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Studs are the primary load-bearing components in cold-formed steel (CFS) wall panels, connected to tracks at
both ends with self-tapping screws, forming a semirigid boundary condition (BCT). Most existing tests on the
axial compressive behaviour of bare CFS studs are based on either theoretically-hinged (BCH) or fully-fixed
boundary conditions. Previous researchers have employed BCT only on sheathed stud-wall panels. However,
practicing engineers and current design codes, e.g., Eurocode 3, follow an all-steel design. Therefore, this
research experimentally investigated bare-CFS-studs’ axial compressive behaviour with BCT, considering, for the
first time, the combined effect of the tracks” warping rigidity, stud-to-track gap, non-linear connection stiffness,
and bare studs’ various cross-sectional slenderness. Forty-two industry-standard lipped channel sections (studs)
of five thicknesses (1.2-3 mm), three depths (75-125 mm), and two heights (1.2 & 1.5 m) were tested under
static-concentric axial compressive loading with BCT. Another fourteen studs were tested with BCH, a
comparator to BCT. Results demonstrated that the studs’ global failure mechanisms were flexural-torsional in
BCT instead of flexural in BCH. Studs’ axial stiffness was two-phased in BCT due to the stud-to-track gap,
compared to single-phased stiffness in BCH. >1.8 mm stud-to-track gap caused stud-to-track connections’ failure
and studs’ sudden capacity reduction during gap closure. Studs achieved 1.22 times higher axial-compressive
strength, 2.3 times more axial-shortening, 0.7 times lower axial stiffness, and 58% lower axial-compressive
strain at the web-midheight under BCT-Phasell than BCH. Tested strengths were compared with EC3 design
strength, and an effective-length-factor of 0.65 was suggested for efficient design of studs with BCT.

rigidity [7,8] to the stud ends. The S/T screws connecting the track and
stud flanges exhibit a non-linear stiffness under various loading sce-

1. Introduction

Cold-formed steel (CFS) panelised construction is becoming
increasingly popular in the built environment for low-to-medium rise
offsite residential, industrial, and commercial buildings [1] due to
several advantages, such as improved construction speed, a higher
strength-to-weight ratio, better energy efficiency, higher CFS recycling
rate (about 66%), reduced maintenance & transportation costs, ease of
handling, stacking, and reduced carbon emissions [2]. If designed and
employed mindfully, CFS members can achieve more economical
structures [2,3] compared to their hot-rolled steel (HRS) counterparts.
CFS buildings typically employ load-bearing stud wall panels to with-
stand the gravity load and transfer it to the foundation as line loads [1].
Studs are the primary load-bearing vertical members in CFS wall panels
connected to the tracks at the top and bottom (header and footer) with
self-tapping (S/T) screws [4-6]. The track flanges provide a warping
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narios [1,9]. Furthermore, a gap between the stud and the track web
exists in CFS wall panels as the stud initially makes contact with the
track’s rounded corner radius, not the web’s flat portion [10]. With the
combined effect of the tracks’ warping rigidity, non-linear connection
stiffness, and stud-to-track gap, the end condition for the studs in CFS
wall panels is neither theoretically hinged nor fully fixed; rather, it forms
a semirigid boundary condition. Due to this semirigid boundary condi-
tion, the behaviour of studs in the CFS stud wall panel is somewhere
between a column (with full moment-fixity at the ends as in moment
resisting frames) and a strut (with perfectly pinned boundary condition
having zero moment fixity at the ends). Current design codes [11,12]
often impede studs’ economical and efficient design in CFS wall panels
as they do not address the effect of the degree of fixity the track
boundary condition provides [13,14], and the design solutions are
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typically based on theoretical hinged boundary conditions. AISI
$100-16 [12] mentions that the magnitude of the effective length factor
(Ep) for designing columns should be based on the members’ accurate
boundary condition. AISI S100-16 [12] also recommends using either a
conservative Ej, of 1 for flexural buckling or conducting rational engi-
neering analysis and testing to validate and employ a lower magnitude
of E;. Telue and Mahendran [13] reported a relationship between the
flexural rigidity ratio of the track to stud and the Ej, of bare CFS studs
that undergo two distinct failure mechanisms: local and global buckling
based on testing two full-scale bare CFS wall panels consisting of two
different depths of studs: 75 mm and 200 mm. However, the effect of the
studs’ other cross-sectional slenderness, which could instigate complex
buckling mode interactions in real-world track boundary condition
scenarios, was not investigated. All existing experimental investigations
[15-18] on individual bare CFS studs employed either conventional
hinge or fixed boundary conditions to investigate the effect of local-
flexural buckling mode interactions affecting the ultimate axial
strength of the CFS studs. However, such theoretical conditions rarely
exist in reality. More recently, Rajkannu and Jaychandran [19] sug-
gested a correction factor to be applied to the direct strength method
(DSM) column strength curves to consider the effect of warping fixity on
the flexural-torsional buckling strength of axially loaded CFS-lipped
channel sections. However, the fixed warping condition in their exper-
iments [19] was created by directly welding the specimen to an end
plate, which significantly differed from the studs’ real-world, semirigid
track boundary condition in CFS wall panels. Ye et al. [20] and others
[8,21,22] experimentally investigated sheathed stud-wall panels with a
track boundary condition to find out how the composite action of
sheathing influences the stability and strength of sheathed CFS stud wall
panels. These researchers maintained a constant cross-section of the stud
and tracks and varied the sheathing type/configuration. The sheathing
increased the axial capacity of the studs by increasing their resistance
against local, global, and distortional buckling [1,22]. However, the
sheathing did not influence the studs’ axial stiffness compared to the
axial stiffness of bare studs (of the same cross-section as the sheathed
one) with track boundary conditions [7]. However, Lawson et al. [8]
highlighted that the contribution of sheathing to the load-bearing ca-
pacity of the studs should not be overly relied upon as they may be
damaged or replaced at some stage. Furthermore, practitioners and
some design codes, such as the Eurocode 3 [11], do not include the
composite action of the sheathing but consider an ‘all-steel’ design
approach [1]. In addition, no previous researchers have investigated the
effect of the stud-to-track gap on the axial compressive performance of
bare CFS studs. Only LaBoube and Findlay [10] have investigated the
stud-to-track gap, amongst other parameters, for sheathed CFS stud wall
panels to investigate the effect of the gap particularly on the stud-to-
track connection strength and the aesthetics of the sheathing. The
various diameter of screws used at the stud-to-track connections were:
No 8 and No 10, as per industry standard. Even with sheathing, the stud-
to-track connections underwent shear failure for a gap of >2 mm. To
avoid such connection failure, Vieira Jr. et al. [8] eliminated the gap to
the maximum extent possible while investigating the axial compressive
strength of sheathed stud wall panels. However, eliminating the stud-to-
track gap does not match the ‘real-life’ stud-to-track connecting
arrangement.

From the literature, it is evident that no existing research has
investigated the bare CFS studs’ ultimate axial compressive strength,
stiffness, load-deformation response, and failure mechanism along the
entire load equilibrium path whilst considering the combined effect of
the tracks’ warping rigidity, non-linear connection performance, stud-
to-track gap, and the studs’ various cross-sectional slenderness, with
real-world track boundary conditions. The common engineering prac-
tice is to design the studs in CFS wall panels with an ideal hinged
boundary condition. Hence, a comparison of the influence of real-world
track boundary conditions with that of a theoretical hinged boundary
condition is necessary to obtain more profound insight into the variation
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in the studs’ axial compressive performance due to changes in boundary
conditions from theoretical to semirigid in reality. This research aims to
address this existing gap in the literature by experimentally investi-
gating the axial compressive performance of industry-standard bare CFS
studs with various cross-sectional and non-dimensional slendernesses
under a semirigid track boundary condition (referred to as BCT, i.e.,
Boundary Condition Track) as employed in reality and a theoretical
hinge boundary condition (referred to as BCH, i.e., Boundary Condition
Hinge). For the first time, the individual bare CFS studs’ axial
compressive performance, strength, stiffness behaviour, and failure
mechanism are compared experimentally under BCT and BCH. The
combined effects of the tracks’ warping rigidity, stud-to-track gap, non-
linear connection failure mechanism, and studs’ various cross-sectional
slendernesses are investigated. The influence of measured geometric
imperfections’ distribution axial compressive strains is studied in detail.
In addition, to account for the effect of warping rigidity provided by the
tracks, the Eurocode 3 [11] effective width method (EWM) of design is
evaluated, and possible modifications are suggested to predict the studs’
axial compressive strength in BCT. These findings will enable the more
efficient design of CFS studs with semirigid track boundary conditions
under axial compressive loading.

