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A B S T R A C T

CFS structures are classified as structures with low ductility. Due to this, they are not recommended for
medium to high seismic areas. The paper presents the results of a complex experimental program coupled
with numerical investigations on the behavior of Cold Formed Steel (CFS) structures under seismic actions. The
scaled-down model skeleton was made of DX51D+Z C-shaped 89 × 41 × 12 × 1 mm steel elements connected
by 4.8 × 16 mm self-tapping screws (STS) and 5.5 × 25 mm self-drilling screws (SDS). This structure represents
a replica of constructive solutions for single-story or one or two-storey structures that are frequently met in
South-Eastern Europe, including highly active seismic areas.

The main purpose of the research program is to gather both quantitative and, more importantly, accurate
information regarding structural response to dynamic actions characterized by input accelerations equal in
amplitude to the maximum values specified in seismic design codes, up to PGA = 0.40 g. The damage of the
joints and the reduction in the structural stiffness due to cyclic loads, such as the ones produced by earthquakes,
change the structure’s eigen period and significantly influence the structure’s response to seismic actions. Larger
gravitational loads lead to more extensive damage of the joints. The developed numerical model based on the
experimentally determined connection axial rigidity can offer accurate results in terms of the fundamental
frequency of vibration, relative accelerations and displacements. However, for a more accurate capturing of
the local damages and onset of failure mechanisms, more complex numerical models are needed, which take
into account non-linear material behavior.

The results presented in this paper help to design these structures as only the skeleton and serve as a
starting point for future research work aimed to assess the influence of the sheathing on the global response
of CFS structures to seismic actions. Additionally, research in the direction of improved joints with better
energy dissipation properties is also pursued by the authors.
1. Introduction

The behavior of civil engineering structures to seismic motions
is a continuous matter of investigation for researchers around the
world. Besides ensuring the safety of the inhabitants and mitigating
the damages to the structures and the stored goods in the framework of
performance-based design, buildings also need to become economic and
sustainable in the sense that their maximum performance should be ob-
tained with the least material consumption. Currently available seismic
design codes, such as EN 1998-1 [1] or the Romanian code [2] include
a lot of information and details on the seismic design of steel structures.
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Based on their specifications, Thin-Walled Cold-Formed Steel Structures
(TWCFSS) are classified as having low dissipative capabilities and
the verification of structural elements included in Class 4 is made in
accordance with EN 1993-1-3 [3], and EN 1993-1-5 [4], respectively.
The seismic design codes limit the behavior factor q to 1.5 in [1] and
to 1 in [2] because such structural systems without cladding materials
have low energy dissipation capabilities. The values of the behavior
factor q and the associated ductility classification which are given
in the design codes, characterize the balance between resistance and
energy-dissipation capacity. ‘‘For the design of structures classified as
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Fig. 1. Structural type systems: (a) frame system; (b) panel; (c) panel with strips diagonal; (d) panel with diagonals system.
Fig. 2. Real House structural systems — personal archive: (a) Romania, 2018, (b) Germany, 2018.
low-dissipative, no account is taken of any hysteretic energy dissipation
and the behavior factor may not be taken, in general, as being greater
than the value of 1.5 considered to account for overstrengths’’. ‘‘The
behavior factor q is an approximation of the ratio of the seismic forces
that the structure would experience if its response was completely
elastic with 5% viscous damping, to the seismic forces that may be used
in the design, with a conventional elastic analysis model, still ensuring
a satisfactory response of the structure’’ [1]. In this study, the behavior
factor was not used. Based on the presented results future numerical
analyses will be developed in order to determine the appropriate value
of the behavior factor for such types of structures.

The seismic behavior of hot-rolled steel structures was the main
subject of research until 1990. Several approaches were considered
from scaled-down models to structural sub-systems, to individual struc-
tural elements. A very powerful equipment used in such experimental
investigations, both for hot-rolled and cold-formed steel structures, is
the shake table. It is the only equipment that can simulate real seismic
motions of either past earthquakes or artificially generated ones. How-
ever, due to its high initial and maintenance costs, most experimental
works included pseudo-dynamic tests on structural elements or parts of
structures that can lead to obtaining similar results. Another alternative
would be the use of numerical simulations where various parameters
could be changed and many different scenarios could be considered.
However, these numerical models should be validated by laboratory
tests in order to ensure the accuracy of the obtained results [5,6].

Thin-walled cold-formed steel structures elements started to attract
more and more attention from 1990 because of their gradual implemen-
tation in civil engineering structures. Their use has seen a continuous
grow and a significant number of studies were published in USA [7–13],
Italy [14–22], Romania [23–28], Turkey [29], UK [30,31] or Asia [32–
43]. Each study considered different CFS profiles, structural system of
connectors for joining the elements. The most used structural typologies
consisted in 3D frames with built-up cross-sections for the elements
or framing elements to form rigid systems for structural applications.
Fig. 1 presents 4 of the main CFS structural systems that are currently
2

in use. The solution presented in Fig. 1a is that of a portal frame using
built-up cross-sections for the elements. The elements are connected at
the nodes by means of hot-rolled steel plates and bolts. These are the
so-called moment-resisting frames where the seismic force is dissipated
due to the moment–rotation capacity of the joint. On the other hand, in
case of framing systems made of shear wall panels, Fig. 1b, sheathing
with either Oriented Strand Boards — OSB panels or corrugated steel
sheets, the seismic force is dissipated by the panels/sheets and the
connectors used to fix the panels onto the steel framing.

In the case of framing systems with vertical studs and diagonal steel
strips, as shown in Fig. 1c, the seismic force is resisted by the framing
and the diagonal elements. On the other hand, the truss-like framing
system with rigid diagonal elements, Fig. 1d, is able to dissipate the
seismic energy mainly through the diagonal elements. In either of the
presented structural systems, the presence of OSB, corrugated steel
sheet or any other sheathing panels greatly contribute to the dissipation
mechanism of the seismic force. The efficiency of a scaled down two
storey model, using the same structural approach presented in Fig. 1c,
to seismic motion was demonstrated in a series of shake table tests
conducted in 2009 at the ‘‘Gheorghe Asachi’’ Technical University of
Iasi [44]. Additional experimental investigations on different structural
typologies were conducted from 2016 to the present day [7,8,20,37,
45]. Such research works contribute to the general knowledge on
the seismic behavior of steel structural systems and can be used to
calibrate numerical models in order to conduct complex parametric
investigations.

