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ABSTRACT

This research investigated the axial performance of Cold-Formed Steel, CFS thin-walled Zee sections
under cyclic pure axial loading. The experiment studied a zee section with a depth of 200mm and a
thickness of 2mm. The experiment program was conducted for three full-scale specimens to examine
the three buckling failure modes: local buckling, distortion buckling, and global buckling modes with a
length of 600mm,1000 mm, and 2500mm, respectively. The Zee-section web is provided with a notch
in the distortion and global buckling specimens to prevent the local buckling formation in the web. The
energy dissipation with strength degradation behavior of the Zee section was examined for the three
buckling failure modes. The cyclic load-displacement protocol was performed according to the FEMA
461 method depending on the elastic properties of the CFS section. The results showed the failure mode
of the CFS zee elements and investigated the axial load-displacement responses and axial load capacity.
A Finite Element Model FEM was conducted and validated by the experimental results. The FEM
analysis was extended to study the behavior of the cyclic Zee sections with wide ranges of Zee-sections’
geometry, including the lip depth, flange width, and thickness.

KEYWORDS: Cold-formed Steel, Zee Section, Energy Dissipation, Cyclic loading, Local buckling,
Distortion buckling, Global buckling
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1. Introduction

In recent years, Cold-formed steel (CFS) thin-walled sections had been become increasingly popular
due to their advantages of being lightweight and high strength with less effort to form different section
shapes and had widely used in current building systems. CFS sections are used in current analysis and
design as part of lateral load-resisting systems as steel shear walls. These individual CFS sections are
studied in the form of shear wall tests to understand the seismic behavior of cold-formed steel structures,
including experimental and analytical models [1-4]. CFS members sustaining compressive loads are
subjected to inelastic buckling deformation that affects their strength and stiffness. In addition, cyclic
loading with reverse buckling deformation forms energy dissipation through inelastic strain
accompanied by fracture or tearing in material highly stressed location [5, 6]. The evaluation methods
of energy dissipation and strength degradation of thin-walled CFS are minor in standards and codes.
CFS sections have been ignored in resisting the lateral loads [7-9] and are neglected in used as a lateral
resisting system [10]. Padilla-Llano et al. [11, 12] presented a computationally efficient CFS elements
component-based experimental and analytical analysis supported by nonlinear hysterical models for
CFS members using a loading protocol adapted from FEMA 461 [13]. They used ABAQUS nonlinear
finite element soft package to investigate the impacts of slenderness, imperfection, and boundary
conditions on such elements’ cyclic response and energy dissipation. The CFS sections were
investigated under cyclic and repeated load protocols to study the performance of lightweight shear wall
panels [14, 15] and portal frame elements [16-19]. To understand the performance of thin-walled
elements, it is necessary to characterize the cyclic behavior of isolated CFS sections, including the three
primary buckling modes (local, distortion, and global) and the capability to dissipate energy. Most of
the previous research studied the performance of CFS lipped channel and box sections and rarely studied
the Zee sections. Therefore, this research aims to understand the behavior of the CFS Zee section under
pure axial cyclic loading. As known, the CFS response subjected to cyclic tension loads has remained
constant strength with inelastic elongation behavior. The sequence of loading direction of compression
then tensions or vice versa does not affect the total energy dissipated. Jain, Hanson, et al. [6]
recommended starting with a tension loading cycle to decrease the initial imperfection. CFS elements
subjected to cyclic loads are significantly affected by starting local damage and rapidly losing their
strength [20]. The capability of CFS sections to dissipate energy in the form of total inelastic
deformation increases as the slenderness of elements decreases and is mainly affected by imperfection
and residual stress [6]. The Direct Strength Method (DSM) [21] can be used to investigate the member
strength and section capacity and also to identify the three buckling failure modes: a) local buckling, b)
distortion buckling, and c) global buckling. Depending on the three buckling modes, which are limit
states govern, the experimental program was conducted for three full-scale cyclic tests representing the
three buckling modes. In addition, more analytical parametric studies were performed to investigate the
impact of the section of flange width, lip depth, and thickness.