2. Stud testing program

Commercially available, CFS-lipped channel sections of three
different depths (75, 100, and 125 mm) and five different thicknesses
(1.0,1.2,1.3,2.0, and 3.0 mm) were tested with 1.2 m and 1.5 m lengths
representing the effective length of the studs usually employed in the
CFS wall panels with noggins at mid-height (to provide lateral restraint
about the studs’ minor centroidal axis); i.e.half the typical CFS panel
heights of 2.4 m and 3.0 m. The primary purpose of this study is to
investigate the effect of the semirigid-track-boundary condition on the
studs’ axial-compressive performance, for which it was essential to test
the columns with both header and footer track sections. Due to the
laboratory constraint of the strong reaction frame, the half-panel height
was chosen as the stud height, as it was considered the most practically
appropriate length of studs to be used to assess the effect of the track-
boundary condition. A similar concept was followed by Ye et al. [14]
for testing bare CFS columns under perfectly pinned boundary condi-
tions. The two different boundary conditions investigated were:

1. Semirigid track boundary condition (BCT): The studs were connected
to 300 mm long corresponding tracks (refer to Table 2) on both ends
with self-tapping (S/T) screws based on an industry standard
arrangement. Various industry standard S/T screws, such as No 6, No
8, No 10, and No 12, have been used by previous researchers
[7,10,22] at the stud-to-track connection. This research used in-
dustry standard No 12 (5.5 mm dia) S/T screw at the stud-to-track
connections. The screws were connected at the intersection point
of the minor centroidal axis of the stud flange and the center of the
track flange at the track’s mid-length to ensure concentric load
application.

2. Hinged boundary condition (BCH): A theoretical boundary condition
of the studs at both ends used as a comparator to BCT. Fifty-six studs
were tested—four samples of each stud section, three with BCT and
one with BCH.

Fig. 1 shows the two boundary conditions, BCT and BCH.Table 1
shows the stud test program. Specimen IDs a, b, ¢, and d indicate repeat
tests. Section 2.1 details the experimental setup, arrangements of the
two boundary conditions, and experimental instrumentation. For details
of the specimen cross-sections, refer to Section 2.3.

2.1. Experimental setup and instrumentation

The schematic diagram and picture of the experimental setup are
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Fig. 1. Boundary conditions: a), b) & c¢) semirigid track (BCT) - top (a,b) & bottom (c), respectively; d) & e) hinged with no track (BCH) - top & bottom, respectively.

Table 1
Experimental program for CFS bare studs.
Test No Specimen ID Boundary Condition Strain Gauged (Y/N) Test No Specimen ID Boundary Condition Strain Gauged (Y/N)
1 §75-12-1200-a BCT Y 29 $100-30-1500-c BCT N
2 §75-12-1200-c BCT N 30 $100-30-1500-d BCT N
3 $75-12-1200-d BCT N 31 $125-13-1200-a BCT Y
4 §75-12-1500-a BCT Y 32 $125-13-1200-c BCT N
5 §75-12-1500-c BCT N 33 $125-13-1200-d BCT Y
6 §75-12-1500-d BCT N 34 $125-13-1500-a BCT Y
7 §75-15-1200-a BCT Y 35 §$125-13-1500-c BCT N
8# §75-15-1200-c # # 36 $125-13-1500-d BCT N
9 §75-15-1200-d BCT N 37 $125-20-1200-a BCT Y
10 §75-15-1500-a BCT Y 38 §125-20-1200-c BCT N
11# §75-15-1500-c # # 39 $125-20-1200-d BCT N
12 §75-15-1500-d BCT N 40 $125-20-1500-a BCT Y
13 §$100-12-1200-a BCT Y 41 §$125-20-1500-c BCT N
14 $100-12-1200-c BCT N 42 $125-20-1500-d BCT N
15# $100-12-1200-d # # 43 §75-12-1200-b BCH Y
16 $100-12-1500-a BCT Y 44 $75-15-1200-b BCH Y
17 $100-12-1500-c BCT N 45 $100-12-1200-b BCH Y
18 $100-12-1500-d BCT N 46 $100-20-1200-b BCH Y
19 5$100-20-1200-a BCT Y 47 S$100-30-1200-b BCH Y
20 $100-20-1200-c BCT N 48 $125-13-1200-b BCH Y
21 $100-20-1200-d BCT N 49 $125-20-1200-b BCH Y
22 $100-20-1500-a BCT Y 50 $75-12-1500-b BCH Y
23 $100-20-1500-c BCT N 51 §75-15-1500-b BCH Y
24 $100-20-1500-d BCT N 52 $100-12-1500-b BCH Y
25 $100-30-1200-a BCT Y 53 $100-20-1500-b BCH Y
26 $100-30-1200-c BCT N 54 $100-30-1500-b BCH Y
27 $100-30-1200-d BCT N 55 $125-13-1500-b BCH Y
28 $100-30-1500-a BCT Y 56 $125-20-1500-b BCH Y

# The test data corrupted for test no 8,11&15 due to power disruption in the lab.

shown in Fig. 2. The test setup consisted of two strong reaction frames
6.5 m long, 2.15 m high, and transverse spacing of 1.2 m (Fig. 2a). An
Instron servo-hydraulic actuator, with a static compressive capacity of
266 kN and a stroke of 250 mm (& 125 mm), was mounted at the
midspan on the reaction frame. On the reaction frame, a pair of strong

supporting columns were placed precisely below the actuator support-
ing point to prevent deflection of the support (reaction frame beam) at
the load application point. A UC 254x254x73 beam (Fig. 2a) spanned
between the two reaction frames to support the 1.5 m long stud at the
bottom. For the 1.2 m long samples, a UB 305x165x54 section (Fig. 2b)
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Fig. 2. a) Schematic diagram of the test setup with instrumentation (Table 1); b) photograph of test setup for 1.2 m height stud sample S125-20-1200-a.

was bolted on top of the bottom support beam as a packer. At the top of
each stud, a structural framing rig with a lateral restraining structural
frame was specifically designed to support, connect, and prevent any
lateral displacement of the top of the studs in BCT and BCH. The actuator
head applied the load to the sample through a 200 mm square 16 mm
thick HRS loading plate. In BCT (Fig. 1a&b), the stud-track assembly at

studs’ axial shortening. At the mid-height, three more LVDTs, V1, V2,
and V3, were attached to the sample, as shown in Fig. 2 a), section 1-1,
to measure the samples’ out-of-plane displacements. One sample of each
section and each height in BCT and BCH were instrumented with strain
gauges at the mid-height as per the arrangement shown in Fig. 2a,
section 1-1.

the top and bottom was connected to the loading plate and bottom
support beam flange with four M8 (Gr. 8.8) bolts. The BCH (Fig. 1c&d)
was fabricated with four 16 mm thick loading plate sets. A 100 mm
diameter solid half-round bar was welded to plates 1 & 2 at the top and
bottom to allow free rotation of plates 3 & 4 around the longitudinal axis
of the half-round bar. The lateral movement of the sample on the loading
plates in BCH was prevented by friction, as was also followed by [17,18].
Fig. 2a and section 1-1 shows the instrumentation applied to each
specimen. A linear variable differential transducer (LVDT), marked as
V4, was connected internally with the actuator head to measure the

2.2. Loading details

The studs were tested under concentric, monotonic, displacement-
controlled axial compressive loading, applied at a consistent strain
rate of 1.95 x 107%/s, implying that the displacement rate varied be-
tween 0.14 mm/min for 1.2 m long and 0.18 mm/min for 1.5 m long
specimens. Each test was halted for 2/3 min, at or near the peak load, to
determine the load’s lower bound ‘static’ value, independent of strain-
rate dependent effects following [16,23].

