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In order to estimate the inelastic interstorey drift of cold-formed steel (CFS) framed structures under collapse level earthquakes,
the deflection amplification factor ηp is employed in this paper to compute the maximum interstorey drift ratio (IDRmax) from an
elastic analysis. For this purpose, a series of CFS wall specimens were tested under cyclic horizontal loads, and then the hysteresis
model of the walls was put forward by test results. In terms of the hysteresis model, a large quantity of elastic-plastic time-history
analysis of CFS building structures was conducted based on the storey shear-type model. Furthermore, the deflection ampli-
fication factor ηp for estimating IDRmax and the parameters were analyzed. +e results indicate that the deflection amplification
factor ηp is highly dependent on yielding coefficient of storey shear force ξy, storey number N, period of structure T, and ground
acceleration records GA. Eventually, an approximate ξy-N-ηp relationship for estimating the deflection amplification factor ηp is
proposed in this paper, which can be used for seismic design in practices.

1. Introduction

In past decades, cold-formed steel (CFS) framed buildings
have gained popularity in North America, Europe, Australia,
and Japan. In China, cold-formed steel has historically been
used for nonstructural members (e.g., curtain walls and
partition walls) or secondary structural systems (e.g., purlins
and girts), but recently it has also begun to be used as the
primary structural members in buildings. Due to their
lightweight, environmental friend, low cost, and easy in-
stallation, the Chinese government actively promotes CFS
framed buildings. Two national technical specifications [1, 2]
for low-rise and mid-rise CFS buildings have been officially
promulgated. Regretfully, significant researches have been
performed on individual CFS members (e.g., CFS studs,
walls, purlins, roofs, or floors), but little research has been
done on the structural system for CFS buildings. Seismic
performance-based design for CFS buildings has also
remained out of reach.

It is well known that the interstorey drift ratio (IDR) is
defined as the ratio of the relative displacements between

two consecutive floors divided by storey height. Actually,
IDR is an important parameter in analyzing the seismic
response of building structures. In the elastic range, the IDR
of structures can be easily obtained by elastic lateral force
and elastic stiffness. However, it is difficult to estimate the
maximum inelastic displacement in a major earthquake. A
correct and convenient evaluation method on maximum
nonlinear IDR (IDRmax) is fairly significant to seismic
analysis and design of buildings. Especially for the modern
seismic performance-based design, the IDRmax is also re-
quired to ensure the limitation of damage and economic
losses during frequent earthquakes. However, the effective
and practical estimate methods on IDRmax for CFS buildings
are not involved in current design codes [3–5].

To estimate the IDRmax under collapse level earthquakes,
the elastic structural analysis together with the deflection
amplification factor (DAF) was conventionally employed
without resorting to a complex elastoplastic time-history
analysis. For traditional RC structures and steel moment
framed structures, many research programs concerning
DAF have been carried out. Mohammadi [6] clarified the
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parameters that have an effect on the DAF and then de-
veloped an empirical formula. Lee et al. [7] proposed a
simple method on peak interstorey drift for perimeter shear
wall structures with flexible or stiff diaphragms. +e method
considering the shape of design response spectrum can be
used for preliminary structural design. Hatzigeorgiou and
Beskos [8] presented a simple and effective estimation of
IDRmax under repeated or multiple earthquakes, and ex-
tensive parameters, including vibration period, viscous
damping ratio, strain-hardening ratio, force reduction fac-
tor, and soil class, were considered in the expressions for the
ratio of maximum inelastic displacement to maximum
elastic response. Based on the model of shear-flexural beams,
Yang et al. [9] investigated the IDR demands of building
structures subjected to near-fault ground motions. Caterino
et al. [10] put forward two approximate methods on cal-
culating interstorey drift of RC structures, and the methods
were proved to be accurate through comparisons between
the FEM results and the standard calculation according to
the Italian seismic code. d’Aragona et al. [11] developed a
simplified assessment of IDRmax for RC buildings with ir-
regular distribution of infill panels along the height, and a
good agreement between the calculated IDRmax and the
record processing results was obtained.