2. Experimental Programs

2.1. Specimens’ Geometry and Dimensions

A CFS Zee section (200Z20) was used in the study. The 200220 had a total web depth of 200 mm, and
a flange width of 60 mm with a lip length of 20mm at 45 degrees with a constant nominal sheet thickness
of 2 mm, as shown in Fig. 1. The CFS-Zee section is mainly controlled by local buckling on the web,
so a notch was added to the web, as shown in Fig. 1 (b), to prevent the performance of local web
buckling. Specimens’ lengths (L) were chosen to isolate each buckling limit state. Their predicted
compression capacities were governed by either local, distortion, or global buckling as predicted by the
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American Iron and Steel Institute (AISI) [22] using the DSM. Specimens with 600mm length and no
wed notch were used for local buckling investigations, while specimens with 2000mm and 2500 lengths
and with web notch were used for distortion and local buckling investigations, respectively. The finite
strip eigen-buckling analysis software CUFSM calculated the elastic buckling loads for local buckling,
P, distortion buckling, Pcq, and the global buckling, Per, and the associated buckling half-wavelengths
(Lcre, Lera, @and Len) respectively.
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a) Without notch b) with notch
Fig. 1. Zee section - Zamil profile without notch

2.2. Material properties:

The steel used in the experiments was assessed by performing coupon tests on five randomly selected
samples. Tests were performed using a GALBADINI test machine with a maximum tension capacity of
10 tons, as shown in Fig. 2. The coupon tests were performed according to ASTM E8M-16. The tensile
coupons were positioned in the machine with friction grips and were ensured that each specimen was
aligned vertically and horizontally between the grips. The tensile yield stress was determined from the
coupon test for the CFS zee sections was 420Mpa. And Specimen nomenclature is illustrated in Fig. 3.

200Z2—-LXXX-MN-LC—-EXQO
/ ZERO ECCENTRICITY

ZEE SECTION C-LOCAL BUCKLING
LC~L UCKLIN
LENGTH OF SPEC. (mm) DS~DISTORTIONAL BUCKLING

MN—MONOTONIC GL-GLOBAL BUCKLING

Cy- CYCLIC

Fig. 2. Tensile Testing Machine

Fig. 3. Strategies for specimens named and imperfection

2.3.Specimens’ imperfection

Defects and imperfections in the CFS thin-walled sections can be classified into material defects and
geometric imperfections. This imperfection of the materials includes variation from nominal in elastic
modulus, E, yield stress, Fy, and residual stresses or strains. The geometric imperfections include cross-
section imperfection, out-of-straightness, inaccurate element dimensions, or general shape irregularity.
Those may form during shipping, storage, and machining. The imperfections and the out-to-out
dimensions of the flange, web, and lip are considered by using calipers and reference laser tools plates
for an average of three locations on specimens; at mid-length, top, and bottom, summarized in Table 1.
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Table 1 Summary of measured cross-section dimensions

Specimen S1 | S2 | S3 S4 S5 L1 L2 | L3A | L3B L3C L4
Degree (°) mm.

L600CYLCEX00 | 129 | 96 | 92 | 129 -- 18 55 187 51

L1000CYDSEX00 | 130 | 89 | 93 | 143 181 18 56 70 32 70 60

L2500CYGLEXO00 | 150 | 92 | 92 | 135 180 17 55 72 35 70 54

2.4. Test setup and instrumentation

A dynamic actuator DTE model (LPA-SS-10) with a maximum stroke of 254mm and a force of 245 kN
with a working pressure of 20.7 bar was used in the test’s conduction. The actuator was assembled to
perform the cyclic tests, as shown in Fig. 4. The specimens were welded from both ends with endplates
to transfer axial forces while providing rotation fixed conditions.

Specimen element deviations were measured using five LVDTs linked to a computer to plot the
displacements at their location. The LVDTSs are assigned along the length of the specimens, as shown
in Fig. 5, and their locations are summarized in Table 2.
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Fig. 4 Specimen Setup. Fig. 5 LVDT locations.

Table 2 LVDT location at Specimens

Specimen Lc Ld Lb Le

mm mm mm mm
L600CYLCEXO00 | 300 300 300 300
L1000CYDSEXO00 | 200 200 100 500
L2500CYGLEXO00 | 1250 | 1250 | 1250 | 1250
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2.5. Loading Protocol

The specimens were subjected to quasi-static cyclic displacement history with a constant displacement
rate of 0.01lmm/sec, which was described by FEMA 461. The deformation-controlled protocol is
adopted with FEMAA461 quasi-static cyclic protocol, as shown in Fig. 6. In addition, the FEMA 461
protocol was used to capture data on the failure shape, fracture, distortion, and hysterical deformation
response characteristics for the elements imposed by the deformations [16]. Moreover, FEMA 461
adapted an asymmetric loading protocol with equal tension and compression displacement. By cycling
and repeating the load direction, fracture and tearing occurred, and the load-displacement behavior was
thoroughly investigated. In each step in the displacement protocol, the amplitude is increased to its
double value per two cycles. Then in the fourth step at the 7th and 8th cycles, the displacement increased
to reach the elastic axial displacement 6.= P.L/AE. The P. is the compressive strength calculated by
limit states by AISI-S100-16 using the DSM at which buckling deformation occurred. After reaching
the fourth step, the amplitude was increased by 40% from the previous strep (i.c., 6i = 1.40i.1).
Therefore, the protocol of FEMA 461 is defined to allow the member to reach the most severe damage
state at the present point in the loading protocol, in the 20th cycle. Also, it is recommended that the
lowest fracture and damage states, at least six cycles, be complete [16]. Linear behavior was expected
to be achieved for the first eight cycles. In thin-walled CFS, the lowest damage states are considered
when the member stiffhess degraded due to buckling deformation.
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Fig. 6. Cyclic compression-tension loading protocol [10]
3. Experimental Results