Table 2
Out-to-out cross-section dimensions of studs and tracks.
Section type Specimen Statistic h bl b2 cl c2 r t

(mm) (mm) (mm) (mm) (mm) (mm) (mm)

Stud S75-12 Mean 73.9 42.4 42.7 8.4 7.9 1.8 1.18
cov 0.001 0.008 0.008 0.048 0.056 0.000 0.009

S75-15 Mean 75.7 42.6 42.9 8.4 8.1 2.2 1.48
cov 0.002 0.007 0.005 0.035 0.049 0.000 0.018

S100-12 Mean 101.7 49.8 49.9 9.6 9.7 1.7 1.21
cov 0.002 0.005 0.011 0.023 0.032 0.045 0.004

S100-20 Mean 99.4 51.2 50.9 12.9 12.6 3.2 2.01
cov 0.002 0.021 0.025 0.087 0.081 0.015 0.002

S100-30 Mean 100.3 50.7 50.7 19.5 17.2 4.3 3.04
cov 0.001 0.016 0.015 0.063 0.077 0.000 0.007

S125-13 Mean 124.5 52.2 52.3 19.9 18.5 2.3 1.24
cov 0.001 0.010 0.012 0.101 0.098 0.020 0.008

S$125-20 Mean 125.2 51.8 52.0 18.4 18.04 3.2 1.99
cov 0.000 0.009 0.008 0.043 0.037 0.000 0.012

Track T79-15 Mean 80.3 37.2 37.1 - - 2.4 1.56
cov 0.007 0.005 0.005 - - 0.037 0.046

T104-20 Mean 106.5 55.8 54.9 - - 3.2 2.04
cov 0.006 0.031 0.013 - - 0.014 0.018

T129-20 Mean 130.8 42.9 42.8 - - 3.1 2.02
cov 0.005 0.010 0.010 - - 0.025 0.024
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2.3. Cross-section geometries, studs’ cross-sectional classification, and
non-dimensional slenderness

The average cross-section (out-to-out) dimensions of the tested studs
and tracks are provided in Table 2, where h is the overall cross-sectional
depth, b is the cross-sectional width, c is the depth of the lip, r is the
internal corner radius, and t is the galvanized cross-sectional thickness.
The base metal thicknesses are provided in Table 4. Three measurements
were taken at the two ends and mid-length for the studs and tracks to
account for the cross-section variation. In the symbol definitions of the
specimens, S indicates studs, and T indicates tracks. The overall depth of
the stud and tracks in mm is indicated after S and T, respectively. The
last number indicates the specimens’ galvanized thickness multiplied by
10.

The average cross-sectional and non-dimensional slenderness of each
stud cross-section are presented in Table 3 and are defined as cp/t:
slenderness of the web or cross-sectional slenderness; A 2, A15: non-
dimensional slenderness ratio for the studs’ effective length 1.2 m and

1.5 m, respectively expressed as; A = A;,Lf"’ where, A = Effective

cross-sectional area in compression; fy}, = Proof strength, 6 20,(Table 4);
N = Elastic critical force for the relevant buckling mode, as per clause
6.2, EC3 [11]. Table 3 shows that the cp,/t of all of the studs exceeds 42¢
(ch/t > 42 ) except S10030; hence, the studs are classified as Class 4
sections as per EN 1993-1-1, Table 5.2 [24]. The cp/t of S10030 stud is
<38 £ (29.6); hence, classified as class 2 as per [24].

2.4. Coupon tests

The coupon tests were performed following the procedure described
in [25]. The tensile coupons were grouped according to their thicknesses
(five different thicknesses for the studs). Four coupons were longitudi-
nally cut from the flat part (center) of the web and flange for each base
metal thickness. A summary of the average mechanical properties of the
coupons is presented in Table 4. The engineering stress-strain curves for
each base metal thickness are shown in Fig. 3. The steel grades, pre-
sented in Table 4, were assigned based on the coupon test data,
following the nominal values provided in Table 8 of BS EN 10346: 2015
[26].

Table 4 shows that the tested CFS sections have slightly higher
measured material strengths compared to the minimum requirements as
per the grades. The percentage difference between the measured and
nominal proof strength (c¢.20,) for various coupons of respective steel
grades varied between a minimum of 2% for 1.25 mm thick coupons to a
maximum of 15% for 1.5 mm thick coupons, with an overall average
difference of 7%. The percentage difference between the measured and
nominal ultimate strength (o,) for various coupons of respective steel
grades varied between a minimum of 1% for 2 mm thick coupons to a
maximum of 22% for 3 mm thick coupons, with an overall average
difference of 10%. The difference in the maximum strain amongst
different coupons, depicted in Fig. 3, is due to the difference in the steel

Table 3
The studs’ cross-sectional classification and non-dimensional slenderness.
Cross- cp/t fy 42 ¢ Section M. Ms
section (MPa) €= classification
235
fy
S7512 57.6 366.2 0.80 33.6 Class4 1.35 1.62
S7515 46.3 518.9 0.67 28.3 Class4 1.41 1.74
$10012 79.4 366.2 0.80 33.6 Class4 0.97 1.2
$10020 44.2 439.7 0.73 30.7 Class4 1.22 1.48
S$10030 28.1 382.3 0.78 329 Class2 1.03 1.24
S$12513 95.2 458.6 0.72 30.1 Class4 0.74 0.93
$12520 57.8 439.7 0.73 30.7 Class4 0.97 1.20

cp, - web depth (corner radius excluded); t - base metal thickness.
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grades of the coupons, as presented in Table 4. The higher the grade of
steel, the less ductile the steel is, as shown in Fig. 3.

2.5. Imperfection measurements

The similarity of geometrical imperfections’ distribution and
competing buckling mode shapes can cause the lowest member strength
[27]. Hence, the imperfections of each stud specimen were recorded
before testing by employing the traditional manual measurement
method with a digital gauge mounted on a precision rail, as shown in
Fig. 4a. The measurements were taken at six different lines across the
member cross-section (Fig. 4b). The web imperfections were measured
at lines C, D, and E at 5 mm intervals. The flange imperfections were
measured at lines A, B, F, and G at 100 mm intervals along the specimen
length. Imperfections are calculated as per [7,18]. The average imper-
fection for each section size (the average of the maximum measured
imperfection of each sample type) was normalized to the base metal
thickness, t (for cross-sectional imperfection), and member length, L (for
global imperfection) as per [28,29], and is provided in Table 5. The local
and distortional imperfections have been denoted as type 1 - (d1/t) and
type 2 - (d2/t), respectively. Fig. 5a to d shows an example of typical
studs’ distribution of measured geometrical imperfections indicating the
local and global buckling mode-shapes.

2.6. Calculation of initial eccentricity

The out-of-plane eccentricity triggers cross-sectional instability and
the interaction of buckling modes, causing a reduction in member
strength [16,18]. In this study, the initial out-of-plane eccentricity was
calculated at the studs’ mid-height (ep, miq) and end (eq, eng) using the
strain gauge, LVDT data, and measured global imperfections at the mid-
height (o, mia) as per [16,18]. The studs’ eg, enq are presented in Tables 6
and 7. The initial eccentricities are small, <2 mm, in most samples
except for $100-12-1200-b, S100-20-1200-b, and S100-20-1500-b due
to their higher imperfections. Since most samples had low initial ec-
centricities, it can be considered that any non-strain gauged samples had
similar initial eccentricities.

2.7. The gap between stud and track

Based on the accepted industry practice, ASTM [30] sets a stud-to-
track gap limit of 3 mm for axial load-bearing studs. In this study, the
approximate maximum gap was measured with a micrometer at the top
and bottom for every sample (see Table 6). The gap was not uniform
across the stud web due to the studs’ imperfect geometry. For most
specimens, the measured maximum gap was <3 mm, except for some
specimens S100-30-1500-c-top, S100-30-1200-a-bot, etc., where the
gap was more due to higher geometric imperfections.

3. Overall test results

The results of the axial compressive tests under BCT and BCH are
discussed herein.

3.1. Test results for BCT

In BC1, three distinct phases of loading were observed: Phase I:
During the closure of the initial gap between the stud and track, Phase II:
Post-gap-closing up to the peak load, and Phase III: Post-peak behaviour.
Table 6 presents the peak load (Pygct) and the failure mechanism of the
tested studs.

3.1.1. Phase I (BCT): Initial closure of the gap between the stud and track
and related connection behaviour

At the initial loading phase, the gap between the stud and track
(Fig. 6 a) closed gradually, with or without the failure of the self-tapping
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Table 4
Summary of average measured mechanical properties of the coupons.
Coupon thickness Base metal Young’s Proof Ultimate strain at Grade of steel as per Nominal proof Nominal
(including galvanization) thickness Modulus, E strength, strength, 6, (- BS EN 10346:2015, strength, ultimate
60.2% Table 8 [26] Rpo2 [26] strength,
Rm [26]
(mm) (mm) (MPa) (MPa) (MPa) (%) (MPa) (MPa)
1.2 1.18 179,223.7 366.2 474.9 16 S350GD 350 420
1.25 1.22 210,598.8 458.6 526.9 16 S450GD 450 510
1.5 1.46 216,370.5 518.9 575.4 11 S450GD 450 510
2 1.98 181,365 439.7 486.6 8 S420GD 420 480
3 3.00 210,340.8 382.3 511.1 13 S350GD 350 420

T
o
o
o
o
1 |

g i |
. =120 mm |
g 200 : - 1.25mm
—1.50 mm
100 ~2.00mm |
++3.00 mm

0 5 10 15 20 25
Strain(%)

