centrally) as well as deformations of columns, which the 
panels are attached to. 

In the presented tests, the panels were attached to a rigid beam. In 
real precast structures, the panels are fastened to deformable columns. 
Due to the columns’ rotations and bending, the relative displacements 
between panels and columns (i.e. slips) at the level of top and bottom 

connections are different and can occur in the opposite directions. Note, 
however, that this does not affect basic response mechanisms or type of 
failure of the connection presented in the paper because the response of 
panels remains predominantly translational even when the columns are 
subjected to large rotations (bending). 

The washer within the top connection is pinned by the bolt (see  
Fig. 3). Thus, it does not notably rotate despite the considerable rota
tions of columns. It can slide over the steel box profile in a similar 
manner as it was observed in the presented tests. Consequently, the 
panels do not rotate. 

At the bottom connections, panels only lean on the steel stud. Thus, 
the rotations of the columns and the panels are different. It can be 
concluded that the bending of columns does not lead to rotations of 
panels, and the response of panels is predominantly translational. 

Although columns rotations do not impose notable rotations of pa
nels and connections, they cause different relative displacements be
tween columns and panels at the level of top and bottom connections. 
At the strong seismic excitations, these displacements can occur in 
opposite directions. Nevertheless, this does not affect the basic response 
mechanisms or the hysteretic response of connections, observed within 
presented tests, because the response is independent of the direction of 
relative displacements. 

In the presented tests, the top connections came first into contact 
with the panel at displacement dgap,top. The stiffness of the fastening 
system was increased due to the increased stiffness of the top connec
tions. When the displacement demand was increased to dgap,bottom, the 
stiffness of the complete fastening system increased the second time 
(see Fig. 12b) due to the activated bending stiffness of the bottom 
connection. Both top and bottom connections were in contact with the 
panel. 

Fig. 10. The behaviour mechanism of the bottom bearing cantilever connection: (a) initial position, (b) the cantilever bracket reaches the edge of the opening and (c) 
minor deformations in the connection at the end of the test. 

Fig. 11. Test of the complete fastening system: (a) typical hysteretic responses of the complete fastening system, (b) damaged connection parts after the test, and (c) 
damaged concrete around the connections after the test. 
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The test was terminated before the failure of the fastening system 
(due to the limitations of the actuator capacity). However, as explained 
and documented in the previous paragraphs, the top connections were 
subjected to considerable plastic deformations and were near collapse. 
Taking into account the displacement capacity of the top connections du 

observed in the tests (described in Section 4.1), and considering the 
almost elastic response of the bottom connections, the capacity of the 
fastening system was estimated as shown in Fig. 12 with a dashed line. 

Because friction is low (see Fig. 12), it can be concluded that the 
panel can easily slide as long as the gaps are not depleted. If all the 
components of the fastening system are initially positioned at the 
centre, the gaps in both directions are the same, and the response will 
be symmetric. However, when a component is moved towards the edge, 
the response will be asymmetric. In such cases, the interaction between 
the panel and the columns in one direction could be activated at a 
smaller displacement demand. 

It was observed that the friction in the fastening system was gra
dually reduced after several cycles, due to the bolt loosening at the top 
connections. This reduction was somewhat more pronounced after the 
contacts of the connections and the panel but did not have an important 
influence on the overall response. Due to the limitations of the actuator, 
only limited impact forces were observed. 

5. Numerical modelling of the response 

An attempt was made to formulate a macro numerical model, 

capable of simulating the response of the top and bottom connections. It 
is presented in the following paragraphs. The model was built in the 
OpenSees framework [21] by combining different material models. 

For the simulation of the bolted top connection response, three 
material models were combined: ElasticPP (EPP), ElasticPPGap 
(EPPGap) and Hysteretic, as shown in Fig. 13a. The ElasticPP (Fig. 13b) 
model was used to simulate the friction between the steel elements (due 
to the tightening torque in the bolt). It was added in parallel to the 
series combination of the other two material models: the ElasticPPGap 
(Fig. 13c) and the Hysteretic (Fig. 13d), which are activated when the 
gap is depleted and the stiffness of the fastening system almost instantly 
increases. 