The structural model used in the present research is based on
a framing concept with truss-like diagonal elements located in the
marginal panels, as shown in Fig. 1d. Such system is frequently met
in practice all over Europe, including in highly seismic active areas.
Fig. 2 presents two examples of such structures built in Romania (see
Fig. 2a), and Germany (see Fig. 2b), in 2018.

Fig. 3 presents an overview of a ground-floor building made from
a combination of thin-walled cold-formed steel lipped channel profiles
having the dimensions 89 × 41×12 × 1 mm and plain channel profiles
with dimensions of 358 × 78×4 mm.
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Fig. 3. Axonometry of typical one storey structural systems made of TWS profiles C89x41x12x1: (a) general assembly; (b) wall panel system.
Fig. 4. (a) Materials and typical 𝑇 joint connection; (b) perspective view of the connection with the interior; (c) average experimental tensile stress–strain curve of DX51D+Z
steel sheet; (d) C profile section dimensions.
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The lipped channels of 89 × 40×12 × 1 mm represents a relatively
dvantageous solution both for the end-user (beneficiary) and building-
ontractor due to its small overall dimensions. However, their use in
tructural elements to resist seismic loads should be considered only
fter significant experimental work in the laboratory. Such work could
ffer insightful information that can be used in the design practice. The
btained results are important data to calibrate numerical models based
n FEM.

The present paper presents the results obtained from laboratory
nvestigation on the material properties, behavior of T-joints to static
nd cycling loading scenarios and shake table tests to assess the be-
avior of the structural system made of CFS frames with truss-like
iagonal elements in the central panels. The experimental program is
ccompanied by numerical simulations in order to create a computer
odel that is able to simulate, as accurately as possible, the real

ehavior of the scaled-down model to seismic actions. Both linear and
on-linear analyses were conducted to render evident the differences
etween the two approaches.
3

. Materials and methodology

.1. Structural materials and connectors

The material properties of the steel sheet and connectors are pre-
ented in Table 1. The steel sheet used to obtain the steel profiles by
old-forming was DX51D+Z. Self-Tapping Screws (STS) with dimen-
ions of 4.8 × 22 mm were used to connect the elements of the framing
hereas Self Drilling Screws (SDS) with dimensions of 5.5 × 25 mm

were used to connect the shear walls to each other. Additionally, the
diagonal elements were connected by means of 4.8 × 16 mm SDS. The
material properties of the steel sheet were experimentally determined
by means of direct tensile tests on specimens cut from the profile
web [46]. The material properties of the STS and SDS were the ones
given by the manufacturer. The average stress–strain curve for the
DX51D+Z steel is presented in Fig. 4a and the dimensions of the
C-shaped profile are shown in Fig. 4b.
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Table 1
Materials properties.

Element Type Elastic
modulus
(GPa)

Tensile yield
strength
(MPa)

Tensile ultimate
strength
(MPa)

Steel sheet C profiles — Fig. 4(a) DX51D+Z 210 120 (exp) 250 (exp)
SDS — Fig. 4 (a) for profile connections ISO 15481 class (5.6) [47] 4.8 × 16 mm 210 300 [48] 500 [48]
SDS — Fig. 4 (a) for panel connections ISO 15481 class (5.6) [47] 5.5 × 25 mm 210 300 [48] 500 [48]
STS — Fig. 4 (a) for profile connections ISO 7049 class (5.6) [49] 4.8 × 22 mm 210 300 [48] 500 [48]
Fig. 5. (a) Plan view of the structural model; (b) Axonometry of the wall panels.
Fig. 6. Front views of the walls: (a) East wall, X1 direction; (b) North wall, Y1 direction.
2.2. Structural model assembly

The scaled-down model, presented in Fig. 5, had the in-plane di-
mensions of 2700 × 2300 mm, wall height of 2100 mm and the total
eight (at the ridge) of 2597 mm. The model was made of four panels.
he roof was made of trusses with inclined upper chords, as shown

n Fig. 6, transversally positioned (Y direction in Fig. 5). The stiffness
f the roof was ensured by using truss panels located on top of the
4

longitudinal wall panels (X direction in Fig. 5) and at the middle of
transversal wall panels. The longitudinal wall panels had openings for
windows and doors.

Fig. 5a presents the in-plane view of the model whereas Fig. 5b
presents the axonometric view of the wall panels. The North–South
direction of the model coincides with the X axis of the shake table along
which the shaking motions will be induced. The East wall has a door

opening with the dimensions of 740 × 1759 mm and the opposite, West,
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Table 2
Similarity relationship and Cauchy similitude scaling factors.

Parameter Symbol Prototype Model Scale factor
(prototype/ model)

Scale factor value

Length 𝐿 3240 (mm) 2700 (mm)
𝐿𝑝∕𝐿𝑚 = 𝜆 1.2Width 𝑤 2760 (mm) 2300 (mm)

Height ℎ 3126 (mm) 2605 (mm)
Steel profile section sps C 89 × 40 × 12 × 1 (mm) C 89 × 40x12 × 1 (mm) 𝐿𝑝∕𝐿𝑚 = 𝜆 1
Elasticity modulus 𝐸 210000 (N/mm2) 210000 (N/mm2) 𝑒 = 𝐸𝑝∕𝐸𝑚 1
Specific mass 𝜌 7850 (kg/m3) 7850 (kg/m3) 𝜌 = 𝜌𝑝∕𝜌𝑚 1
Mass 𝑚 506 (kg) 293 (kg) 𝑚 = 𝑚𝑝∕𝑚𝑚 = 𝜆3 1.728
Displacement 𝑑 𝑑 = 𝑑𝑝∕𝑑𝑚 = 𝜆 1.2
Velocity 𝑣 𝑣 = 𝑣𝑝∕𝑣𝑚 1
Acceleration 𝑎 𝑎𝑝∕𝑎𝑚 = 1∕𝜆 0.833
Time 𝑡 𝑡𝑝∕𝑡𝑚 = 𝜆 1.2
Frequency 𝑓 𝑓𝑝∕𝑓𝑚 = 1

𝜆
0.833
Fig. 7. Connection details: (a) panel intersection connection; (b) current joint of diagonals; (c) upper part 𝑇 joint connection; (d) screws details; (e) base fixing detail.
i
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wall had two window openings with dimensions of 740 × 1000 mm.
The X1 and X2 represent the axes of the longitudinal walls and Y1 and
Y2 represent the axes of the transversal walls.