30

Fig. 3. a) Engineering stress-strain curves of tested coupon’s first sample; and b) 2 mm thick CFS coupon specimen after conducting the tensile test.
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Fig. 4. a) Experimental setup for imperfection measurements; and b) cross-section imperfection measurement locations.

screws at the stud-to-track connections. In general, the connection
failure occurred whenever the gap was >1.8 mm. A similar observation
was reported by [10] for sheathed studs, where the connections failed
for a gap >2 mm. For most S75 studs, only the bottom connections
failed; in contrast, for the S75-12-1500-d & S75-15-1500-d studs, all four
connecting S/T screws failed Fig. 6b). No connection failure occurred for
most S100-12 and S125-13 studs (Fig. 6f). The bottom connections
failed on both sides for most thicker gauges (2 mm & 3 mm thickness)
studs. For the thinner gauge 1.2, 1.3, and 1.5 mm studs, generally, the
screws underwent a ductile tilting failure (Fig. 6b), with no drop in the
load during the closure of the gap except for S100-12-1500-a (Fig. 6 d),
where initially screw tilting followed by a screw shear failure accrued.
All the thicker 2 mm and 3 mm gauge studs experienced a brittle screw-
head shear failure (Fig. 6e). An abrupt drop in stud capacity accompa-
nied the connections’ brittle failure (Fig. 6g & h). The load sometimes
dropped more than once during the gap closure due to each screw

failure. Only in S75 studs a local deformation of the tracks was observed
during the gap’s closure, as the track was also 1.5 mm thick (Fig. 6¢).
The tracks were 2 mm thick for all other studs, which underwent no local
deformation during the gap’s closure (Fig. 6d & e). In Phase I, the studs’
axial stiffness (k1, gcr) was dominated by the stud-to-track gap and
connections’ non-linear shear stiffness. Fig. 6 shows various connection
failure mechanisms in loading Phase I.

3.1.2. Phase II (BCT): The studs’ performance post-gap closing and failure
mechanism

After the top and bottom stud-to-track gaps were closed, the studs’
ends fully beared on the track web. In Phase II, the studs demonstrated
a2 higher axial stiffness, k2 pcr, than in Phase I (k1, gcr). k2, ger rep-
resented the axial stiffness of the stud up to the ultimate load. The two
different stiffnesses of the load-deformation curve can be seen in Fig. 7
and are reported in Table 6. The magnitude of k1, gcr, and k2, gcr are
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Table 5
Studs’ average measured global, local and distorsional imperfections.
Speci-men Len- No of sam-ple Twist, d¢ (deg) dp, (L/bow) dc (L/ camber) dl/t d2/t
gth (mm)
Me-an cov Mean cov Mean Ccov Me-an Ccov Mean cov
S§75-12 1200 4 2.7 0.24 978.2 0.02 682.3 0.28 0.29 0.29 0.97 0.27
S§75-15 1200 4 2.2 0.17 867.5 0.14 641.8 0.26 0.29 0.28 0.94 0.25
S$100-12 1200 4 2.9 0.06 1127.8 0.59 932.0 0.52 1.06 0.34 1.04 0.59
S$100-20 1200 4 0.9 0.23 1260.5 0.32 612.3 0.07 0.30 0.33 0.59 0.08
S$100-30 1200 4 1.4 0.22 1087.3 0.95 481.3 0.17 0.26 0.9 0.49 0.16
$125-13 1200 4 0.7 0.35 847.4 0.33 400.1 0.09 0.90 0.56 1.41 0.2
S$125-20 1200 4 2.2 0.23 892.0 0.83 498.9 0.11 0.41 0.32 0.65 0.08
S§75-12 1500 4 3.9 0.12 584.2 0.31 816.1 0.25 0.28 0.28 1.06 0.09
S75-15 1500 4 2.4 0.18 537.9 0.22 676.2 0.06 0.26 0.5 1.06 0.09
S$100-12 1500 4 2.6 0.09 1722.9 0.55 582.3 0.02 0.68 0.46 2.22 0.09
S$100-20 1500 4 0.8 0.38 889.5 0.27 752.6 0.22 0.23 0.38 0.67 0.21
S$100-30 1500 4 1.6 0.28 662.9 0.64 658.4 0.24 0.21 0.06 0.48 0.33
$125-13 1500 4 1.2 0.3 1031.0 0.73 476.9 0.15 0.71 0.40 1.50 0.20
S$125-20 1500 4 1.9 0.08 895.9 0.65 618.9 0.09 0.42 0.17 0.66 0.08
Total average 1.96 956.1 630.7 0.45 0.98
Cov 0.47 0.31 0.23 0.61 0.49
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Fig. 5. a) Web surface imperfection profile for S100-12-1500-d specimen, b) type 1 (d1) local imperfection for S100-12-1500-d specimen, c) global imperfection
(flexural) for S100-12-1500-d specimen, and d) global imperfection (flexural torsional type) for S100-12-1200-c specimen.

obtained from the slope of the load-axial shortening curve in Phase I &
II. In BCT, the studs’ predominant global failure mechanism was
flexural-torsional. Table 6 shows that the studs experienced five
different combinations of global and cross-sectional buckling failure
mechanisms: 1) D? + FT® + L Interaction of flexural torsional (FTb)
with distortional (D) and local (L) buckling, 2) D + FTP: Interaction of
flexural torsional (FT®) with distortional (D?) buckling, 3) FTP + 1L
Interaction of flexural torsional (FTP) with local (L) buckling 4) L + D?
+ F4: Interaction of local (L9, distortional (D?), and flexural (Fd) buck-
ling. 5) F d 4 FTP + LS Interaction of flexural torsional (FTb) with local
(L) and flexural buckling (Fd) about the minor centroidal axis.

In BCT, the warping rigidity of the tracks triggered the global
flexural-torsional failure mode of the studs. The coupling of different
buckling modes started at the initial loading stage and evolved as the
loading progressed throughout the equilibrium path. A summary of each
cross-section performance, buckling mode interactions, and failure
mechanisms in BCT, Phase II are discussed herein.

Most S75 studs experienced a sudden D* + FT® + L failure. The local
web (at studs’ mid-height) and distortional buckling (at one-quarter
height from the top of stud) of the web to flange junction initiated at
40-60% of the peak load. Apart from the effect of the tracks’ warping
rigidity, the global flexural-torsional mechanism was also influenced by
the flexural-torsional types imperfection distribution profiles of the S75
studs.

Most S100 studs experienced interaction of flexural-torsional buck-
ling with local and/or distortional buckling modes, causing a sudden
failure. A flexural-flexural torsional mode (global-global) interaction
was observed in all the 1.5 m long S100-30 studs as their global
imperfection distributions were flexural type. The local web buckling
initiated between 55 and 70%, 50-60%, and 85% of the peak load in
$100-12, S100-20, and S100-30 studs, respectively. The distortional
buckling of the web-to-flange junction initiated at 50-60% and 80-90%
of the peak load in S100-12 and S100-20 studs, respectively.

S125 studs had the most slender webs amongst all the tested studs;
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Table 6
Experimental performance, failure mechanism, peak load, and post-peak behaviour of the studs in BCT.
Test no/ Measured Stud-to- Phase I Phase II Total axial Phase III
i ID Initial track horteni t th
Specimen ellt:(lei- r:c at Connection Axial Axial Tested peak Failure s e(;;( TZ;I;g atthe Stud Failure Post-peak
L. §ap (S/T) screw Stiff- stiff load, Pygcr mechanism P ’ type capacity
tricity top; bottom Veer
e (mm) failure ness ness (kN) (mm) (visual reduction (% of
(:r’ler'r'ld) type k1 k2,5cr observation) ultimate
(visual (kN (kN capacity);
observation) /mm) /mm) reduced force
(kN)
1/875-12-
1200-a -1.96 2.9; 1.1 tilting 3.8 5.9 337 D4FT° + 1 7.6 Brittle 52.2%;  16.1
2/875-12- :

