APPLICATION OF A NEW RACKING CYCLIC LOADING PROTOCOL ON
COLD-FORMED STEEL-FRAMED WALL PANELS
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ABSTRACT: Resistance against lateral loads (due to wind or earthquake) in cold-formed steel-framed domestic
houses is mainly provided by bracing wall panels. Behaviour of such cold-formed steel-framed wall panels under cyclic
strain reversals in an earthquake is too complex to analyse and is best evaluated by physical experimentation. This
paper presents racking tests of steel-framed wall panels with different aspect ratios sheathed with fibre cement board
subjected to monotonic and new cyclic loading protocol. Monotonic test results showed similar strength per unit length
of wall panels with various aspect ratios (provided that other parameters are not changed), however wall panels with
higher aspect ratio revealed higher displacement capacity. Wall panels under cyclic loading showed highly pinched
hysteresis response behaviour associated with significant stiffness and strength degradations at high displacement
amplitude.
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1 INTRODUCTION

Cold-formed steel (CFS) has been widely used in
domestic low-rise buildings in industrialized countries
including Australia. Commonly, CFS bracing wall
panels (CFSBWPs) are the main vertical elements for
resisting lateral loads (due to wind or earthquake) in this
type of construction. A CFSBWP primarily consists of
two elements; CFS frame and a bracing element. The
CFS frame consists of studs placed at designated spacing
and plates (or tracks) at top and bottom to interconnect
the studs. Typically noggings are used to interconnect
the studs at mid-height level to prevent bucking. For
taller walls, two lines of noggings may be used. The
bracing element may be strap bracing or sheathing
(cladding) attached to the CFS frame on one or both
sides typically using screws.

Racking strength and stiffness of a CFSBWP is
primarily governed by the connections between the CFS
frame and the bracing element, which is of complex
behaviour [1-8] and is best evaluated by physical
experimentation. This study presents experimental test
results of CFSBWPs of different aspect ratios with fibre
cement boards as the sheathing which was subjected to
in-plane  monotonic and cyclic loadings. As the
performance of the wall panel is highly dependent on the
cyclic loading protocol [9], a new loading protocol [10]
which had been developed based on the seismic
conditions of Australia [11], was used in this study for
cyclic testing.

2 TESTING PROGRAM

2.1 SPECIMEN

Experimental studies were carried out on two different
lengths (shown in Table 1) of wall panels braced with
fibre cement boards. The wall panels were built from
CFS framing members and fibre cement sheathing
panels. The CFS frame was made of 89x36x0.75mm C-
shaped lipped studs (with web stiffened) and
91x40x0.75mm plain channel sections for plates and
noggings. Studs were placed at 600mm spacings for
2.4m long wall and 450mm spacings for 0.9m long wall.
Two identical fibre cement boards [12] of 5mm
thickness were used as the sheathing boards for 2.4m
long wall whereas one board of 5mm thickness was used
for 0.9m long wall. The sheathing boards were attached
vertically on one face of the wall panel. All CFS
members were grade G550 [13] and the connections
between them were made using 15mm long M6 GX®
Frame Screws [14]. The sheathing boards were
connected to the framing members at 100mmm spacings
along the periphery of the board and at 150mm spacings
for the middle portion of the board. All sheathing screws
were 20mm long M5-16TPI CSK FibreZips self drilling
screws [14].

Table 1: Matrix of test specimen

Length Height Aspect

SIPEBIET () (H) Ratio

Loading

FCB-Mon-A Monotonic  2.4m 2.4m 1.0
FCB-Mon-B Monotonic  0.9m 2.4m 2.7
FCB-Cyc-A Cyclic 2.4m 2.4m 1.0
FCB-Cyc-B Cyclic 0.9m 2.4m 2.7

2.2 TEST SETUP AND INSTRUMENTATION

The experimental test setup is shown in Figure 1. The
wall panel was assembled on the floor and was placed in
the vertical position between the base beam
(200UC52.2) at floor level and the spreader beam
(100PFC) at the top. Base beam was anchored to the
concrete floor by using M24 threaded rods spaced at
1000mm centres. Tie-down details between the bottom
plate of the wall panel and the base beam were done as
per guidelines given in [12]. Load was applied to the
wall specimen via the spreader beam using a
programmable hydraulic actuator. Castors were used
along the spreader beam in order to prevent out of plane
movement of the wall panel.