In order to develop the seismic performance of CFS
structural system, Fiorino et al. [12] carried out the in-
cremental dynamic analysis of one-storey CFS buildings by
using the hysteresis response of CFS shear walls. On the
research project of CFS-NEES, Schafer et al. [13, 14] con-
ducted a sequential experiment process from small-scale
tests on fasteners to full-scale tests on CFS buildings, and
their ultimate objective was the advanced simulation tools
for CFS framed buildings in terms of seismic performance-
based design evaluations. In order to evaluate the seismic
response of CFS global buildings, shake table tests on a full-
scale two-storey CFS building were carried out by Fiorino
et al. [15], and the relevant dynamic identification and
earthquake performance were then obtained. Additionally,
within the European research project named “ELISSA,”
Fiorino et al. [16] developed the numerical models of CFS
shear walls sheathed with nailed gypsum panels to meet the
objectives of performance-based seismic design. Moreover,
the hysteretic models of CFS-braced stud walls and the
behaviour factor q for systems according to FEMA P695 [17]
were also performed by Fiorino and his team [18, 19].
Besides, the dynamic response history analyses and further
fragility studies of steel-sheathed CFS framed structures
were conducted by Shamim and Rogers [20], and the seismic
force modification factors of Rd � 2 and Ro � 1.3 were proved
to be appropriate to the structures in Canada.

In this paper, attention is focused on the estimation of
IDRmax for traditional OSB/gypsum sheathed CFS framed
structures under collapse level earthquakes according to the
Chinese seismic code [21]. A series of CFS walls with OSB/
gypsum sheathings were tested under cyclic horizontal loads,
and then the hysteresis models of the walls were put forward
by test results. Based on wall hysteresis models, a large
quantity of elastic-plastic time-history analysis of the
structures was conducted in accordance with the validated

storey shear-type model. Furthermore, the deflection am-
plification factor (DAF) for estimating IDRmax and the
parameters were analyzed. A statistical evaluation of DAF
was eventually presented, which can be used in the esti-
mation of IDRmax for CFS framed structures in practices.

2. Seismic Design Procedure and Deflection
Amplification Factor in China

+e current seismic design procedure [21] in China includes
two steps:

(1) Under design earthquake ground motions (exceed-
ance probability of 10% in 50 years): by using re-
sponse modification coefficient (R factor), the design
earthquake response spectral accelerations are ob-
tained by reduction. +e structures are designed
within elastic states. +erefore, the elastic design of
bearing capacity and deformation is required. It is
noted that the interstorey drift limit in elastic stages
is 0.33% for CFS framed structures according to the
Chinese specifications.

(2) Under collapse level ground motions (exceedance
probability of 2% in 50 years): in the step, the
structures inevitably show the inelastic manner.
+erefore, the collapse of structures is required to be
avoided. According to the current Chinese standard,
the check of IDRmax is needed. To prevent collapse,
the interstorey drift limit in inelastic states is taken as
2% for CFS building.

+e objective of this paper is to provide an estimation
method for IDRmax under collapse level ground motions,
and the IDRmax can be computed from an elastic structural
analysis multiplied by the deflection amplification factor ηp,
that is,

δmax � ηpδe, (1)

where δmax is the maximum inelastic interstorey drift, δe is
the interstorey drift computed from an elastic analysis of
structures subjected to the equivalent seismic forces in the
collapse level, and ηp is the deflection amplification factor.

3. Cyclic Loading Tests on CFS Shear Walls

A series of cyclic loading tests on CFS shear walls have been
successively performed by the research center for cold-
formed steel structures at Chang’an University (CFS-CHD).
+e complete test program is detailed in the CFS-CHD
research reports [22–24], and the summary of the results is
presented here.