The cyclic response of axial load-displacement (P-8) for each model was evaluated. The strength,
stiffness, and hysteretic energy dissipated responses were all measured. The cyclic load-deformation
responses illustrated the local, distortion, and global buckling behavior for the zee-section. The CFS zee
sections had a linear elastic response for the first six cyclic in the loading protocol, with constant stiffness
in the compression and tension zones without inelastic deformation, as shown in Fig.7 (a). When the
applied protocol exceeds the yielding displacement, after 12 and 16 cyclic loadings, a significant
permanent deformation occurs and appears visually. The capacity of the specimens started to decrease
rapidly to lose about 60% of the ultimate capacity when reaching the 16 cyclic loadings, as shown in
Fig. 7 (b) and Fig. 7 (c). On the opposite side of loading (Tension), the CFS Zee-section can sustain the
increase of loads until reaching the peak tension load. So, the cyclic responses had no symmetric peak
capacity in compression and tension.

Furthermore, strength and stiffness degradation occurred when subjected to repeated compression
loads. For the case of local buckling specimens with a length of 600 mm, the web local buckling and
deformation tend to flange, as shown in Fig. 8 (a), which occurred in the lower part of the specimen.
The flange and lips are folded outside, forming one distortion wave at the mid-length of the specimen
opposite to the local buckling failure location. Fig. 8 (d) represented the deformation shape from FE
models with the maximum stressed location found near the base.
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Fig. 7. Cyclic response for L600FL60LIP20 for 6, 12,16, and 20 cyclic of loading

For the case of distortion buckling specimens with a length of 2000 mm, the flange with lip had at
least two half wavelengths along the specimens’ length, as shown in Fig. 8 (b) and Fig. 8 €. The web
notch prevents the formation of local buckling in the web, and the distortion buckling is governed. The
plastic deformation was formed before the specimens reached their maximum capacity, followed by a
post-buckling behavior, and concentrated at corners between web and flanges. The stress in compression
and stiffness degraded from inelastic strains showed accumulated damage half-wave the cyclic curve.
The peak tension strength remained constant until fracture or tearing started at the rounded corners and
propagated along with the specimen.

For the case of global buckling specimens with a length of 2500 mm, the specimens exhibit global
flexure torsion buckling of one half-wavelength at the mid-length of the specimens, as shown in Fig. 8c
and Fig. 8f. The global buckling is associated with the distorted curvature of the flange and tearing in
the lip at mid-height. The strength and stiffness decrease faster when reaching the peak capacity than
local and distortion specimens. The global specimens lost around 70% of their ultimate capacity strength
upon reaching the peak capacity.
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Fig. 8. Verification of Buckling Mode of Experimental against Finite Elements Models

4. Verifications:

A FEM for the CFS zee section was performed by ABAQUS soft package. The FEM was based on
plasticity using VVon misses yield surface and combined hardening parameters assigned to material
behavior. Also, material damage and its propagation were assigned in ABAQUS using the ductility
damage and damage evolution commands. Finally, the FEM peak capacity in tension and compression

results were compared with the experimental results for verification, as shown in Table 3.

Table 3 Experimental and FE results for CFS Zee-section under cyclic load

SPGCimenS’ Pmin-Test Smin- Pmin-re Omin- Pmax-Test | Omax-Test Pmax-Fe Omax-FE Pmin-Test/ | Pmax-Test/
label KN Test KN FE KN mm KN mm Pmin-re Pmax-Fe
mm mm
L600-CY-LC -179 -2.56 | -1855 | -2.52 | 128.3 1.27 121 124 0.96 1.06
L1000-CY-DS | -189.9 -3.2 | -186.3 | -2.83 | 113.6 3.01 117.6 2.22 1.02 0.97
L2500-CY-GL | -192.7 | -3.88 | -200.4 | -3.94 82.9 3 78.2 3.05 0.96 1.06
Mean for Specimens 0.98 1.03
COV for Specimens 0.04 0.05

Pmin-test, dmin-test = ultimate capacity in tension and corresponding displacement from experimental.

