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Abstract: Cold-Formed Steel (CFS) has become more and more popular in the recent years
as an alternative construction material. Short construction time and very high strength to
weight ratio under lateral forces made cold-formed steel an attractive option in earthquake
prone countries such as Japan, New Zealand and the US. In such structures, lateral loads
such as earthquake and wind loads are generally carried by sheathings attached to CFS
members to form shear panels. Alternative solutions are also available to carry lateral forces
such as designing proper diagonal struts or K-bracings. The aim of this paper is to observe
the dynamic behaviour and the physical limits of cold-formed light-weight steel structures.

Introduction

Cold-formed steel (a.k.a. light steel) has become a popular alternative construction material
all around the world in recent years. Short construction time and very high strength to weight
ratio under lateral forces made the CFS system an attractive option, especially in earthquake
prone countries such as Japan, New Zealand and the USA. In this system, lateral forces like
earthquake and wind are generally carried by sheathings attached to CFS members to form
shear panels. Other methods such as placing X or K-braces within light steel walls are also
utilized in lateral load resistance.

CRUPE International Limited is proposing new-type gypsum and cement based materials as
an alternative solution for insulation, finish and flooring make-up on CFS. CRUPE materials
are applied on the walls and floors of the steel structure, and when they are cured, a
composite structure is formed. A set of 3-dimensional full-scale experiments were designed
by Bogazici University to investigate the structural behaviour of both bare CFS structure
(Stage 1) and the composite “CFS + CRUPE” structure (Stage 2) against dynamic and cyclic
loading. In this paper only the results of Stage 1 tests are presented.

Test Specimen

Test specimen used in this experiment is a 3-D, full-scale, 2-storey CFS structure. Structure
has 2 K-bracings as a lateral load resisting system in each panel. Test specimen is shown in
Figure 1.

Physical properties are summarised as follows:
e Storey heightis 2.4m (i.e. total building height is 4.8m)
¢ Plan dimensions are 2.4m by 3.6m
e Total weight of specimen is 3255kg (755kg total steel framing, 2500kg additional steel
plates to represent dead and live load of storey slabs)

Reinforced concrete foundations with holes were cast and placed on laboratory’s strong-floor
in four separate pieces. Foundations were connected to the strong-floor with thru-bolts and
specimen itself was anchored to the foundation with mechanical and chemical anchors.
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Figure 1. Drawing of Test Specimen

Design of the CFS structure was conducted by CRUPE in accordance with BS5950
assuming a residential building in a highly seismic area (i.e. Zone: 1 in Turkey). (1)(2)

As a result of the structural design, CRUPE Frame C90_1.00 mm sections (Figure 2) were
selected in all members of the CFS building panels. All of the profiles were manufactured
from S350 steel (E=205MPa, F, = 350 N/mm?®) by a CRUPE Frame SP90 Rollformer.
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Figure 2. CFS Framing Cross-Section (Dimensions in mm)

Table 1 below summarizes the wall and storey weights of the test specimen.

Table 1. Summary of Weight Distributions

Steel Steel Plates Total
(kg) (kg) (kg)
Walls 490 -
Floors | 265 2200+300 3255
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Figure 3. Wall Panel Elevations and Anchor Locations

Test Procedure

Experiment consisted of dynamic and cyclic load tests. Dynamic parameters of the structure
such as natural frequencies and mode shapes were obtained by ambient vibration survey,
and damping ratios were obtained by forced vibration tests. Dynamic tests were followed by
cyclic tests which consisted of three stages and between these stages further ambient
vibration measurements were taken in order to observe the changes in dynamic parameters
due to imposed damage. Figure 4 below presents a flowchart of experiment.

Ambient vibration measurements were taken under service loads without any excitations and
forced vibration measurements were taken under harmonic excitation induced by an
eccentric mass shaker.

Since steel is a ductile material it can withstand large deformations before failure. Actuators
which have a maximum stroke of 200mm, which means +100mm displacement for cycles,
were used throughout the cyclic tests. The direction of loading and locations of
accelerometer sensors utilized for dynamic tests are shown in Figure 5.

Floor weights of Stage 1 model were adjusted so that they are approximately equal to Stage
2 case. Steel plates were placed on floors of Stage 1 model to represent the dead weight of
second specimen’s floor and reduced live load which is assumed to participate in dynamic
mass of structure. In live load calculations, live load participation factor and unit live load are
taken as 0.3 (Turkish Earthquake Code 2007) and 150kg/m? (BS 6399), respectively. (3)(4)
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Figure 5. Sensor Locations and Loading Direction of Cyclic Tests

Dynamic Tests

Dynamic properties of the structure such as modal frequencies, mode shapes and damping
were obtained from acceleration data. Sensor layout was arranged so that determination of
all modes was possible. Two sensors in the same direction make it possible to determine the
torsional mode. Frequency Domain Decomposition (FDD) was used to extract modal
parameters from the ambient vibration measurements. Figures 6-9 show power spectral
density (PSD) of data sets taken throughout the experiment. PSD graphs clearly show
natural frequencies and also the decrease in first mode natural frequency due to damage in

the system. Table 2 shows the values of first mode natural frequencies at different damage
levels.
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Table 2. Summary of Natural Frequencies of First Mode at Different Drift Ratios

Drift Ratio First Modal
Frequency (Hz)
Intact Model 3.13
0.02 2.98
0.04 2.83
0.08 2.54
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Figure 6. PSD of Data Set Taken from Intact Model
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Figure 8. PSD of Data Set Taken from Model at 0.04 Drift Ratio
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Figure 9. PSD of Data Set Taken from Model at 0.08 Drift Ratio