The geometrical dimensions of the East wall and North wall are
presented in Fig. 6. North and South wall panels are identical to one
another whereas East and West wall panels have different configuration
to accommodate the door and window openings. The wall framing
panels were obtained by connecting the CFS elements by means of
4.8 × 16 mm STS that fit in the drawings located at the theoretical
longitudinal axes of the steel profiles. The model was fixed on the shake
table by 14 M22 bolts (4 bolts in both X1 and X2 directions and 3 bolts
on both Y1 and Y2 directions).

The scaling down of the model was bound by the dimensions of the
ANCO R250 shake table. Table 2 summarizes the values of the scaling
factor based on the Cauchy law of similarity [50,51].

The joining of the steel profiles presented drawings, the diagonal
members and the struts had reduced cross-sectional height and the clip-
ping of the C-profile flanges was performed for the contour elements.
Details of the joint layouts are presented in Fig. 7.
 s

5

2.3. Test set-up and data acquisition

The experimental program took place at the Department of Struc-
tural Mechanics from the ‘‘Gheorghe Asachi’’ Technical University of
Iasi. The 3-DOFs ANCO R-250 shake table has the in-plane dimensions
of 3000 × 3000 mm. The 600 kN electro-hydraulic actuators are located
at 120 degrees, as shown in Fig. 8. The frequency range is between 0–
30 Hz whereas the maximum acceleration can reach 3 g. The fixing on
the models on the shake table can be done using M22 bolts in a grid
having the 200 step-size in both in-plane directions.

The scaled-down model was fitted with 4 PT5 A displacement trans-
ducers denoted as 𝐷𝑥1 …𝐷𝑥4 in Fig. 8. The shaking motion was applied
n the X direction, as shown in Fig. 8. The response of the model, in
erms of accelerations, was recorded by means of four DYTRAN 3202 A
ccelerometers (𝐴𝑥1, 𝐴𝑥2, 𝐴𝑦1 and 𝐴𝑦2) located at the eaves, as shown
n Fig. 9. The sampling frequency of the ESAM traveler data acquisition
ystem was set at 50 recordings/ second/ channel.
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Fig. 8. View of the model on the shake table and instrumentation position.
Fig. 9. Axonometry of the structural model with displacement LVDT positions.
. Experimental program

.1. Dynamic motions

According to the seismic design codes [1,2] and taking into account
he seismic zoning of Romania, shown in Fig. 10, there are three distinct
6

values for the corner/control period 𝑇𝐶 : 0.7 s, 1.0 s and 1.5 s. The
peak ground acceleration (PGA) in the Vrancea area, epicentral zone,
is 0.4 g for a return period of 225 years and a 20% probability of
being exceeded in 50 years. Sine beat loading function was chosen with
1 Hz, 1.5 Hz and 6 Hz frequencies and acceleration amplitudes between
0.14 g and 0.71 g.
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Fig. 10. (a) Europe seismic map [52]; (b) Romania — PGA for a RMI of 225 years and 20% probability of exceedance in 50 years; (c) Zonation of Romania based on the
control/corner period 𝑇𝐶 , of the response spectrum [2].
3.2. Loading scenarios

The experimental program considered two distinct cases in terms
of live loads: bare frame without any additional gravitational loads
(Unloaded-UL) and additional masses located at the top part of the
walls. The additional masses, shown in Fig. 9, consisted of lead weights,
each weighing 275 kg. They were symmetrically located at the ceiling
level representing an equivalent load of 1.80 kN/m2. The dynamic
characteristics of the model were firstly determined after which shaking
motions were induced following a sine-beat function with different
frequencies and different amplitudes of accelerations.

The total load 𝑞 = 𝑞1 + 𝑞2 + 𝑞3 + 𝑞4 = 1.80 kN/m2 represented the
contribution of permanent and partial snow loads considered with their
most unfavorable intensities:

• Tile roof 𝑞1 = 0.75 kN/m2;
• Additional steel profiles for cladding: 𝑞2 = 0.12 kN/m2;
• Covering elements: 𝑞3 = 0.3 kN/m2;
• 40% of the snow load with 𝑠 = 2.5 kN/m2: 𝑞4 = 0.63 kN/m2;

Table 3 summarizes the loading protocol. The different frequencies of
the sine-beat function as well as levels of accelerations would offer
sufficient data to better understand the behavior of the CFS model to
seismic actions.

There are two categories of tests presented in Table 3. The tests
denoted with F are those for which the fundamental frequency of vibra-
tion was measured in the initial, undamaged state, and after each series
of dynamic tests. The tests denoted with 𝑇 are the test involving the
dynamic sine-beat motions. The number in the test designation means
the frequency of the shaking motion. Hence, F0-UL-1 Hz represents the
test conducted to determine the fundamental frequency of vibration in
the initial, unloaded (UL) state. Consequently, T10-L-1 represents test
number 10, conducted on the loaded model (L) and the shaking motion
had a frequency of 1 Hz.

3.3. Cyclic loading tests on T-joints

The shake table tests were preceded by cyclic loading tests on the
T-joints with different configurations in terms of used connectors: type
7

A with 4.8 × 16 mm SDS, type B with 4.8 × 22 mm STS and Tapper
drawing and type C using a combination of types A and B. A detailed
presentation of the research work can be found in [46]. For the purpose
of this study, only type B joints were considered.