3.1. Test Program. +e details of the labeling and de-
scriptions of the full-scale specimens are presented in Table 1.
C-section studs and U-section tracks were used to assemble
the wall frames. Chord studs were assembled by two
C-section studs connected back to back. All specimens with
sheathings on one side or both sides were assembled with a
height of 3000mm. +e sheathings of the specimens have a
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product size of 2,440mm height, which accordingly leads to a
horizontal abutted seam at a distance of 560mm from the
bottom of the specimens. Wall frames and sheathings were
connected by using self-drilling screws. +e screw spacing
was 150mm at the periphery of the walls and 300mm at the
middle.+e configuration details of the specimens are shown
in Figure 1.

3.2. Test Setup and Procedure. +e test setup is shown in
Figure 2. +e bottom tracks of the walls were fastened to
the rigid ground by a rigid beam. +e top tracks were also
attached to a rigid beam on the top. And the top reaction
beam was connected with an actuator mounted on the
reaction wall. +en, the lateral loads were applied by the
actuator. In addition, a constant axial load during the tests
was also applied by the vertical Jack and the distributive
girder. To avoid suffering from the additional bending
moment, the universal joints along with the sliding devices
were used on the top of the specimens. +e axial com-
pressive force of 8 kN was firstly performed. According to
the Chinese Standard JGJ 227-2011 [1], the lateral dis-
placement-controlled loading procedures were employed,
as shown in Figure 3.

3.3. Results. Typical limit states of CFS shear walls under
cyclic loads are characterized by failure of screw connections
and relative slips at sheathing seams, as shown in Figure 4.
Same to the results of other similar tests, the response of CFS
shear walls depends on the shearing behaviour of screw
connections. Besides, typical hysteretic responses of CFS
shear walls are presented in Figure 5. +e response of

pinching and no-load slipping is clearly obvious owing to the
failure mechanism of screw connections, which dominates
the nonlinear manner. Using the EEEP model in accordance
with the AISI standard [25], the characteristic values of loads
and displacements, including initial stiffness K0, yield load
Py, peak load Pmax, and ultimate load Pu along with the
corresponding drift angles θy, θmax, and θu, are obtained and
listed in Table 2.

4. Hysteretic Parameter Analysis

4.1. Hysteretic Model. +e hysteretic characterization of
pinching and slipping of CFS shear walls was pursued by the
CA4 model as implemented in CANNY [26]. +e CA4
model includes the backbone rule, unloading rule, and
pinching rule, as shown in Figure 6.

+e backbone rule is a quadrilinear skeleton curve
with initial nonlinear points (Vc, Dc), (Vc′, Dc′), yielding
points (Vy, Dy), (Vy′, Dy′), and ultimate points (Vu, μDy),
(Vu′, μ′Dy′), as shown in Figure 6(a). +e significant
nonlinear manner of CFS shear walls can be reflected in
the quadrilinear skeleton curve. +e unloading rule fol-
lowing a new peak displacement (outside unloading) is
directed to a target point, as shown in Figure 6(b). +e
unloading stiffness is given by Ku in the positive side and
Ku′ in the negative side, that is,

Ku �
θVy + Vm

θVy/K0􏼐 􏼑 + Dm
,

Ku′ �
θVy′ + Vm′

θVy′/K0􏼐 􏼑 + Dm′
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

Table 1: Summary of the test matrix.