Forced Vibration Tests

Forced vibration test is an experimental way of determining structural damping ratio. During
forced vibration tests structure was excited with harmonic forces with increasing frequencies.
Frequency of mass shaker was increased up to 4Hz which is beyond the first modal natural
frequency (3.13 Hz for intact model). From the acceleration data recorded during this test,
acceleration response versus forcing frequency graph can be plotted. Figure 10 shows half-
power bandwidth method applied to data and modal damping ratio was obtained as 6.7%. (6)

Modal analysis is performed in order to relate maximum roof displacement experienced by
specimen during forced vibration tests with expected roof displacement of such a structure
according to Turkish Seismic Code (TSC). According to modal analysis results of test
specimen roof displacement of the specimen was expected to be 2.94 cm under design
earthquake specified in TSC. Since model's first mode period is 0.32sec (T=1/first natural
frequency, 1/3.13), according to design spectrum used in Turkey, test specimen will be
exposed to an acceleration level of S, (T) = 1.0g. During forced vibration tests, roof
displacements were also recorded with LVDT'’s (Linear Variable Differential Transformer)
placed on model. Maximum displacement during forced vibration test was 2.90cm which
means that displacement value is the same as the expected displacement value during an
earthquake with a PGA of 0.4g (i.e. A,=0.4).
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Figure 10. Half-power Bandwidth Method
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Cyclic Tests

Since specimen was a 2-storey model, two actuators were used during the cyclic experiment.
Actuators were connected to each other with a feedback system. This feedback system is
arranged according to assumption that first mode response of the structure dominates the
total response. During dynamic motion, first and second floors of a structure that vibrates
with its first mode generally accelerate approximately with a ratio of 1:2 respectively. These
accelerations develop inertial forces on floors with the same ratio.

Cyclic tests were planned to be push-pull tests but since maximum stroke of actuators were
not sufficient to push and pull the system up to its limits, the test was divided into 3 parts. In
the first part first storey and second storey were displaced up to £50mm and +100mm
respectively. In the second part connections between specimen and actuators were modified
and specimen was only pushed up to 100mm and 200mm. Since there were not any obvious
behaviour change in hysteresis curves, to observe materials limits, in the third part, specimen
is pushed from only its first floor level up to approximately 195mm. All the measurements are
combined in order to obtain a backbone curve of the hysteresis loops.

Even in the very beginning of the tests, specimen’s nonlinear elastic behaviour is visible; and
with each cycle stiffness value decreases, which can be a result of small deformations at
connections. Towards the end of the first cyclic test, concrete foundation around anchorages
under the panels parallel to the loading direction began to crack. Since these anchorages
were under studs of K-bracings these cracks were expected.

Analysis of Test Results

Since the cyclic tests were completed in three parts their results should be combined. Figure
11 shows the combined curve of the first floor's force-displacement graphs. First two parts of
cyclic tests were performed with actuators at two stories at the same time but the last test
was only for the first floor, therefore loads measured at the final part of the cyclic test is
consistent with sum of forces in both actuators at first and second parts of test.
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Figure 11. Force Deformation Relation of the First Floor

Results are analysed according to ASTM E-2126-11. Properties such as elastic limit state,
yield strength, failure limit state, ductility ratio are obtained accordingly. (7)

Ductility related strength reduction factor of the system is R, = ,/2u — 1 for systems having
T, between 0.1 and 0.5 sec. , therefore R, for this experiment is calculated to be 2.58.
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From the graph above initial stiffness of the system can be determined by simply drawing a
tangent line to the initial portion of the backbone curve. This stiffness is called experimental
stiffness and it's calculated to be 1.00kN/mm. Since the actual mass of the structure, the
form of the stiffness matrix and first natural frequency of the system are known, stiffness
value can also be calculated by eigen-solution. By this approach, stiffness value is found to
be 1.59 kN/mm. This difference may be further investigated.

Conclusions
A full-scale 2-storey cold-formed steel structure was tested under dynamic and cyclic
loadings. In the light of the test results following conclusions were made:

(1) During dynamic tests it is observed that the direction of the floor joists may alter the
stiffness properties significantly. This effect may be investigated further and then it may be
taken into account during design calculations.
(2) Dynamic tests made it possible to determine the approximate damping ratio of such
cold-formed steel structure. Damping ratio is calculated to be 6.7% based on forced vibration
tests.
(3) Based on cyclic test results yield force of a K-Brace used in specimens is found to be
10kN. This value is much higher than the design force of K-Braces which is generally around
3kN. This means that over-strength factor is 3.33. Therefore, design approach may be
checked and revised.
(4) Cyclic tests also showed that, ductility related strength reduction factor of the system
is 2.58. This value is consistent with results presented in various papers about cold-formed
steel panels.
(5) Yield displacement of the specimen used in this experiment, corresponds to a drift
ratio of 0.02.
(6) Two different stiffness values were obtained from experiment results with different
methods. From backbone curve and eigen solution, initial stiffness of the system was found
to be 1.00kN/mm and 1.59 kN/mm, respectively.
(7) Locations of damages occurred on system during cyclic tests are listed below in
occurrence order. Some extra strengthening precautions may be considered for these
locations.

e Anchorages (pull-out from foundation)

e Ends of studs (local buckling)

e Diagonal members (buckling and failures at rivet and screw connections)

e Panel to panel connections (separation)
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