In case of structures subjected to seismic motions, the behavior of
joints to cycling loads is very important because it can give information
related to the possible deformations and decrease of rigidity. The cyclic
tests were conducted in accordance with the methodology outlined
in [53,54]. Five T-joint specimens were considered. They were first
subjected to 20, displacement controlled, cyclic tests with a maximum
amplitude of +/−1 mm and a loading rate of 0.083 mm/s. After the 20
cycles, the amplitude was increased to +/−2 mm and the loading rate
to 0.167 mm/s and an additional 20 cycling tests were performed. An
electro-hydraulic Zwick/Roell 1000SP universal testing machine was
used to run this part of the experimental program (see Fig. 11).

4. Experimental results

4.1. Results of cyclic tests on the T-joint

Fig. 12 presents the average load–displacement curves obtained dur-
ing the cyclic tests. It can be observed that for a maximum displacement
of +/−1 mm, Fig. 12a, the stiffness on the tensile part of the test is
almost constant with a value of 2300 N/mm and did not decrease
significantly after 20 loading cycles. The peak load corresponding to
the maximum displacement of 1 mm was 2300 N la 1 mm. On the
compression part of the curve however, two different behaviors could
be observed: from 0 to −0.5 mm the average value of the stiffness
was 2200 N/mm. From −0.5 mm to −1.0 mm the stiffness increased
to 8896 N/mm. A more evident decrease in the value of the stiffness
can be observed after 20 loading cycles, especially for displacements
between −0.5 mm to −1.0 mm. The variation in the applied force
amplitude with the number of loading cycles, both in the tensile and
compression ranges of the load–displacement curve is presented in
Fig. 12c. It can be observed that the intensity of the applied load in the
tensile range is almost constant whereas a significant decrease could
be seen in the compression range. The value of the secant stiffness,
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Table 3
Experimental test.
Fig. 11. Tension–Compression cyclic loading experimental test +/−1 mm @0.083 mm/s.
after 20 loading cycles, stabilized around de 2300 N/mm. After the
initial test, a second round of cyclic tests were conducted on the same
samples of T-joints with double the amplitude of the displacement:
+/−2 mm. This resulted in a decrease in the values of the secant
stiffness by approximately 30%, Fig. 12b, and almost constant intensity
of the applied load both in tension and a smaller decrease of the load
in compression, Fig. 12d.

4.2. Dynamic properties of the scaled down-model

The fundamental frequency of vibration for the unloaded, undam-
aged model was determined using the free-vibration decay method.
The scaled-down model was then subjected to a first set of seismic
motions at a motion frequency of 1 Hz (tests T1–T3 from Table 3).
The fundamental frequency of vibration was then measured again at
the end of the first series of tests. The experimental program continued
with a second series of seismic motions with a motion frequency of
1.5 Hz. After a third determination of the fundamental frequency, the
bare frame model was subjected to a third series of shake table test
with a frequency of 6 Hz (tests T7–T9, Table 3). The change in the
fundamental frequency of vibration from one series of tests to another,
for the bare frame, is presented in Fig. 13a. The model was then
loaded, as described in Section 3.2. The addition of masses changed the
8

fundamental frequency from 8.09 Hz to 2.98 Hz, a 278% decrease. For
the loaded model only one test was conducted for the motion frequency
of 1 Hz but with different amplitudes (tests T10–T12, Table 3). The
change in the fundamental frequency for the loaded model is presented
in Fig. 13b

Based on the obtained data it can be concluded that the model
exhibited some slight damages which is reflected in a decrease of the
fundamental frequency from 8.28 Hz to 8.09 Hz for the unloaded
scenario, a 2.41% decrease compared to the initial stage. A more
significant decrease in the value of the fundamental frequency could
be observed when the model was loaded with additional masses, the
change being 31.21%.

4.3. Response of the model in accelerations

Fig. 14 presents the input versus recorded accelerations at the level
of the shake table and at the top part of the walls for the model as
an average value of the records given by accelerometers 𝐴𝑥1 and 𝐴𝑥2
(see Fig. 9). It can be observed that for the first series of tests (input
frequency 1 Hz and different values for the acceleration amplitudes)
the model behaves rigidly, with very small values of the relative accel-
erations computed as the difference between the absolute accelerations
at the top of the walls and the absolute accelerations recorded at the
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L

Fig. 12. Tension–Compression cyclic test results: (a) joint B +/−1 mm @0.083 mm/s; (b) joint B +/−2 mm @0.167 mm/s; (c) Load vs. time evolution of cyclic test with +/−1 mm;
oad vs. time evolution of cyclic test with +/−2 mm.
Fig. 13. Results of dynamic identification in terms of natural frequency (a) -Unloaded Model — UL; (b) Loaded Model — L..
level of the shake table. There is, however, an instance during test T3
when the maximum amplitude of the relative acceleration was 0.48 g.

Increasing the frequency of the input motion to 1.5 Hz did not
result in significant change in the behavior of the model. It can be
seen that the model and the shake table are in phase with one-another.
The amplitude of the relative acceleration was reached a maximum of
9

0.34 g during test T5. From the data of the two series of tests it can be
concluded that no significant amplifications were observed.

Increasing the frequency of the input motion to 6 Hz resulted in
significant amplifications of the response. In test T9, even though the
amplitude of the input motion was 0.33 g, the maximum relative
acceleration was 1.76 g. This could be explained by the fact that the
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Fig. 14. Absolute acceleration vs. time of the experimental tests.
frequency of the input motion is closer to the fundamental frequency
of vibration of the model and therefore significant amplifications of the
response were observed.

When the model was loaded by additional masses, the amplitude
of relative accelerations increased from 0.4 g in case of test T11 to
0.92 g in case of test T12 before the failure mechanisms started to
develop. When the amplitude of the absolute acceleration of the model
exceeded 1.05 g, the model failed, and the test was stopped. This can
be seen from the last graph in Fig. 14 when the input and response
motions are clearly out of phase and significant amplifications of the
input amplitude were observed.