Pmin_FE, dmin_FE = ultimate capacity in tension and corresponding displacement from FE model.
Pmax_FE, dmax_FE= ultimate capacity in compression and corresponding displacement from FE model.

Pmax-test, dmax-test= ultimate capacity in compression and corresponding displacement from experimental.
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The Means and Coefficient of variation COV for Prest/Pre Was equal to 0.98 & 0.031 for tension and
1.03 & 0.05 for compression, respectively. Therefore, it can be concluded that the behavior of CFS was
well simulated and representable in the FEM.

5. Parametric Study:

A comprehensive study was performed to create CFS-Zee section numerical models subjected to cyclic
loading cases. It was generated by adopting a wide range of Zee-section geometry. The flange width
(FL) was chosen varied from 60 to 100mm by an increment of 20mm, with changing the lips depth (LIP)
by 10, 20, and 30 mm and the thickness (T) by 1, 2, 3, and 4 mm. These investigating models were
subjected to concentric cyclic load using FEMA protocol related to each yielding displacement. Yield
displacement is estimated based on model dimension and length to assign cyclic load technique. The
specimens were labeled to identify the details of FE models; for example, a specimen labeled
L1000FL8O0LIP20-T3EXQO is described as follows: L1000 is the total length of the specimen in mm,
FL8O is the flange width in mm, LIP20 is the lip length in mm, T3 is the thickness in mm, and EXO00 is
the loading eccentricity from the center. The parametric analysis considered the material attributes that
are employed in verification models. Load-displacement curves at the loading point were extracted, the
relationship was simplified, and the S-curve was produced. The peak locations of the member hysteresis
curves were evaluated from the S-curve. Under cyclic loading, the members’ ultimate capacity would
be exceeded by a certain amount of plasticity. Furthermore, when the number of cycles grows, the
damage accumulation of the members continues to rise, performing the element deterioration. As a
result, the S-curve indicated the cyclic loading induced loss of structural performance and defined the
hysteresis features. The S-curve utilizing FL80 and FL100 with Lip depth of 20mm and thickness of 3,
4 mm were presented in Fig. 9 for local buckling specimens. Also, it presents the effect of increasing
the thickness of Zee-sections with different flange widths and lip depth. Increasing the thickness of the
CFS-Zee section increases the capacity and strength, reduces stiffness degradation after reaching the
peak compression strength, and increases the tension capacity.

Furthermore, after reaching peak strength, specimens controlled primarily by distortion buckling
had a faster decline in stiffness and energy dissipation than those controlled by global buckling. In all
cases, the models reached peak strength, then degraded slowly and stabilized around 20% to 30% of
their capacity. A lip depth of 10 mm gives more smoothing in the hysterical curve than a lip depth of
30mm in local and distortion specimens. The global buckling effect in stiffness and strength degradation
may be neglected after reaching peak compression capacity, and increasing the thickness from 1 to 4mm
increases the section capacity.

6. Conclusion

The cyclic response of the CFS-Zee section subjected to local, distortion, and global buckling was
investigated. CFS axial members’ load-deformation response and strength degradation were evaluated
using three full-scale cyclic compression-tension tests. ABAQUS software was used to perform a FEM,
which was validated by the experiment results. A parametric study was conducted for CFS—Zee sections
with different lip depth, flange width, and thickness. The results are summarized as followings:

1. In local buckling specimens, the stresses were concentrated at the bottom corner between the
web and the flange, at flange with lip in distortion specimens, and at mid-height for global
specimens with flange distortion.

2. In local buckling specimens, the failure occurred near the base of the specimens in flange and
web, and two waves of flange distortion occurred as the specimen’s length was greater than L.

3. In Distortion buckling specimens, the flange distortion was more visible than web local buckling
caused by web stiffening. Lip floated with a flange along the length of the specimens.
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Fig. 9 Hysterical curves with S-curve for Local Buckling Specimens; a) Flange width 80mm and thickness
3mm, b) Flange width 100mm and thickness 4mm, c) Flange width 100mm and thickness 3mm, and d)
Flange width 100mm and Thickness 4mm

4. Under Cyclic loads, the specimens’ compression capacity decreased rapidly to lose about 80%
of the ultimate capacity when reaching the 16 cyclic loadings.

5. Inglobal buckling, specimens lost about 60% to 70% of their potential capacity before achieving
peak capacity compared to local and distortion specimens.

6. The CFS-Zee section captured the increase of loads in tension for several cycles until the
formation of fracture or tearing.

7. From the parametric study results, the thickness increases the CFS capacity and quick strength
and stiffness degradation after reaching the peak compression strength.

8. Decreasing lip depth sustained more capacity in the hysterical curve in local and distortion
specimens, while its effect was neglectable in global specimens.
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