Name
Wall size Studs

Sheathing (one side/the
other side)Width× height (m×m) Studs (h× b× a× t)

(mm) Tracks (h× b× t) (mm) Yield stress
(MPa) Spacing (mm)

BX-A 4× 3 C89× 44.5×12×1.2 U92× 40×1.2 280 500 OSBa/gypsumb

BX-B 2× 3
BX-2A 2.4× 3 C89× 44.5×12×1.0 U92× 40×1.2 320 600 Gypsumb/none
BX-2B
BX-2C
BX-4A OSBa/none
BX-4B
BX-4C
BX-6 OSBa/gypsumb

BX-7
BX-8 2.4× 3.3 Gypsumb/none
BX-9 OSBa/none
WA-2 2.4× 3 C140× 41× 14×1.6 U141× 34×1.6 330 400 OSBa/none
WA-4 CSBb/none
W-SO75 C75× 38× 8× 0.75 U78× 43× 0.75 550 600 OSBa/none
W-SF75 CFBa/none
W-OP75 OSBa/gypsumb

HS-90-1 C90× 40×14×1.2 U93× 35×1.2 280 OSBa/gypsumb

HS-140-
1 C140× 40×14×1.5 U144× 35×1.5 Gypsumb/gypsumb

a9mm thickness; b12mm thickness; OSB: oriented strand board; gypsum: gypsum plaster board; CSB: calcium silicate board; CFB: cement fiberboard.
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the points (Vm, Dm) and (V′m, D′m) are the unloading
starting points. +e unloading stiffness Ku, K′u is updated
every time when a new peak displacement is reached. +e
unloading ends at the horizontal axis and follows by
reloading towards the opposite direction. +e pinching
and slipping behaviours of CFS shear walls are mainly
caused by the opening and closing of the cracks at screws.
+erefore, a target point (Vs, Ds) controlling the slip
branch is introduced, as shown in Figure 6(c). For the slip

towards positive reloading, the target point is determined
as follows:

Ds � D0′ + δ D0 −D0′( 􏼁,

Vs � λVu,

⎧⎨

⎩ (3)

and it is the same for the slip towards the negative direction.
+e zero-crossing displacements D0 and D0′ are updated
when the unloading occurs from the skeleton curves.
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4.2. Parameter Identification. Referring to the prior dis-
cussion, the parameters for the hysteretic model may be
classified as the backbone parameters (K0,Vy,Vu, α, β, c, and
μ), the unloading parameter (θ), and pinching parameters (δ,
λ). +e tests listed in Table 1 were used to determine the
hysteretic parameters, as shown in Table 3. Note that, in this
table, the values of K0, Vy, and Vu have been divided by wall
length, so they are the corresponding values per unit length.
Besides, it is noted that the initial nonlinear strength Vc,
which is not listed in Table 3, is assumed as 0.4Vmax based on
the equivalent energy elastic-plastic model (EEEP) in the
AISI standard [25].

+e resulting hysteresis depends on the selected pa-
rameters. As an example of the specimen BX-6, the com-
parisons of the fitted CA4 model with test data in terms of
hysteretic curve and cumulative energy dissipation are
provided in Figures 7 and 8, which show a good agreement.

5. Structural Model and Analysis Parameters of
CFS Building Structures

5.1. StoreyShear-TypeModel. It is well known that CFS shear
walls provide lateral resistance for CFS building structures.
+e shaking table tests [27–29] showed that CFS structures
deformed in a manner of shear type under lateral loads. In
order to balance the computational efficiency and accuracy,
the storey shear-type model, an integrated approach that
takes into account the deformation of braced sheathings,
sheathing-to-frame connections, hold-downs, and chord
studs under shear manner, was employed in this paper
(Figure 9). It is noted that the nonrigid diaphragms, the
nonstructural components, and the space effect provided by
diaphragms and shear walls in longitudinal and transverse
directions are neglected in the storey shear-type model. +e
response of the shear spring in a storey represents the
structural behaviour of the storey. +e relevant parameters
of the shear springs are determined by the sum of CFS walls
responses in one direction. Using the hysteretic parameters
in Section 4 in this paper, the structural response of the
storey can be easily achieved. Besides, the storey mass mi is
concentrated at the level of the n-th storey. +e storey shear-

type model of such MDOF system is a benchmark for the
subsequent dynamic time-history analysis.