/ ISZ(‘:‘O_C - 2.8; 098 tilting 1.3 6.0 35.4 D4FT’ +1L° 7.7 Brittle 60.5%; 13.9
4 152301; - 2.5 1.24 tilting 2.9 6.1 38.9 D*+FT" 8.0 Brittle 89.5%; 4.1
Y/ f;g;:' —2.39 2.3; 22 tilting 1.5 5.3 33.3 D+FT° +1¢ 8.4 Brittle 61.9%; 12.7
> ls ;(‘:’013 - 41; 4.0  tilting 21 5.3 33.2 FT® 4 L 12.1 Brittle 35.9%; 21.3
6/ f;golj - 3.8, 3.6 tilting 1.6 5.3 34.7 D4FT° +L¢ 124 Brittle 46.8%; 18.5
7/ f;g(')l:' 0.72 1.9; 29 tilting 2.2 7.0 66.4 D+FT’ +1¢  11.9 Brittle 58.1%; 27.8
7 fggolj 1.4; 1.8 tilting 2.0 9.2 70.4 D'4FT° + L 10.5 Brittle 77.9%; 15.6
101/ :gg'is' 1.82 3.4; 3.2 tilting 2.3 5.4 50.8 D+FT’ +1¢  13.3 Brittle 54.1%; 23.3
121/ :Zg_‘clls' - 3.7, 3.1 tilting 2.2 5.6 57.2 D4+FT° +1°  14.9 Brittle 36.6%; 36.3
131/ ;égg’lz' -0.73 1.0, 2.0  None 4.6 7.4 58.9 D+F! + L¢ 8.6 Brittle 29.5%;  41.5
14/5100-12-

41/ Sog_oc - 48 3.1 tilting 3.9 7.9 58.8 D' 4+FT" 8.9 Brittle 95.8%; 2.5
161/ : égi’lz' 0.88 14 13 :i:‘:i; head- 4 ¢ 8.5 49.2 D4+FT" + 15 9.0 Brittle 46.4%;  26.4
171/55380;12_ - 1.3; 1.4 None 3.5 7.4 51.9 D*4+FT" + L° 8.3 Brittle 70.7%; 15.2
181/ :38_.;12. - 3.1; 3.0 None 2.6 8.0 47.9 D'4FT’ +1L° 115 Brittle 68.5%; 15.1
191/ ;égi-zo- -1.38 1.2; 1.3 head shearing 5.6 11.5 123.1 D 4+FT” 10.3 Brittle 87.7%; 15.1
201/ 3380;20' - 2.9; 3.1 head shearing 3.0 11.1 115.2 D+FT” + L 13.2 Brittle 57.6%; 48.8
211/ 2 éggi-zo- - 2.4, 22 head shearing 4.3 11.5 126.3 D*+FT" 11.6 Brittle 76.9%;  29.2
221/5538(;720_ -1.23 2.4; 19 head shearing 3.4 15.0 125.2 FT” +L¢ 11.7 Brittle 65.4%;  43.3
231/55382720_ - 2.8, 27 head shearing 3.0 15.2 110.9 FT® 4 L 16.0 Brittle 45.5%;  60.4
241/ :ég(zj—zo- - 42; 1.8  head shearing 3.6 14.7 118.7 FT” + L° 13.0 Brittle 59.0%;  48.7
251/2538_(:30_ —1.55 1.4, 45 head shearing 7.2 17.4 211.9 FT” + L¢ 16.6 Brittle 37.1%; 133.2
261/ ; ég_oc-so- - 0.6; 1.5 None 7.1 17.3 223.7 FT” + L° 12.8 Brittle 40.1%; 134
27,/5100-30- i

71/250321 30 - 2; 1.8 head shearing 5.4 16.8 205.9 FT” + L 13.6 Brittle 27.9%; 148.5

—30- d b
281/ :égi 30 518 1.7, 15  None 3.0 20.2 188.9 E FETE 104 Brittle 20.7%;  149.8
—30- d b
291/5533_(1 30 - 53; 28 head shearing 5.7 20.6 199.3 i‘ +ET 185 Brittle 32.3%; 134.9
—30- d b
301/ :égi 30 1.4, 1.8  headshearing 3.1 20.9 213.3 E T 13 Brittle 33.1%; 1427
311/ 2332‘13' - 0.2; 05  None 8.7 9.9 65.3 FT” + L¢ 6.7 Brittle 30.7%;  45.3
321/ ;égsc-w- - 0.3; 0.7 None 4.4 9.9 61.7 FT® +L¢ 7.2 Brittle 33.3%; 41.2
331/2533_5;13' -0.18 0.3; 0.2 None 45 9.9 64.7 FT" +L¢ 7.6 Brittle 43.5%; 36.6
341/ :ééi’m' -15 0.9; 096 None 3.1 9.7 65.2 FT° +L° 9.3 Brittle 52.4%; 31
125-13- .
351/ : o O_SC = . 0.8; 0.7  None 4.3 9.2 56.5 FT" 4 L 8.7 Brittle 26.7%;  41.4
361/ :ég_sd‘w' - 0.2; 05 None 3.0 9.9 63.2 FT" +L¢ 9.4 Brittle 45.6%; 34.4

(continued on next page)
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Table 6 (continued)

Test no/ Measured ~ Stud-to- Phase I Phase II Total axial Phase III
i ID Initial track horteni t th
Specimen etlc;- 1;ac at Connection Axial Axial Tested peak Failure s eZI( TZ;I:ig atthe Stud Failure Post-peak
L. §ap (S/T) screw Stiff- stiff load, Pygcr mechanism P ’ type capacity
tricity top; bottom . Veer : .
e (mm) failure ness ness (kN) (mm) (visual reduction (% of
(3’1:3 type k1 k2,pcT observation) ultimate
(visual (kN (kN capacity);
observation) /mm) /mm) reduced force
(kN)
371/28335:20_ 2.25 1.2; 1.9 None 4.5 14.7 144.9 FT" + L¢ 12.6 Brittle 56.1%); 63.6
381/2533_5;20_ - 3.9; 2.3 head shearing 4.3 14.8 150.0 FT" + L¢ 16.2 Brittle 47.3%;  79.1
391/2835_5‘;20_ - 2.5; 3.9 head shearing 3.8 14.3 152.0 FT® + L¢ 16.4 Brittle 78.4%); 32.8
125-20- .
401/5500_53 0 -0.56 2.2; 1.9 head shearing 5.1 18.6 134.9 FT® 4 L 11.7 Brittle 70.9%; 39.3
411/5835_5;20- - 2.5; 1.3 head shearing 5.6 18.4 128.9 FT® + L¢ 11.5 Brittle 38.2%;  79.7
421/55331—:;20_ 1.0; 1.9 head shearing 5.8 17.7 129.3 FT® + L¢ 10.8 Brittle 40.5%; 76.9
The test data corrupted for test no 8,11&15.
# D - distortional buckling;
b FT - Flexural torsional buckling;
¢ L - Local buckling;
4 F - Flexural buckling about the minor axis;
Table 7
Experimental performance, failure mechanism, peak load, and post-peak behaviour of the studs in BCH.
Test No/ Measured Phase II Phase III
Speci ID Initial
pecimen e[cnc:l- Tested peak load, Axial shorte Axial stiffness, k2,pcy Failure Stud Failure type Post-peak capacity
tricity Puscu (kN) ning at peak load, Vpcy (kN/mm) mechanism (visual reduction
e (mm) observation) (As a % age of the
(I';:; ultimate capacity);
reduced capacity
(kN)
43b/ §75-12-1200- 0.81 36.4 4.0 9.5 A Buckling Gradual reduction.
441:575—15_1200- —0.46 59.4 4.9 12.6 Fé 4 L° Buckling Gradual reduction.
451/ 28382;12_ —4.37 29.8 3.8 8.0 FT° 4+ D 4 L° Buckling Gradual reduction.
46/5100-20- 4 ma e . . 399
1200-b -3.35 92.3 7.1 13.6 F+D"+L Buckling 56.68%); KN
47/8100-30- PR . .. 708
1200-b —1.02 170.1 9.1 19.7 F'+D"+L Buckling 58.36%); KN
48/5125-13- PR . .. 138
1200-b 0.1 60.5 5.9 12.0 F'+ L Buckling 77.13%; kN
49/8125-20- e . . 272
1200-b 0.46 128.0 8.1 17.2 F'+L Buckling 78.76%; KN
50b/ §75-12-1500- -0.17 29.8 2.8 11.2 F 4 L° Buckling Gradual reduction.
51]3/575—15_1500- -0.17 43.8 3.7 13.3 F 4 L° Buckling Gradual reduction.
52/5100-12- PR . .. 212
1500-b 0.71 43.9 4.2 11.6 F+L Buckling 51.82%; KN
531/5538_01:20_ 3.57 86.6 5.3 18.9 F 4+ L° Buckling Gradual reduction.
541/5538(;_30_ 0.07 140.2 6.1 24.3 Fl 4+ D"+ 1° Buckling Gradual reduction.
551/ :égi’la' -0.22 42.7 3.7 13.0 F 41 Buckling Gradual reduction.
561/58302_5])_20_ —0.65 112.1 5.5 21.3 Fé 4 L° Buckling Gradual reduction.