The instrumentation used during the tests is shown
in Figure 1. The hydraulic actuator contained the internal
LVDT (channel #1) and the load cell (channel #2) that
supplied information on the applied displacement and
resisting force. These two transducers supplied basic
data for the load-deflection analysis of the tests. One
linear displacement transducer (channel #3) was
mounted at the right end of the top plate (opposite end of
actuator) to measure top horizontal displacements. The
amount of slip between the bottom plate and the base
beam was measured by two LDT’s (channel #4 and #5)
mounted at each end of the bottom plate whereas two
LDT’s (channel #6 and #7) were placed at the bottom of
each end studs to determine the end studs/bottom plate
uplift and wall rotation. Information from channels #4,
#5, #6 and #7 was used to account for wall slip and
rotation while determining net deflection of the wall
panel given by Equation (1):

(Ay + As)

H
> — (Ag — A7) X T 1
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where,

At = Net in-plane displacement due to fastener slip
and shear deformation of the sheathing board

A; = Total in-plane displacement at the top of the wall
panel measured by channel #3

(A4+As5)/2 = Rigid body translation at the base
(average of two readings from channel #4 and
channel #5)

(A¢-A;)xH/L = Rocking displacement at the top due
to rigid body rotation

H/L = Aspect ratio of the wall panel
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Figure 1: Test setup and instrumentation for racking test

2.3 LOADING

Two types of loading conditions were applied for the
racking test; monotonic and cyclic loads. Monotonic
loading was performed prior to the cyclic test to
determine the displacement controlled parameter (Ay)
which is a key parameter required for cyclic loading
protocol [10] (shown in Figure 2). Displacement
controlled parameter (Ay,) refers to the displacement
corresponding to 90% of the peak strength at the
declining portion of the monotonic load deflection curve.
The cyclic loading protocol used in the testing program
was slightly modified from the loading protocol
developed by Shahi et al. [10]. According to this loading
protocol, wall panel was first subjected to four cycles in
Phase 1 with displacement amplitude of A;, where A;
refers to serviceable displacement which corresponds to
8mm (H/300) for a 2.4m wall height. Second Phase of
the loading protocol consisted of four cycles with
displacement amplitude A, and three cycles each in
Phase 3 and Phase 4 with displacement amplitudes of A
and A, respectively. Increment of the displacement
amplitude in each subsequent cycle was kept uniform for
simplicity which is given by the following expression:

§ = (Am —4,)/3 (22)

where,

Ay = Displacement corresponding to 90% of the peak
strength at the declining portion of the
monotonic load deflection curve

After finding the incremental displacement 9,
displacement amplitude at any loading phase (n) can be
determined from following expression:

Ay=A, + (n—1)8 (2b)

All tests were conducted in the displacement controlled
mode with a loading rate of 2 to 4mm/min for the
monotonic tests and 4 to 16mm/min for the cyclic tests.
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Figure 2: Modified cyclic loading protocol [10]

3 RESULTS AND DISCUSSION

3.1 FAILURE MODES

Most of the failure modes observed during the racking
test of the CFSBWPs was associated with the
connections of the board with the CFS framing
members. Some observed local buckling of the top and
bottom plates was recoverable. The sequence of the
failure modes observed in the monotonic and cyclic tests
are listed below:

(a) Cracking of the board at the corners (BC): The
diagonal corner cracking of the board occurred at
early stages of loading (Figure 3a). A crack
propagated along the end screws at the adjacent
sides, at the two opposite corners of the board under
tension, making the end screws ineffective in shear
transfer.

(b) Bearing failure of the sheathing board at edge screws
(BB): Bearing failure was observed along the
perimeter of boards with screw tilting and its head
piercing down the sheathing material (Figure 3b).
There was a very little or no damage of connections
within the middle portion of board.

(c) Screw head pull-through the sheathing board (BP):
This failure mode was observed along the board edge
(tension side overlapping edge) at the overlapping
zone (Figure 3c).

(d) Board edge tearing (BT): This failure mode was
observed at some locations of the boards overlapping
zone (Figure 3d).

Failure modes BP and BT led to the ultimate failure
of the wall panel which was observed by the unzipping
of the board edge (tension side overlapping edge) from
the stud framing member. The separation of the board
from the framing member led to the permanent rigid
body rotation of the board relative to the framing
members. The separation of the board from the framing
members led to the permanent rigid body rotation of the
board relative to the framing member as illustrated in
Figure 4.
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Figure 3: Observed failure modes during racking tests of
wall panels
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Figure 4: Schematic of the failure mechanism of wall
panel under racking load

3.2 MONOTONIC TEST RESULTS

The load-deflection curves of the wall panels under
monotonic tests for wall lengths 2.4m and 0.9m are
shown in Figure 5. The X-axis of Figure 5 represents the
net displacement (calculated using Equation (1)) and the
Y-axis represents the load carried by the wall per unit
length of wall. The general observations made from the
monotonic load-deflection curves (Figure 5) are listed
below:

(a) FCB-Mon-A is found to be stiffer (about 30%) than
the shorter panel FCB-Mon-B. The reason for the
lower stiffness of the shorter wall panel (with most
likely aspect ratio of more than 2) is the larger
bending deformation which is not significant in the
longer wall (with aspect ratio equal to 1).