The same numerical model (Fig. 13a) could also be used for mod
elling the response of the bottom connection. However, to be able to 
model the variable friction, observed during the dynamic tests, more 
accurately, the EPP model was replaced by the combined (in parallel) 
Viscous (Fig. 14b) and Elastic (Fig. 14c) material models. This model 
(Fig. 14a) takes into account that the friction force is dependent on the 
sliding speed and that the coefficient of friction between two objects 
varies according to the relative speed of motion [22,23]. 

In the literature, different friction models are available [24,25]. 
Commonly, the friction force is physically explained by the Coulomb 
friction behaviour as the product of normal force on the surface and the 
coefficient of friction that is generally acknowledged to be constant. In 
the presented tests (as well as in the real buildings, subjected to the 
seismic excitations) the panels were subjected to the dynamic load. 

Fig. 12. Response envelopes of the connections: (a) top connections and (b) complete fastening system.  

Fig. 13. Schematic presentation of the macro model: (a) combination of different hysteretic behaviours used for the numerical simulation of top and bottom 
connections, (b) ElasticPP, (c) ElasticPPGap and (d) Hysteretic behaviours. 
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Thus, the friction force was considerably affected by the velocity of 
connections’ excitations and damping, as already observed in [22,23]. 
The friction also depends on the surface treatment (e.g. cleanliness, 
lubrication) and the wear of the material during the movement. During 
the tests, the galvanised steel plates at the bottom connections have 
shown signs of substantial material wear. 

For modelling the investigated fastening system, the Coulomb and 
viscous friction models were found to be the most appropriate, for the 
top and the bottom connections, respectively. The common Coulomb 
friction model assumes that the friction force is the product of the 
normal force on the surface and the constant coefficient of friction, 
whereas in the viscous friction model, the friction force is a linear 
function of the sliding speed. 

In order to demonstrate that the Coulomb friction model is more 
appropriate for the top connections and the viscous friction model is 
more appropriate for the bottom cantilever connection, the typical re
sponse relationships (force–displacement and force–velocity) are shown 
for both connections in Fig. 15. A rough estimate of the response of the 
bottom connection was obtained by subtracting the response of the top 
connection from the response of the complete fastening system in two 

Fig. 14. Schematic presentation of the macro model: (a) a combination of different hysteretic behaviours used for the numerical simulation of the bottom connections 
under dynamic loading, (b) Viscous and (c) Elastic behaviours. 

Fig. 15. Hysteretic responses (grey) and idealized envelopes (black): (a) force–displacement at top connection, (b) force–displacement at bottom connection (c) 
force–velocity at top connection (d) force–velocity at bottom connection. 

Table 2 
Recommended values of the parameters.      

Material characteristic Value Material characteristic Value  

cfr,top 0.4 Kconn,top 2 104 kN/m 
dgap,top*  ± 4.0 cm Ki,top 1.5 103 kN/m 
dgap,bottom*  ± 4.5 cm Ki,bottom 3 103 kN/m 
cvisc,bottom 50 t/s Kel,bottom 200 kN/m 
du*  ± 7.5 cm KL 1 104 kN/m 
px, py, d1, d2, b 0, 0, 0, 0, 0 Ry 0.01 kN 

Legend: cfr,top … friction coefficient between steel elements of the top connec
tion, dgap,top … gap in the top connection, dgap,bottom … gap in the bottom con
nection, cvisc,bottom … viscous damping coefficient, du … displacement capacity 
of the fastening system, Kconn,top … initial stiffness of the top connection, Ki,top 

…bending stiffness of the top connection, Ki,bottom … bending stiffness of the 
bottom connection, Kel,bottom …elastic stiffness of the bottom connection, KL … 
large unloading stiffness after the gap is depleted, px, py, d1, d2, b, Ry … specific 
parameters pinchx, pinchy, damage1, damage2, beta and Ry of the Hysteretic 
material model. 
* Note that the value corresponds to the centrally positioned connections.  
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initial test runs with identical loading protocols and the same tigh
tening torque. 