# D - distortional buckling;

b FT - Flexural torsional buckling;

¢ L - Local buckling;

4 F - Flexural buckling about the minor axis;

hence, the web locally buckled at 50-60% of peak load, triggering the concentrated near the mid-height at the peak load, forming a yield line.
initial failure. All the studs experienced a sudden FT® + L° failure Local buckling of the lips was observed in the S125-13 but not in the
mechanism with an abrupt capacity reduction. The local web buckling $125-20 studs.
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3.1.2.1. Repeatability of results in Phase II. Table 6 and Fig. 8c demon-
strate that the ultimate axial capacity of the studs and axial stiffness, k2,
BcT, Obtained in repeated tests agreed reasonably well, with the low
variation in the maximum axial load capacity (average 6.4%) and in k2,
per (average 2.9%). The studs’ maximum axial capacity decreased with
the increase in both ¢/t and A magnitude, as shown in Fig. 8a and b.

10

3.1.3. Phase III (BCT): Post-peak performance of the studs

After the studs reached their ultimate capacity, the load started
decreasing as the failure was initiated. Although the percentage drop in
stud capacity (Table 6) after the peak load varied for different samples,
the studs’ post-peak capacity reduction was closely related to the failure
mode interactions. Whenever distortional buckling interacted with
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Fig. 8. Load-axial shortening response in BCT; a) all 1.2 m studs, b) 1.2 m and the corresponding 1.5 m studs, and c) example of the repeatability of the test results.

flexural-torsional buckling, there was a maximum decrease in the load-
carrying capacity. The average capacity reduction of all the studs
experiencing the D? + FT® mechanism was 92.7%. The average drop in
stud capacity in the complex D* + FI? + L interaction was 59.5%.
However, it varied widely, with a maximum of 87.7% for the S100-20-
1200-a sample and a minimum of 35.9% for the S75-12-1500-c sample.
The stud’s capacity reduction after the peak varied in FI® + I°

the top half-round

Bottom plate rotation about % 2
the bottom half-round

interaction. Whenever flexural buckling occurred in the failure mecha-
nism, the studs experienced a gradual failure, and the capacity reduction
was the lowest, between 20% to 30% of the peak load.

3.1.4. Summary of BCT results
In loading Phase I, the studs’ axial stiffness, klgcr, and axial
compressive capacity were predominantly influenced by the non-linear

1
f) i S75454500-h
50 - - .
i
4 Phasell /'t Phaselll
i [N
i\
—~ SEEEEEN
F4 / \
% 30 ) : .
@ i
S2 / :
i .
L/ 1 S
10 / /2 .
y !
. o
Top plate rotation about 0 2 4 6 s m 12 ]

i Axial shortening(mm)
Gradual failure
.
§1251341200-b
i

Phase Il Phase lll

N
S

Load(kN)
8

4 6 8
Axial shortgning(mm)
Sudden failure i

12

Fig. 9. Various failure mechanisms for BCH: a) S75-15-1500-b, b) S100-30-1200-b, c¢) S100-12-1200-b, d) & e) rotation of hinge assembly, and f) & g) load-axial

shortening showing ductile and brittle failure, respectively.
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connection stiffness, connection failure mechanism, and the stud-to-
track gap. In loading Phase II, the tracks’ warping rigidity dominated
the studs’ axial stiffness, k2pcr, and the global failure (flexural-torsional
buckling) mechanism. The complex interactions of various cross-
sectional and global buckling modes were attributed to the closeness
of critical buckling stress, a function of the studs’ specific cross-sectional
slenderness, member effective length, and boundary conditions. The
distribution of geometric imperfections influenced the interaction of the
global buckling modes. The competing buckling modes greatly affected
the studs’ post-peak capacity reduction in loading Phase III.

3.2. Test results for BCH

For BCH, the loading Phase I was absent, as there is no track section.
The studs demonstrated a single axial stiffness up to the peak load. The
studs’ performance is described only in Phase II and Phase III. The peak
load (PypcH), axial stiffness (k2, pcy), and predominant failure mecha-
nism of the studs in BCH are reported in Table 7. Fig. 9 shows the various
failure mechanisms and load-axial shortening response of the selected
samples tested under BCH, along with the top and bottom plate rotation
about the half-round long-axis, demonstrating the hinge mechanism.

3.2.1. Phase II (BCH): Studs’ performance up to the peak load

In BCH, the predominant global failure mode was flexural buckling
about the minor centroidal axis. Most studs experienced the Fd 4+ L¢
interaction with a gradual reduction of studs’ ultimate capacity. The
studs with the lower ¢/t (S75 & S100) experienced flexural and local
web buckling at 75-80% of the peak load. In the studs with higher cy,/t
(S125), the failure was triggered by local web buckling, which gradually
concentrated at the mid-height in the unloading path. The S100-30 and
the 1.2 m $100-20 studs failed in the F¢ + D? + L mechanism, expe-
riencing flexural and distortional buckling of the web-to-flange junction
at 75-80% of the peak load, which concentrated at the mid-height at the
ultimate load, along with local buckling of lips at the studs’ mid-height.
The S100-12-1200-b stud experienced a flexural torsional buckling
failure mechanism due to the sample’s higher initial twisting
imperfection.

3.2.2. Phase III (BCH): Post-peak behaviour

Most studs undergoing the F¢ + L mechanism experienced a gradual
capacity reduction to over 50% of peak load (see Table 7), except for the
1.2m S125 and 1.5 m S100-12 stud, which underwent a 50-78% sudden
drop in the ultimate capacity (see Table 7). When the distortional
buckling was involved, the studs experienced a 55-58% reduction of the
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ultimate load.
4. Discussion of test results

4.1. Comparison of the influence of boundary conditions BCT and BCH
on studs’ axial compressive performance

4.1.1. Ultimate capacity and evaluation of EC3 prediction

The average ultimate axial compressive capacity of the studs, tested
with BCT (Pypcr) and BCH (Pypcn), is reported in Table 8. The maximum
and minimum ultimate capacity ratios are presented in bold font. The
stud’s axial compressive capacity has also been calculated as per EC3
[11] in BCT & BCH (Pykcract, Purciech), considering the stud’s effective
length, L, as the distance between the center of gravity of the half-rounds
in BCH, and the distance between the top and bottom supporting plate in
BCT. The studs’ measured dimensions and material properties from the
coupon test have been considered for Pygcy, calculation. Table 8 (Column
5) shows that the studs in BCT had, on average, 1.22 times higher axial
compressive capacity than that in BCH. The higher capacity in BCT is
caused by the warping rigidity provided by the track flanges at both ends
of the studs. The higher axial compressive strength of individual studs
with BCT, than in BCH will significantly influence the load redistribu-
tion mechanism and global structural behaviour of CFS panelised
buildings, when the studs’ are loaded beyond their elastic limit, espe-
cially under highly non-linear axial-compressive loading scenarios.

Pyscr is, on average, 1.8 times more than Pygcpcr (Table 8, Column
6), which demonstrates that the EC3 [11] EWM, with an Ej, of 1, predicts
a highly conservative axial capacity of the studs in BCT.As per EC3
EWM, the Ej, that accurately predicted the studs’ tested axial compres-
sive strength was determined and presented in Table 8, Column 8, and
discussed further in Section 4.2. Pypcy is, on average, 1.5 times (Table 8,
Column 7) more conservative than Pygcr, which approximately agreed
with previous research [17,18] on hinged boundary conditions. The
Pygct was also calculated against the nominal material strengths of
respective steel grades, presented in Table 4, and the negligible differ-
ence was observed in the results, presented in Table 8, as the measured
strength was not significantly higher than the nominal strength (dis-
cussed in Section 2.4.).

4.1.2. Axial stiffness

Table 9 compares the studs’ axial stiffness in BCT and BCH.

The maximum and minimum stiffnesses are shown in bold font.
Column 5 in Table 9 demonstrates that, in Phase II, the BCT caused a
30% lower axial stiffness than that in the BCH (k2, pcravg is 0.7 times k2,

Table 8
Comparison of studs’ ultimate capacity in BCT (averaged) and BCH.