(b) Nonlinear behaviour in FCB-Mon-A starts at a load
of around 60% of the ultimate load whereas
nonlinearity starts at 40% of the ultimate load in the
shorter panel FCB-Mon-B. The nonlinear behaviour
in both wall panels was mainly due to deformations
at the fasteners which connect the CFS framing
members with the sheathing board.

(c) After reaching peak load, both wall panels undergo
higher displacement without any further increase in
load as illustrated by the plateau region in the load-
deflection curve. This was primarily due to bearing
of the fastener connections and screw head pull-

through the sheathing board as described in Section
3.1.

(d) Both wall panels possessed similar load carrying
capacity per unit length of wall panel. Hence, load
carrying capacity of wall panels of intermediate
lengths can be estimated using linear interpolations.
However, deflection capacity of the shorter wall
panel FCB-Mon-B was found to be 25% higher than
the longer panel FCB-Mon-A.

Both wall panels ultimately failed by the unzipping
of the perimeter screws after reaching a moderate level
of ductility (3 to 4). Important parameters from the load-
deflection curves (Figure 5) such as stiffness (refer
Figure 6), peak strength, deflection at peak strength,
deflection at 90% of peak strength (Ay to be utilized in
cyclic loading protocol) are provided in Table 2.
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Figure 5: Load deflection behaviour of tested wall panels
under monotonic loading
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Figure 6: Definition of the initial and the secant stiffness
for monotonic test



Table 2: Summary of monotonic test results

D::?r:?r%i?ggm Peal_< load per d'?si)tlgiglr(riggt Initial _stiffness Secant_stiffness
Specimen parameter unit length at Peak Load per unit length per unit length Failure sequence
Ay (mm) Speak (KN/m) Aveas (M) (KN/mm/m) (KN/mm/m)
FCB-Mon-A 30 10.9 23.4 1.21 0.47 BC+BB+BP+BT
FCB-Mon-B 37 105 27.9 0.92 0.38 BC+BB+BP
Table 3: Summary of cyclic test results
Net Peak load per Maxi Effective stiffness  Secant stiffness
. Loading racke;ng unit length Woad rt?s),(ildTJ:r] per unit length per unit length Eailure
Specimen  “ppace  displ. , FkN/m). Degra displ. AA (ITN/mm/r.n) .(kl.\l/mm/rﬁ) sequence
A (v Virgin ~ Final  dation A, (mm) Virgin Final Virgin  Final
Cycle Cycle Cycle Cycle Cycle Cycle
1 8.0 7.8 7.0 10% 2.5 031 1.16 1.10 0.98 0.88
FCB- 2 15.3 10.6 85 20% 5.7 037 094 0.90 069 055 BC+BB
Cyc-A 3 22.7 10.2 7.7 25% 10.2 045 084 0.74 045 034 +BP+BT
4 30.0 8.8 3.6 59% 15.0 0.50 0.72 0.27 0.29 0.12
1 8.0 5.7 5.1 9% 2.7 0.34 0.83 0.81 0.71 0.64
FCB- 2 17.7 8.9 7.5 16% 6.1 0.35 0.80 0.76 0.51 0.43 BC+BB
Cyc-B 3 27.3 9.7 6.9 29% 12.9 047  0.67 0.59 035 025 +BP
4 37.0 7.5 4.0 46% 175 0.47 0.49 0.26 0.20 0.11
3.3 CYCLIC TEST RESULTS exceed the wall plumb line tolerance Ilimit at

Hysteretic behaviour of the wall panels under cyclic tests
for FCB-Cyc-A and FCB-Cyc-B are shown in Figures 7a
and 7b respectively. The X-axis of Figures 7a and 7b
represents the net displacement (calculated using
Equation (1)) and the Y-axis represents the load carried
by the wall per unit length. The load-deflection
hysteresis of both wall panels showed severely pinched
loops with large residual displacement (displacement
corresponding to zero load while unloading). This
reflects that bearing of the fastener into the sheathing
material was the primary mode of resistance. Important
parameters such as peak load, residual displacement and
stiffness were obtained for virgin and last cycles at each
phase of loadings which are summarized in Table 3.
These parameters were obtained from the average of
positive and negative hysteresis loops. The load carrying
capacity was degraded from the virgin cycle to the last
cycle of loading at the same displacement amplitude
(same phase) which is referred herein as ‘load
degradation’. For both wall panels, the test results
showed a load degradation of less than 10% at first phase
of loading (0.25 Ay), 15 to 30% at second and third
phases of loading (0.50 Ay and 0.75 Ay) and a severe
load degradation (about 50%) at final phase of loading.
As per [15], the residual displacement after each cycle is
a function of the maximum displacement at that cycle.
Results shown in Table 3 for both wall panels showed a
reasonably constant residual displacement ratios; 0.31 to
0.38 before reaching peak loads and 0.45 to 0.50 for post
peak loadings. Residual displacement is an important
parameter while evaluating wall parameters and must not