4.4. Relative lateral displacements

Fig. 15 presents the time histories of the relative lateral displace-
ments computed as the difference between the average values measured
by the displacement transducers 𝐷𝑥2 and 𝐷𝑥3 and the displacements
ecorded by 𝐷 (see Fig. 9).
𝑥1

10
The recorded data is consistent to what was presented in Fig. 14.
Lower values of the relative lateral displacements were observed for
the first two series of test with input frequencies of 1 Hz and 1.5 Hz,
irrespective of the acceleration amplitudes. The maximum relative
lateral displacement for the first series of tests was obtained for test
T3, 2.99 mm, whereas for the second series the maximum relative
displacement was 3.07 mm.

When the frequency of the input motion increased to 6 Hz, sig-
nificant amplification of the response was observed during tests T8
and T9 for which the relative lateral displacements were 12.8 mm and
13.44 mm, respectively.

The loaded model exhibited significantly larger relative displace-
ments from 22.75 mm for test T10 to 55.03 mm for test T12 before
the failure mechanisms started to develop. A relative displacement of
283.14 mm was recorded when the collapse of the model occurred.

Table 4 summarizes the results in terms of fundamental frequencies
of vibration as well as maximum amplitudes of relative accelerations
and displacements.



G. Taranu, V. Ungureanu, Z. Nagy et al. Thin-Walled Structures 182 (2023) 110258

I
n

Fig. 15. Relative displacement vs. time: (a) Unloaded tests T3, T6, T9; (b) Loaded model tests T10, T11, T12.
4.5. Base shear–relative displacement curves

Fig. 16 presents the base shear–relative displacements curves for the
tests of highest amplitude of the input motion in case of the bare frame
model (T3, T6 and T9) as well as all three tests conducted on the loaded
frame (tests T10–12).

According to the Romanian seismic design code, the maximum rel-
ative displacement in case of serviceability limit state (SLS) should be
less than 0.005𝐻 where 𝐻 is the height of the structure. For the model
presented in this research work the maximum allowable displacement
in case of SLS would be 10.5 mm.

𝑑𝑆𝐿𝑆𝑟 = 0.005𝐻 = 0.005 ⋅ 2100 = 10.5 mm (1)

n case of ultimate limit state (ULS), the relative displacement should
ot exceed 𝑑𝑈𝐿𝑆

𝑟 = 0.025𝐻 , where H is the height of the structure.
For the model presented in this research work the maximum allowable
displacement in case of ULS is 52.5 mm.

𝑑𝑈𝐿𝑆 = 0.025𝐻 = 0.025 ⋅ 2100 = 52.5 mm (2)
𝑟
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Analyzing the data presented in Fig. 16 it can be concluded that the
scaled down model behaves linearly for the most part of the tests
although in case of test T9 larger values were obtained for the relative
lateral displacement which could mean that some of the joints exhibited
larger deformations. For the loaded model, the relative displacement
exceeds 20 mm in case of test T11 and a decrease in the overall stiffness
can be observed. The values of the relative displacement become more
significant during test T12, reaching 55.03 mm which represent the
onset of the failure mechanisms.

4.6. Failure mechanisms

4.6.1. T-joints subjected to cyclic loading
The following failure mechanisms could be observed during the

cyclic tests performed on the T-joints with 4.8 × 22 mm STS. Their
order of development is presented in Fig. 17. Due to the cyclic loading
the screw, which can be assumed as a small cantilever, tilts downwards
due to the tensile force being applied, mechanism (a), almost at the
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Table 4
Experimental test results.
Fig. 16. Base shear vs. displacement graphs.
ame time with the onset of plastic deformations of the edges of the
re-drilled holes, mechanism (b). The wall of the clipped steel profile
the chord) is subjected to bending and rotates outwards creating a gap
etween the chords and the strut during the application of the tensile
oad, mechanism (d). The excessive rotation is restrained due to the
ontacts between the chord and the strut. At the same time, the gap
he occurs between the steel profiles lowers the friction force and leads
o the unscrewing of the STS, mechanism (c).
12
4.6.2. Bare steel frame model subjected to seismic actions
After the first two series of tests were conducted at frequencies of

1 Hz and 1.5 Hz, no visible deformations could be observed at the
joints between the CFS profiles, especially at the ends of the diagonal
elements (the most loaded ones). When the frequency of the shaking
motion increased to 6 Hz, significant amplifications of the response
were recorded in terms of accelerations and relative displacements.
The model was inspected once again and no visible damages could be
detected for the elements and the joints of the framing in X direction.
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Fig. 17. Failure mechanism in joints during cyclic tests.
Fig. 18. Deformations of the joints between panels: (a) panel intersection; (b) detail of the deformation.
However, local deformation could be observed at the joints between
the framing panels in X and Y directions, as shown in Fig. 18.

During test T11, after the model was loaded with additional masses,
the maximum recorded relative displacements was 22 mm. There were
still no other visible damages than the ones already identified during
the previous tests. During test T12 the model exhibited a relative
displacement of 55.03 mm which represented the onset of the failure
mechanism, almost at the same time for all 6 locations presented in
Fig. 19.

The exact order of the failure mechanisms occurrence in Fig. 19
could not clearly be established because of the extremely short time
interval between their occurrences. In case of mechanism 1, local
uckling of the lower chord of the wall framing was observed on both
ast and West walls (see Fig. 5) which could be caused due to the
ixing of the model onto the shake table coupled with the eccentricities
etween the centerline of the struct and the diagonal element. The
xial force it the joint between the diagonal element and the lower
hord produced normal stresses that exceeded the yield strength of the
aterial leading to excessive plastic deformations and pulling out of

he screw.
Mechanism 2 occurred at the upper end of the diagonal element

djacent to the door gap in the East wall along axis X2 (see Fig. 9). The

ailures occurred due to the local buckling of the horizontal element
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connecting the diagonal element and the vertical one forming the door
gap. A similar failure mechanism was identified on the opposite side
of the door gap. The 3rd failure mechanisms occurred at the joint
between the vertical element and the lower end of the upper diagonal
in the East wall. Both the vertical and horizontal elements failed due
to local buckling because the joint between the diagonal element and
the vertical one was stronger than the other joints due to the presence
of an additional screw.