The force–displacement relationship typically observed in top 

connections can be represented by the elastic-perfectly plastic response 
typical for Coulomb friction (Fig. 15a), whereas for the bottom con
nection viscous friction model is more appropriate (Fig. 15b). Similarly, 
the shape of force–velocity relationship (“S” shape) of the top connec
tion is typical for Coulomb friction (Fig. 15c), whereas at the bottom 
connections this relationship has a shape, which is better represented 
by viscous friction model (Fig. 15d). In general, the response of the 
bottom connections is viscoelastic. Thus, for modelling the bottom 
connections, the viscous model combined with the elastic spring was 
used. 

5.1. Model parameters 

The results of the experiments were used to calibrate the numerical 
models. The following parameters were defined: the size of the gap 
(dgap), the maximum displacement capacity (du), friction force (Rfr), 
damping (cvisc), and stiffness (Kconn, Ki, KL) as explained in the following 
paragraphs. The recommended values are summarized in Table 2. The 
efficiency of the proposed numerical models is demonstrated in  
Figs. 16-18. The force–displacement relationships (i.e. envelopes) of the 
numerical models used are schematically presented in Fig. 16, whereas 
in Fig. 17, the experimental and numerical hysteretic responses are 
compared. 

With the proposed macro models, a satisfying match between the 
experimental and numerical results was achieved. To better evaluate 
the calibration, graphs of the accumulated hysteretic energy are shown 
in Fig. 18. 

5.2. Size of the gap 

In the tests, the size of the gap of the top and the bottom connection 
was approximately the same - about 4 cm. This is half of the available 
space in the panel (see Figs. 3 and 4) reduced by half of the thickness of 
the bolt and the cantilever bracket. 

Fig. 16. Schematic envelopes of numerical models: (a) only the top connections 
and (b) the complete fastening system. 

Fig. 17. A comparison of the experimental (grey) and the numerical (black) hysteretic responses: (a) and (b) only the top connections, (c) and (d) the complete 
fastening system. 
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Note, however, that the size of the gap is importantly influenced by 
the construction tolerances. In the tests, the bolt and the cantilever 
bracket were positioned approximately in the centre. During the con
struction in real buildings, this position can be very eccentric. Since this 
can importantly influence the interaction between the panel and the 
column, it is proposed to consider central and extreme positions in 
analyses. 

5.3. Displacement capacity 

According to the tests, the displacement capacity of the top con
nection was between 7 and 8 cm (relative displacements between the 
panel and the main structure). This can be considered as the displace
ment capacity of the complete connection assembly since the top con
nections are the weakest component (please see the discussion about 
the failure, provided in Section 4.2). 

The displacement capacity addressed above corresponds to the gap 
size of 4 cm. If the gap size is smaller because of the eccentrically po
sitioned panel, the displacement capacity will be reduced to: 

= +d mind cm4u gap top, (1)  

5.4. Friction 

The friction activated in the connection influences the level of the 
interaction between the panel and the columns of the main building. 
The greater the friction force, the stronger the interaction between the 
panel and the columns is provided. 

During the experiments, the maximum friction force of Rfr,top = 8 
kN was observed at the top connections (note that the connections were 
tested in pairs). This force can be estimated based on the friction 
coefficient cfr,top and the tightening force in the bolt Fb: 

=R c Ffr fr top b, (2)  

=F T
c Db

b

b0 (3)  

where Tb is the tightening torque in the bolt, c0 is the friction 
coefficient in the threaded bolt, which is equal to 0.2 [26], and Db is the 
nominal diameter of the bolt. For the investigated connections, the 
friction coefficient cfr,top = 0.4 is recommended. It was obtained based 
on the ratio between the measured friction forces (Rfr,top = 8 kN) and 
the tightening force (Fb = 20 kN, corresponding to the tightening 
torque Tb = 65 Nm). The proposed value is in quite good agreement 
with the friction coefficients evaluated by Del Monte et al. [7]. 