serviceability limit state. The residual displacement at
serviceability limit state (at displacement of H/300) of
the tested wall panels satisfied the tolerance limit set by
the NASH Standard, Australia [16].

Two approaches were used to calculate the
stiffness; (i) effective stiffness and (ii) secant stiffness as
illustrated in Figure 8. The effective and secant
stiffnesses for the wall panels at virgin and last cycles of
each loading phase are provided in Table 3. For both
wall panels, the secant stiffness was found to be
substantially lower than the effective stiffness with
increasing displacement amplitudes (about 1.5 times for
first 2 phases of loadings and more than 2 times for final
two phases of loadings). Test results also showed
substantial amount of stiffness degradation (both
effective and secant stiffness) with increasing amplitude
of loading and these values are plotted in Figure 9. Such
degradation behaviour was caused by the bearing failure
of the sheathing material surrounding screw heads
leading to the formation of slots. Observations of
stiffness degradations of the tested wall panels are
summarized in two different aspects:

(a) Stiffness degradation with increasing displacement
amplitude

Virgin Cycle-effective stiffness was degraded to about
30 to 40% till final phase of loadings whereas
degradation was much higher (about 70%) for Last
Cycle-effective stiffness. This was due to failure of wall
panel at final phase of loading which is illustrated by a
kink in Figures 9a and 9b. In contrast to effective
stiffness degradation, secant stiffness degraded rapidly



until final phase of loadings (about 70% for the Virgin
Cycle and 80% for the Last Cycle). These charts clearly
illustrate the softening of the structure with increasing
displacement amplitude which result a period shift of
about 2 to 3 times its initial natural period. These results
confirmed the assumptions of the natural period shift
made in developing a new loading protocol [10].

(b) Stiffness degradation from virgin cycle to last cycle
at same displacement amplitude

There was a very little effective stiffness degradation
(ranging from 2 to 11% for the first three phases of
loadings) whereas more than 50% of the stiffness
degraded at the final phase of loading due to failure of
the wall panel. However, rate of secant stiffness
degradation was found to be uniform (about 15 to 30%
for the first three phases of loadings and 50% for the
final phase of loading).
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Figure 7: Load deflection behaviour of tested wall panels
under cyclic loading
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Figure 8: Definition of the effective and the secant
stiffness for cyclic test [17]
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Figure 9: Stiffness degradation (per unit length) of tested
wall panels at different phases of cyclic loading

4 CONCLUSIONS

The paper presented experimental test results of cold-
formed steel bracing wall panels with different aspect
ratios with fibre cement board as sheathing material,
subjected to in-plane monotonic and cyclic loadings.
Four panels were tested under monotonic and cyclic
loadings. The following conclusions were drawn from
the test results:



a)

b)

c)

The failure modes of the wall panels were primarily
due to failure of connections between the board and
the CFS framing members. The sequence of failure
modes of the tested wall panels was by corner
cracking, bearing and screw head pull-through the
board (BC+BB+BP) leading to the complete
separation of the board from the framing member.

Monotonic test results of the wall panels with
different lengths (or aspect ratios) showed fairly
similar load carrying capacity per unit length of wall
panel. Hence, load carrying capacity of wall panels
of intermediate lengths can be estimated using linear
interpolations. However, the deflection capacity of a
wall panel with shorter length (or larger aspect ratio)
was found to be 20% higher compared to a wall
panel with aspect ratio equal to 1.

Cyclic test results showed a load degradation of less
than 10% at the initial phase of loading and severe
load degradation (about 50%) at the final phase of
loading for both wall panels. With increasing
amplitude of loading, secant stiffness degraded
rapidly compared to effective stiffness at the initial
phases of loadings whereas rate of stiffness
degradations were much more severe at the final
phase of loading (which was about 70% effective
stiffness degradation and 80% secant stiffhess
degradations. Stiffness degradations provide clear
information about the softening of the structure and
for estimating a shift in the natural period of the
structure.
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