Mechanism 4 occurred in the upper part of the door gap, in the
vertical element due to torsional buckling. The presence of the truss
system to stiffen the upper part of the door gap led to significant
differences in lateral stiffness which may have triggered the failure
mechanism 4.

Mechanism 5 occurred due to local buckling of the horizontal
element at the top of the door gap in Eastern wall coupled with pulling
out of the screw. Mechanism 5 may have influenced the occurrence of
mechanism 4 due to the fact that the upper left panel of the door gap
lost its in-plane stability.

Mechanism 6 occurred in the Western, at the top end of the lower
diagonal element from the panel located between the two windows
opening. The failure occurred due to the tearing of the material in the
diagonal element.

There were also other local damages identified throughout the

model in the form of local crushing of the steel sheet at the edges of
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Fig. 19. Failure details mechanisms captured from video recording of the experiment.
the holes of local deformation at the joints between the walls (corners
of the model) but without pulling out of the screws.

5. Numerical modeling

5.1. General considerations

The numerical modeling of CFS structures can be accomplished by
means of two frequently used approaches aimed at accurately simu-
lating the real behavior of the structure. One of the frequently met
approaches in the scientific literature [55–60] consists in using 2D
or even 3D elements. Coupled with a non-linear material behavior,
this approach leads to very accurate results, but it requires expensive
hardware and a lot of time to run the simulations especially in case of
complex structures.

On the other hand, the approach presented in the design codes [3,
61,62] suggests that the joints are the most vulnerable components
of the CFS structures. The numerical investigations conducted in case
of such an approach should take into account the second order effect
and the real stiffness of the joints. The latter can be obtained from
experimental testing. The numerical models presented in this paper
consist in linear and non-linear models with infinitely (1) rigid joints
and (2) semi-rigid joints. The rigidity of the latter was considered as
constant or having a parabolic variation.

Starting from previously published results [46] and considering the
results obtained through cyclic tests on T-joints, the finite element
structural model based on 1D-beam pin-connected elements was used to
simulate the behavior of the experimental model subjected to a similar
loading scenario as in test T11.

5.2. The numerical model

Robot Structural Analysis Professional was used to generate the
numerical model [63]. Depending on the type of analysis, linear or
non-linear, the joints may be defined by means of their axial stiffness
𝑘𝑥 depending on the considered scenario:

1. For the bare frame model:

a. Linear with joints defined with elastic option 𝑘𝑥 = 5650
N/mm and simple supports;
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b. Linear with rigid joints defined by 𝑘𝑥 = ∞ and simple
supports;

c. Nonlinear with 𝑘𝑥 = 5650 N/mm — parabolic and uplift
supports.

2. For the loaded model (additional masses considered):

a. Linear with joints defined with elastic option 𝑘𝑥 = 5650
N/mm and simple supports;

b. Linear with rigid joints defined by 𝑘𝑥 = ∞ and simple
supports;

c. Nonlinear with 𝑘𝑥 = 2300 N/mm — parabolic and uplift
supports.

Fig. 20a presents the conceptual design/definition of the joint in
the local coordinate system of each bar element. Based on the exper-
imentally obtained data from direct tensile tests, Fig. 20b, and cyclic
tests, Fig. 20c, the values of the joint stiffness both in tension and
compression were assessed as a mean value of 2300 N/mm. The pro-
gram allows the user to choose from several options on how to define
the end releases for each degree of freedom as: fixed (fully restrained,
infinite rigidity), fixed values of rigidity or by means of a parabolic
variation [63]. Fig. 21 presents the numerical model highlighting the
bar ends at the joints.

The geometry of the numerical model was generated based on the
exact dimensions of the experimental model, including the eccentrici-
ties of the elements at the joints. Rigid joints were considered between
the walls. The support conditions were chosen as pin supports at the
location of the bolts fixing the model on the shake table. In the case
of the non-linear numerical model, FEM N-L, additional uplift support
conditions were generated on the surface of the lower chord of the wall
framing. Such support conditions have a restrained displacement in the
negative direction of the global Z axis (downwards) but the upward
displacement was allowed. A graphical representation of the location of
supports is presented in Fig. 22. Table 5 summarizes the characteristics
of each numerical model considered in the paper.

Newmark method was used for the Time History Analysis (THA) for
which the Rayleigh Damping coefficients were computed based on 𝜔1 =
14.72, 𝜉1 = 0.02 and 𝜔2 = 25.54, 𝜉2 = 0.02. The resulting values were
𝛼 = 0, 3735 and 𝛽 = 0, 00099. A 0.02 s time step size was considered
which was similar to the time interval for data acquisition during the
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Fig. 20. Definition of beam element end-releases in Robot Structural Analysis (a) joint of beam FEM schematic concept; (b) load–displacement experimental monotonic data test;
(c) load–displacement cyclic data test.

Fig. 21. Numerical model FEM N-L with beam elements and joints definition.

Fig. 22. Numerical model FEM N-L geometry (a) base plan view with supports; (b) 3D spatial model.

15
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Table 5
Numerical models characteristics.

Model analysis type Number of
nodes

Number of
bars

Bar finite
elements

Rigid
links

Releases Non-linear
releases

Supports Unidirec-
tional
supports
(uplift +Z)

Static degree
of freedom

Time-History
analysis method

Linear
𝑘𝑥 = 2300 N∕m

1193 312 897 105 256 – 200 6920 Modal
decomposition

Linear 𝑘𝑥 = ∞ 1193 312 897 105 256 – 200 6920 Modal
decomposition

Nonlinear
𝑘𝑥 = 2300 N/mm

1193 312 897 105 – 256 200 181 7101 Newmark
method
Fig. 23. Joint stiffness vs. natural frequency of the FEM Nonlinear model.
experimental program. The accelerograms used in the numerical model
were the ones recorded at the level of the shake table, in both X and Y
directions, during test T11-L-1 Hz.