Specimen Pupcr PupcH PuygcLser PukcL,BcH Pupct/Puscu Pupcr/Pukct, Pupcr/Pukcr,cH ELFgc3

(kN) (kN) (kN) (kN) BCT

[7]
[3] [4] [5] [6]

[11 [2] [8]
§75-12-1200 36.0 36.4 19.4 19.3 0.99 1.9 1.9 0.58
$75-12-1500 33.7 29.8 14.6 13.7 1.13 2.3 2.2 0.5
S$75-15-1200 68.4 59.4 31.7 31.8 1.15 2.2 1.9 0.46
S$75-15-1500 54.0 43.8 241 24 1.23 2.2 1.8 0.58
$100-12-1200 58.9 29.8 335 31 1.97 1.8 1 0.35
S$100-12-1500 49.7 44.0 26 24.8 1.13 1.9 1.8 0.33
$100-20-1200 121.6 92.3 75.6 70.6 1.32 1.6 1.3 0.58
$100-20-1500 118.3 86.6 56.9 53.9 1.37 2.1 1.6 0.49
$100-30-1200 213.8 170.0 148.2 141.6 1.26 1.4 1.2 0.5
$100-30-1500 200.5 140.2 118.6 113.3 1.43 1.7 1.2 0.5
$125-13-1200 63.9 60.5 54.7 53.3 1.06 1.2 1.1 0.62
$125-13-1500 61.6 42.7 47.9 46.5 1.44 1.3 0.9 0.64
$125-20-1200 149.0 128.0 103.4 98.6 1.16 1.4 1.3 0.48
$125-20-1500 131.0 112.1 82.5 80.9 1.17 1.6 1.4 0.59
Mean 1.22 1.8 1.5 0.5
Standard deviation (SD) 0.14 0.4 0.4 0.1
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Table 9
Comparison of the studs’ experimental axial stiffness in BCT (averaged) and BCH.
Specimen BCT BCH ratio
leCT,avg (kN/mm) kZ,BCTavg (kN/mm) k2,pcy (kN/mm) kz,BCTavg / leCT,avg kszCTavg/ k2,pcH K1,pcravy/ k2,pcH
[4]
[1] [2] [3] [5] [6]

S$75-12-1200 2.68 6.00 9.50 2.24 0.63 0.28
§75-12-1500 1.72 5.30 11.17 3.08 0.47 0.15
S$75-15-1200 2.12 8.09 12.56 3.81 0.64 0.17
S$75-15-1500 2.24 5.50 13.26 2.45 0.41 0.17
S$100-12-1200 4.24 7.64 8.00 1.80 0.96 0.53
$100-12-1500 3.25 7.94 11.61 2.44 0.68 0.28
$100-20-1200 4.32 11.37 13.58 2.63 0.84 0.32
$100-20-1500 3.35 14.98 18.90 4.48 0.79 0.18
$100-30-1200 6.54 17.18 19.71 2.62 0.87 0.33
$100-30-1500 3.92 20.58 24.32 5.25 0.85 0.16
$125-13-1200 5.85 9.86 12.02 1.69 0.82 0.49
S$125-13-1500 3.46 9.62 12.96 2.78 0.74 0.27
$125-20-1200 4.18 14.62 17.24 3.50 0.85 0.24
$125-20-1500 5.50 18.25 21.34 3.32 0.86 0.26
Mean 3.01 0.7 0.27
Standard deviation 1.00 0.16 0.12

Bcr)- Also, from Table 9, Column 4, in BCT, the studs’ Phase II axial
stiffness, k2, pcravg, Was three times higher than the Phase I stiffness,
k1pcr,avg, which is reasonable as k1pcr,avg represents only the non-linear
shear stiffness of the connection until the closure of the stud-to-track
gap. Such two-stage axial stiffness behaviour of individual studs with
BCT, particularly the lower Phase II axial stiffness in BCT, than in BCH
will significantly influence the load redistribution mechanism and
global structural behaviour of CFS panelised buildings, when the studs’
are loaded beyond their elastic limit, especially under highly non-linear
axial compressive loading scenarios.

4.1.3. Axial shortening, out-of-plane deflection at the studs’ mid-height at
peak load

Column 8 in Table 10 shows that until the peak load, the total axial
shortening in BCT (Vpcr) was 2.3 times higher than that in BCH (Vpc).
Columns 9 and 10 show that in BCT, 30% of the total axial shortening
(up to peak load) happened in Phase I, while the remaining 70%
occurred in Phase II. Column 11 signifies that in BCT, even excluding the
gap displacement (Vpcrphase 1), the warping rigidity of the tracks caused
70% higher axial shortening of studs until peak load in Phase II than that

in BCH. The studs’ significantly higher (70%) Phase II axial shortening
in BCT than in BCH will substantially influence the load redistribution
mechanism and global structural behaviour of CFS panelised buildings
when the studs’ are loaded beyond their elastic limit, especially under
highly non-linear axial compressive loading scenarios. No trend was
observed in the magnitude of the studs’ mid-height horizontal deflection
due to the change in the boundary condition; the studs’ effective length
governed it. On average, the 1.5 m studs underwent two times higher
out-of-plane deflection at the webs’ mid-depth and corner locations than
the 1.2 m studs.

4.1.4. Predominant global failure mechanism and studs’ axial compressive
strain

The axial compressive strain was closely correlated with the studs’
predominant global failure mechanism in BCT and BCH. The global
flexural buckling failure mode in BCH caused on average, 58% higher
axial compressive strain, particularly at the studs’ web at mid-height,
than that caused by the flexural torsional mode in BCT. The studs
web’s higher axial compressive strain in BCT than in BCH is visible in
Fig. 10 in the load versus strain plot of S125-20-1500 and S75-15 -

Table 10
Comparison of studs’ axial shortening in BCT (averaged) and BCH.

Specimen Veer Vier. Vpcr(mm) Vpcy (mm) Ratio

Phase Lavg. Phase II,avg. K

(mm) (mm) Max Min Avg Std Dev._ Vger, Vaer, Vier. Veer. Vier.

avg. avg/ VBcH Phasel, Phasell, Phasell,
2] avg/ VBer, avg/ VBer, avg/ VBcH
avg. avg.
[11 6] [71
[8] [91 [10] [11]
[31 [4] [5]

S$75-12-1200 1.8 5.9 8.0 7.6 7.8 0.2 4.0 1.9 0.24 0.76 1.5
$75-12-1500 2.0 9.0 12.4 8.4 11.0 2.2 2.8 4.0 0.19 0.81 3.2
S§75-15-1200 1.9 9.4 11.9 10.5 11.2 1 4.9 2.3 0.17 0.83 1.9
S$75-15-1500 2.5 11.6 149 13.3 14.1 11 3.7 3.8 0.18 0.82 3.1
$100-12-1200 2.8 6 8.9 8.6 8.8 0.2 3.8 2.3 0.32 0.68 1.6
$100-12-1500 2.3 7.3 11.5 8.3 9.6 1.7 4.2 2.3 0.24 0.76 1.7
$100-20-1200 4.1 7.6 13.2 10.3 11.7 1.5 7.1 1.6 0.36 0.64 1.1
$100-20-1500 5.2 8.4 16.0 11.7 13.6 2.2 5.3 2.6 0.39 0.61 1.6
$100-30-1200 4.3 10.0 16.6 12.8 14.3 2 9.1 1.6 0.29 0.71 1.1
$100-30-1500 4 10.9 18.5 12.4 14.9 3.2 6.1 2.5 0.26 0.74 1.8
$125-13-1200 2 5.1 16.4 6.7 7.2 0.5 5.9 1.2 0.28 0.72 0.9
$125-13-1500 3.3 5.8 9.4 8.7 9.1 0.4 3.7 2.5 0.36 0.64 1.6
$125-20-1200 4.7 10.4 16.4 12.6 15.1 2.1 8.1 1.9 0.31 0.69 1.3
$125-20-1500 4.9 6.5 11.7 10.8 11.3 0.4 5.5 2.1 0.43 0.57 1.2
Mean 2.3 0.3 0.7 1.7
Standard deviation(Std Dev) 0.8 0.08 0.08 0.7
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Fig. 10. Comparison of studs’ axial compressive strains in BCT and BCH: a) S125-20-1500 and b) S75-15-1200.

1200 studs. This behaviour signifies that the studs experienced delayed
material yielding and, therefore, delayed failure due to the lower axial-
compressive strain at the stud web caused by the beneficial effects of the
tracks’ warping rigidity under BCT compared to BCH. The studs web’s
significantly lower (58%) axial compressive strain in BCT than in BCH
will substantially influence the load redistribution mechanism and
global structural behaviour of CFS panelised buildings when the studs’
are loaded beyond their elastic limit, especially under highly non-linear
axial compressive loading scenarios.