The typical friction force at the bottom connection Rfr,bottom was 
estimated subtracting the friction force of the top connections from that 
observed during the tests of the complete fastening system. The total 
friction force of the complete fastening system was 20 kN. The frictional 
resistance of the two top connections was 16 kN. Thus, the friction in 
the bottom connections was 4 kN in total or 2 kN per one connection. It 
was four times smaller than that at the top connections. Note, however, 
that the friction in the top connection strongly depends on the tigh
tening torque in the bolt. When the torque is small, the friction of the 
top connection will also be reduced to about 2 kN. 

5.5. Damping 

The recommended value of the damping coefficient cvisc,bottom for the 
Viscous model was estimated based on the velocity and friction force 
measured in the tests. Later on, the coefficient was calibrated with 
numerical simulations, and the final value of 50 t/s was defined. It 
corresponds to a force of 2 kN at a velocity of 0.04 m/s. 

Fig. 18. A comparison of the accumulated hysteretic energy during the experiments (grey) and the numerical simulation (black): (a) and (b) only the top connections, 
(c) and (d) the complete fastening system. 
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5.6. Stiffness 

In general, the initial stiffness of the top connections (Kconn,top) is 
very large as long as the full friction force is not activated (see the 
recommended values in Table 2). After that, stiffness is almost 0 until 
the gap is depleted. Then it abruptly increases to Ki due to the bending 
stiffness of the top bolt. The experimentally estimated values are similar 
to those proposed by Belleri et al. [5]. 

The Hysteretic material model was used to model the response after 
the gap was closed. All the following specific parameters should be set 
to 0 for this purpose: pinchx, pinchy, damage1, damage2 and beta. The 
parameter Ry of the Hysteretic model behaviour (see the envelopes in  
Fig. 18) should be small since it is intended only to define the large 
unloading stiffness KL after the gap has been depleted. 

6. Conclusions 

The paper presents the experimental and analytical studies of the 
fastening system which is typically used in Central Europe to attach 
horizontal cladding panels to the columns of RC precast buildings. The 
system consists of two main parts: (1) the pair of top bolted connec
tions, which provide stability to the panel, subjected to the horizontal 
excitations, and (2) the pair of bottom cantilever connections, which 
support the weight of the panel. 

A typical response mechanism of the complete fastening system 
consists of three distinct stages: sliding with limited friction, contact 
with the panel causing the increase in the connection stiffness, and the 
failure. It was found that the failure of the fastening system in an 
earthquake occurs when the in-plane displacement capacity of the 
bolted top connection is depleted. At this point, the stability of the 
entire panel is compromised. 

The capacity of the fastening system should be expressed in terms of 
displacements, rather than in terms of strength because the capacity of 
the system is limited by the displacement capacity of the top connec
tion. The displacement capacity depends on the construction tolerances 
and the initial size of the gaps. The deformation capacity is about 4 cm 
larger than the initial gap size of the top connection. 

The initial gap size depends on the construction. Since it may in
fluence the response and since it is not known in advance, it is re
commended to take into account two extreme cases: centrally mounted 
connections (the gap size in both directions is the same), and eccen
trically positioned bolts and cantilever brackets. 

Experimental force–displacement responses of the tested connec
tions were used to propose a new numerical model, which is able to 
describe the in-plane behaviour of the tested fastening system under 
dynamic loading. The new numerical model is formulated by com
bining different material models available in the OpenSees framework. 
The typical values of different parameters needed to define the model 
are proposed and calibrated by the experiments. 

The analysis confirmed that the responses of the top and bottom 
connections have somewhat different characteristics. The top connec
tion appears to exhibit typical Coulomb friction behaviour, whereas the 
viscoelastic behaviour better describes the response of the bottom 
connection. The numerical model was validated by dynamic tests and a 
satisfying match between the experimental and numerical results was 
achieved. 
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