5.3. Dynamic properties of the model

In order to calibrate the model from the point of view of the funda-
mental frequency of vibration, a set of modal analyses were conducted
for which the main parameter was the axial stiffness at the joints. The
considered range was between 100 N/mm up to 10000 N/mm. Fig. 23
presents the variation of the fundamental frequency with the change
of the axial stiffness at the joints (end of bars). It can be observed
that the values of the axial stiffness for which the fundamental fre-
quency of the numerical model matched the experimental data, in both
bare/unloaded and loaded frame configurations, were 5650 N/mm and
2300 N/mm, respectively. The axial rigidities exhibited lower values
compared to the ones obtained by means of direct tensile tests but
similar to the ones obtained during the cyclic tests. For the case of
bare/unloaded structure, the considered value of the stiffness should
be the one corresponding to the linear elastic range. In case of the
loaded structure, already subjected to a three series of seismic motions,
the axial rigidity at the joints should be reduced because of the innate
displacements that may occur in the joint areas The results obtained
from the numerical investigations suggested that the axial rigidity at
the joints should be equal to the average value of the secant stiffness
obtained from the cyclic tests and presented in Fig. 20c.

Fig. 24 presents the first two mode shapes of the bare/unloaded
structural model. It can be observed that both mode shapes are trans-
lational ones in X and Y directions, respectively. Fig. 25 presents the
first two mode shapes for the loaded structure.

Table 6 summarizes the results obtained from the modal analyses for
all considered scenarios. From the presented data it can be observed
16
that for the numerical model for which the joints were considered
to have infinite axial rigidity, the obtained dynamic characteristics of
the model differ significantly from the experimental results. It can,
therefore, be concluded that this approach would lead to erroneous
results.

5.4. Time history analyses

A similar accelerogram to the one corresponding to experimental
test T11-L-1 Hz was considered in the numerical model. Both linear
and non-linear analyses were run.

Fig. 26 present the response of the model in terms of accelera-
tions and displacements. For comparative purposes, the experimentally
obtained results and the numerical ones for different types of THA
analyses were plot on the same graph. The output for the numerical
model was considered to be at node 65 which corresponds to 𝐴𝑥1 and
𝐷𝑥3 on the real model (see Fig. 9).

It can be observed that there are significant differences between
the results obtained from each of the two numerical models for which
linear analysis was considered. The difference between the two models
consisted in the way the axial rigidity was considered at the joints: infi-
nite axial rigidity and finite axial rigidity with a value of 2300 N/mm.
At the same time, the numerical model for which a non-linear analysis
was considered, lead to similar results as the linear analysis case but
with axial rigidity at the nodes defined based on the experimental data.
For both graphs presented in Fig. 26, the numerical results are very
close to the experimental data during the first 10 s on the THA. After
that, the experimental model started to exhibit local damages which
could not be captured in the numerical model. For this to happen, non-
linear material behavior should also be considered in the numerical
simulations which would lead to a more demanding calculation effort.

Fig. 27 presents the deformed shape of the structure in each of the
considered scenarios for the THA: (a) nonlinear with 𝑘 = 2300 N/mm
𝑥
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Fig. 24. Vibration modes of nonlinear unloaded-UL model: (a) 1st mode — translation in X direction; (b) 2nd mode — translation in Y direction.
Fig. 25. Vibration modes of nonlinear loaded-L model: (a) 1st mode — translation in X direction; (b) 2nd mode — translation in Y direction.
Table 6
Dynamic analysis results.

Model Mode Frequency
(Hz)

Period
(sec)

Current mass
Ux (%)

Current mass
Uy (%)

Total
mass (kg)

Pulsation Damping

Unloaded
FEM 𝑘𝑥 = 5650 N/mm

1 8.28 0.12 83.78 0.01 293 52.05 0.01
2 10.34 0.10 0.02 84.40 293 64.97 0.01

Unloaded
FEM 𝑘𝑥=inf

1 19.93 0.06 85.10 0.01 293 112.04 0.04
2 26.14 0.05 0.01 84.48 293 125.09 0.04

Unloaded Experimental 1 8.28 0.12 – – 293 52.05 0.01
Loaded
FEM 𝑘𝑥 = 2300 N/mm

1 2.48 0.40 96.44 0.05 1496 16.21 0.01
2 2.73 0.37 0.07 96.66 1496 18.34 0.01

Loaded
FEM 𝑘𝑥 = inf

1 7.88 0.13 96.89 0 1496 49.54 0.04
2 10.45 0.10 0 96.78 1496 65.67 0.04

Loaded Experimental 1 2.48 0.40 – – 1496 15.58 0.02
(b) linear with 𝑘𝑥 = 2300 N/mm and (c) linear with 𝑘𝑥 = ∞. The
maximum intensity of the axial force obtained during the THA for the
three considered scenarios is shown in Fig. 28.
 c
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It can be observed that the lateral displacements of the linear and
nonlinear models with 𝑘𝑥 = 2300 N/mm are much larger than in the
ase of infinite rigidity at the nodes. At the same time, the obtained
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Fig. 26. Results on Loaded-L model, test T11 actions: (a) accelerations; (b) displacements.
Fig. 27. Time History analysis maximum displacements: (a) Nonlinear model-𝑘𝑥 = 2300 N/mm; (b) linear model-𝑘𝑥 = 2300 N/mm; (c) linear model 𝑘𝑥 = inf.
Fig. 28. Maximum axial forces (a) Nonlinear model-𝑘𝑥 = 2300 N/mm; (b) linear model-𝑘𝑥 = 2300 N/mm; (c) linear model 𝑘𝑥 = inf.
d
w
m

alues of the lateral displacements at node 66, located at the same
evel as node 65 but on the opposite wall, are different than the ones
btained at node 65 which suggests that a torsional movement was
lso present. Considering the geometry of the model and the locations
or the door and windows openings, this torsional effect was somehow
xpected.
 f
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The maximum intensity of the axial force, 3.03 kN, occurred in the
iagonal element of the lower central panel belonging to West wall
here window openings were located. For comparison, in case of the
odel with infinite axial rigidity at the nodes, the corresponding axial

orce was 4.69 kN.
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6. Discussions

Laboratory cyclic tests conducted on the T-joints showed that they
have a lower bearing capacity and a lower stiffness compared to the
values obtained from direct tensile tests. Even though on the com-
pression side of the cyclic test the initial tendency of the joint was
to behave more rigidly compared to the tensile side, the rigidity in
compression was significantly reduced after 20 loading cycles and
becomes similar to the one in tension. Similar behavior was observed
during the experimental tests on the shake table. The obtained results
for the axial rigidity of the joints were used in calibrating the numerical
model.