4.1.5. Restraint stiffness of BCT compared to the BCH

The 22% higher axial compressive capacity (as discussed in Section
4.1.1, Column 5, Table 8) of the studs with BCT compared to BCH is
caused by the warping or moment fixity of the track boundary condition.
The BCH has zero moment fixity against rotation. However, with BCT,
under axial compressive loading, the studs tend to rotate about their
edge at the end of the cross-section, leading to the generation of a
restoring moment, Mg = 0.5P;h (P, being the axial compressive load
and h being the cross-section depth) [14]. At low levels of axial load
(Py), MR is low, and the boundary condition is approximately pinned.
With the increase in Py, My increases, causing increased end fixity [14].
Similarly, increasing the studs’ cross-sectional depth, h, for deeper
members causes higher Mg, while lower My, is generated for shallower
members. Higher end fixity or higher restraint stiffness causes the studs
to achieve higher axial compressive capacity with BCT. Such behaviour
is observed in the results of this study (Column 5, Table 8) and also by
others [7,14]. Several other factors, such as the non-linear connection
stiffness and stud-to-track gap, can influence Mg. The restraint stiffness
caused by BCT can be quantified for various studs by dividing the
restoring moment, Mg, by the rotation at the end of the stud cross-
section about the stud edge. In this study, the rotation at the end of

1.22P

Load

the stud cross-section about the edge of the stud was not measured;
hence the accurate restraining stiffness provided by the BCT could not be
quantified for various stud cross-sections. However, the effect of the
restraint stiffness offered by the BCT has been investigated further to
quantify an accurate, effective length factor (Ey) for the studs that can be
used to predict their safe and optimal axial compressive capacity under
BCT. This is discussed further in Section 4.2.

4.1.6. The overall influence of BCT on the efficient design of studs as
compared to BCH

In practice, studs in CFS wall panels are designed to resist axial
compression, considering a pin-ended boundary condition (BCH), due to
lack of design guidance to assess the precise effect of the real-world track
boundary condition (BCT). This experimental investigation and com-
parison of test results under BCT and BCH revealed a significant dif-
ference in the studs’ axial-compressive performance and failure
mechanisms under these boundary conditions, as summarised in Fig. 11.

In BCT, the presence of the stud-to-track gap and non-linear shear
stiffness of the S/T screw caused the axial stiffness of the stud-track
assembly to be significantly lower until the closure of the gap, (on
average) 30% of the axial stiffness in BCH. After the gap closed, although
the studs achieved 20% higher ultimate capacity in BCT than in BCH, the
studs’ axial stiffness in BCT was only 70% of that in BCH. This caused the
studs to undergo 70% higher axial shortening post-gap closing until the
peak load (Phase II) in BCT than in BCH. Furthermore, a brittle
connection failure happened in BCT for the thicker gauge studs, and the
studs completely lost their capacity for a point in time until the stud-to-
track gap was fully closed. In addition, the comparison of the axial
compressive strain results in BCT & BCH (Fig. 10) revealed that the
global flexural buckling failure mechanism caused earlier material
yielding and stud failure in BCH than in BCT. Combining all these

sm
~ FTP+Lc+D? mechanism

—BCT
— BCH

Vv

23V

o S SRR - N

1.7 V(phasen_sct) Axial shortening

0.6V
(Phalsel_BCT) :

Fig. 11. Schematic of the comparison of studs’ axial compressive performance in BCT and BCH.
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effects, in BCT, the individual stud’s axial compressive performance will
significantly influence the load redistribution mechanism and global
structural behaviour of CFS panelised buildings when- loaded beyond
their elastic limit. Hence, it is recommended that, along with the higher
ultimate strength, practitioners must consider the two-stage lower axial
stiffness and higher axial shortening, complex local-distortion-flexural
torsional buckling failure mechanism, for the efficient design of studs,
in CFS wall panels, especially when subjected to highly non-linear axial
compressive loading scenarios.

4.2. Estimation of the effective length factor (Er) as per EC3

According to Table 8, the EC3 [11] design method with E;, = 1
predicted 80% lower axial compressive strength of the studs in BCT. For
the studs’ optimal design in BCT, it is necessary to establish an Ej, that
can closely predict the studs’ higher axial compressive strength. Based
on EC3 calculations, the Ej, that accurately predicted the studs’ tested
axial compressive strength was determined and presented in Table 8,
Column 8. The results show that the maximum and minimum E; are 0.64
for S125-13-1500 and 0.33 for S100-12-150 studs, respectively. The
average of all Ey, is 0.5, with a standard deviation of 0.1. Based on these
results, an upper bound estimate of the E; was determined by adding the
mean E;, (0.5) with one standard deviation (0.1), i.e., 0.5 4+ 0.1 = 0.6,
which is close to the maximum Ej, 0.64 obtained in this study. Hence, a
safe Ej, of 0.65 was considered to predict the studs’ axial compressive
strength in BCT. In Fig. 12, the tested strength Pypcr and EC3 predicted
strength for E;, 0.65 and 1 (Pygco.6s1. and Pygcr, respectively) normalized
by EC3 cross-section compression resistances Affy, (At is the effective
cross-sectional area in compression, fy is 0.2% proof strength from
coupon test data) are plotted against corresponding non-dimensional
slenderness ratios (Aggs, for Pyger & Pukco.651, AL for Pygcr) and the
studs’ strength curves for the EC3 predicted strengths are generated.
Fig. 12 shows that the tested strengths in BCT are much higher than the
Pukcy strength but closer to the Pygcoes. strength. Hence, when EC3
EWM is adopted, an E;, 0.65 is suggested to obtain an optimal prediction
of the CFS studs’ axial compressive strength in BCT, with No 12 S/T
screws used as the stud-to-track connections.

5. Conclusions
The axial compressive performance of bare CFS-lipped channel sec-
tions used as studs was investigated for the first time under real-world

track boundary conditions (denoted as BCT), considering the com-
bined effect of the tracks warping rigidity, stud-to-track gap, semirigid

1.20
1.00
0.80

0.60

Pu/ Aefffy

0.40 Pucc/Au, = 0.8939A, + 1.0989
' R? o esyy= 0.973
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connection stiffness, and various cross-sectional slenderness. All existing
testings on bare CFS studs have employed ideal hinged (BCH) and fixed
boundary conditions or else the BCT for sheathed stud-wall panels only.
An experimental program was conducted on 42 industry-standard CFS-
lipped channel sections of five different thicknesses (1.2-3 mm), three
depths (75,100, & 125 mm), and two heights: 1.2 m & 1.5 m with BCT.
An additional 14 studs, having cross-sections and heights identical to
those in BCT, were tested with BCH as a comparator to BCT.
Displacement-controlled static concentric axial compressive loading was
applied to the studs with BCT and BCH. Material properties (e.g.,
Young’s modulus), geometric imperfections, and initial out-of-plane
eccentricities of the studs were measured in detail. The test results
demonstrated that the track-boundary condition significantly influenced
the studs’ axial compressive performance and failure mechanism, as
summarised below:

e Ultimate axial compressive capacity: On average, the studs in BCT
achieved 1.22 times higher ultimate axial compressive capacity than
in BCH due to the warping fixity provided by the tracks in BCT.

e Axial stiffness: A two-stage axial stiffness was observed in BCT,
Phase I stiffness until the closure of the stud-to-track gap and Phase II
stiffness after the gap closure up to the peak load. In contrast, a single
axial stiffness was observed in BCH until the peak load due to the
non-existence of the gap. The axial stiffness in BCT, post-gap closure,
was 70% of that in BCH.

o Axial shortening: On average, the axial shortening of the BCT-tested

studs was 2.3 times higher than that of BCH-tested studs until peak

load.

Global failure mechanism: BCT triggered the studs’ global flexural

torsional buckling failure mechanism instead of the flexural buckling

failure mechanism in BCH.

e Axial compressive strain: Under BCT and BCH, the studs’ global
buckling failure mechanism dominated their axial-compressive
strain behaviour. On average, the global flexural buckling failure
mode in BCH caused 58% higher axial compressive strain, particu-
larly at the studs’ web at mid-height, than that caused by the flexural
torsional mode in BCT.

The studs’ post-peak axial capacity reduction in BCT and BCH was
closely correlated with the interaction of various global and cross-
sectional buckling modes. Whenever the distortional buckling inter-
acted with other buckling modes, the studs underwent the highest ca-
pacity reduction, 92.7% in BCT and 58% in BCH.

An effective length factor (Ep) of 0.65 was suggested instead of Ej, 1

Pueco.s1/Aefity = -0.2866M 65,7 - 0.0144A, 65, +0.928
R%=0.9464
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Fig. 12. Comparison of test and EC3 failure loads considering E;, 0.65 & 1.
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to optimally predict the studs’ axial compressive strength in BCT using
the EC3 effective width method. It was also recommended that along
with the higher axial compressive strength, practitioners must consider
the lower two-stage axial stiffness and higher axial shortening of studs
under BCT for the studs’ efficient design. Since the individual stud’s
performance under these combined effects significantly influences the
load redistribution mechanism and the global structural behaviour of
CFS panelised buildings, especially when the studs are loaded beyond
their elastic limit under highly non-linear axial-compressive loading
scenarios.
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