The shaking motions at low frequencies of 1 Hz and 1.5 Hz did
not produce significant damages into the structure and resulted in an
almost rigid body motion response from the model. Very low values
of relative accelerations and displacements were obtained even though
the amplitude of the input acceleration was increased up to 0.71 g
in case of T6. One possible explanation could be the fact that the
frequency of the input motion was far away from the fundamental
frequency of vibration of the model, 8.28 Hz. However, based on
the determined fundamental frequency after each series of tests, it
resulted those slight damages could be present in the model since the
fundamental frequency decreased to 8.21 Hz, a 0.8% decrease. This
small difference may also be due to the inherent measurement errors.

When the frequency of the input motion increased to 6 Hz, larger
lateral displacements could be observed. However, the model was still
in the linear elastic range of material behavior and the decrease in
the fundamental frequency of vibration to 8.09 Hz after the third
series of tests could be attributed to the small displacements starting
to occur at the joints. This would lead to a more flexible model.
The maximum relative displacements increased to 13.44 mm and the
relative acceleration reached 1.76 g. The large amplification of the
shaking motion, especially in terms of accelerations, could be explained
by the ratio of 0.8 between the frequency of the input motion and the
fundamental frequency of the model.

The model was loaded with additional masses which would amount
to an equivalent load of 1.80 kN/m2. The increased weight resulted
in a 63% decrease in the value of the fundamental frequency from
8.09 Hz to 2.98 Hz. For the loaded model, only a sine beat input motion
with a frequency of 1 Hz was selected but with different amplitudes
of the input signal. It was observed that during test T11 the relative
displacement increased to 22 mm which exceeded the maximum values
for ULS by 100%. The fundamental frequency of the model decreased
by 16.8% to 2.48 Hz.

During the test T12 the response of the structure was significantly
amplified due to damages in the elements and joints and possible
resonance phenomenon on higher modes of vibration. After 20 s the
relative displacement exceeded 86 mm and failure mechanisms started
to develop. This led to further amplification in the response of the
structure due to the fact that the fundamental frequency of the model
dropped below 2 Hz and became very close to the frequency of the
input motion.

The experimental program revealed a complex failure mechanism
which can be considered as:

• Global Rocking — a slight uplift of the lower chords of the
framing walls between the connection points between the model
and the shake table;

• Local buckling of compressed elements such as diagonal elements
and even vertical ones near the joints;

• Local buckling of horizontal elements;
• Plastic deformations at the edges of the pre-drilled holes in the

CFS profiles;
• Tilting and pulling out of the screws at the joints;
• Tearing of elements in the joint area corresponding to the net
cross-sectional area of CFS profile.
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• Unfasten of screws at the joints.
• The overall stiffness of the whole structure during the tests de-

creased due to damages located in general in connections between
structural elements. The level of energy absorption is low.

The information collected during the experimental program serves as
the starting point for a new series of experiments on similar models
with different cladding options such as OSB or gypsum boards. They
also served as calibration data for the numerical model developed
within the framework of the present research.

The numerical investigation included both linear and non-linear
analyses with finite values of axial stiffness at the end of the bar
elements determined from cyclic tests. It was observed that for a value
of the axial stiffness of 2300 N/mm the results obtained by means of
FEA matched the experimental ones very well. Moreover, the values
of the relative displacements and accelerations were very close to the
ones obtained during the shake table tests. However, the fact that
the numerical model did not consider any material non-linearities,
only geometrical ones, resulted in quite large differences between the
obtained results especially after the experimental model started to
exhibit damages due to repeated shaking motions.

7. Conclusions

The paper presents the results obtained after a complex experi-
mental program coupled with numerical simulations on a scaled-down
model, 1/1.2 scale, of a CFS structure made of 89 × 41×12× x1 mm
lipped channel elements. It represents a replica of constructive solutions
for ground floor or ground floor and one or two storeys structures
that are frequently met in South-East Europe, including highly active
seismic areas.

The main purpose of the research program is to gather both quanti-
tative but more importantly, accurate information in terms of structural
response to dynamic actions characterized by input accelerations equal
in amplitude to the maximum values specified in seismic design codes,
PGA=0.40 g. Comparing both experimental and numerical results ob-
tained for the relative displacements with the maximum allowed values
specified in the code for ULS (0.005H) and SLS (0.025H) it can be
concluded that the overall stiffness of the structure is able to fulfill the
imposed conditions. It was observed that the small values of damp-
ing from 0.01 to 0.02 for such structural systems without cladding
materials, means they have low energy dissipation capabilities.

The damage of the joints and the reduction in the structural stiffness
due to cyclic loads, such as the ones produced by earthquakes, change
the eigen period of the structure and has a significant influence on the
response of the structure to seismic actions. Larger gravitational loads
lead to more extensive damage to the joints.

The developed numerical model based on the experimentally de-
termined connection axial rigidity is able to offer accurate results in
terms of the fundamental frequency of vibration, relative accelerations
and displacements. This accuracy can be obtained even by running
simple linear static and THA analyses, without the need for complex
and computationally intensive non-linear approaches. However, for a
more accurate capturing of the local damages and onset of failure
mechanisms, more complex numerical models are needed, which take
into account non-linear material behavior.

The results presented in this paper serve as a starting point for future
research works aimed at assessing the influence of the sheathing on the
response of CFS structures to seismic actions. Additionally, research
in the direction of improved joints with better energy dissipation
properties is also pursued by the authors.
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