5.2. Validations of Storey Shear-Type Model. +e shaking
table tests introduced in [28] were used to validate the storey
shear-type model. According to the experimental details, the
dynamic time-history analysis was conducted on the basis of
the multistorey shear-type model and the hysteresis rule.
Note that the damping ratio is taken as 0.03 conforming to
the Chinese Standard JGJ 227-2011 [1]. +e comparisons of
the fitted model results and test results under the EL-Centro
waves are listed in Table 4. +e relative error is within an
acceptable range of 10%.

5.3. Analysis Parameters. In order to estimate the deflection
amplification factor for CFS structures under collapse level
earthquakes, a large quantity of dynamic time history
analysis was carried out based on the multistorey shear-type
model. By using the results of the dynamic analysis, the
deflection amplification factor ηp can be easily obtained.
Indeed, there are many parameters causing different dy-
namic analysis results. +erefore, the number of samples for
dynamic time history analysis must be sufficient. According
to the research results concerning ηp of other structures, the
parameters were employed in dynamic time history analysis
for CFS structures as follows.

5.3.1. Yielding Coefficient of Storey Shear Force ξy. ξy is
defined as the ratio of the standard shear resistance of CFS
shear walls in a storey to the seismic force of the storey
computed from an elastic analysis of the structures subjected
to collapse level earthquakes. When ξy � 1.0, it represents
that the CFS structures designed are maintained in the elastic
condition when suffering from collapse level earthquakes.
When ξy � 0, it represents that the CFS structures have no
shear capacity. According to the Chinese anti-collapse de-
sign standard [30], when the coefficient ξy is smaller than 0.3,
the structures are prone to suffering from collapse. +ere-
fore, the coefficient ξy should not be smaller than 0.3
(ξy≥ 0.3). On this account, the yielding coefficient of the
storey shear force ξy adopted in this paper is 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, and 1.0, respectively.

5.3.2. Storey Number N. Two- to seven-storey CFS struc-
tures were employed in dynamic time history analysis, which
can cover all the low-rise andmid-rise buildings. Besides, the
storey height is supposed to be 3m, which is commonly used
in practices.

5.3.3. Period of Structure T. According to the Chinese
Standards for CFS structures [1, 2], the fundamental period
of the structures can be estimated by the expression
T� (0.02∼0.03)H, where H is the height of structures. +ree
cases of 0.02H, 0.025H, and 0.03H were accordingly used in
this paper.
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Figure 3: Loading cycles for wall tests.
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5.3.4. Ground Acceleration Records (GA). A total of 20
ground acceleration records were employed in the dynamic
time history analysis, which covers the four classifications of
the ground site (I, II, III, and IV) illustrated in the Chinese
seismic code [21]. +e normalized spectral accelerations for
four ground sites are shown in Figure 10.

Considering the above parameters, a total of 8× 6×

3× 20� 2880 examples (orthogonal design) were calculated
by the dynamic time history analysis. Based on these ex-
amples, the deflection amplification factor ηp and its in-
fluence rule can be captured.

6. Discussion and Analysis of ηp
6.1. Determination of Weak Storey. Under collapse level
groundmotions, the distribution of inelastic interstorey drift
of each storey is nonuniform. +e plastic deformation is
mainly concentrated in a storey, defined as the weak storey.
Correspondingly, the other storeys have a comparatively

small or no plastic lateral displacement. According to the
concept of energy consumption, the hysteretic energy is also
mainly dissipated in the weak storey.

In this paper, the parameter ρ, which is used to evaluate
the distribution of hysteretic energy along the height of CFS
structures, is introduced as follows:

ρi �
EHi

􏽐
n
i�1EHi

, (4)

where ρi is the hysteretic energy ratio of the i-th storey and
EHi is the hysteretic energy dissipation of the i-th storey.
Based on the analysis results of the 2,880 examples, the
typical distribution rules of the hysteretic energy ratio ρ for
CFS structures are illustrated in Figure 11.

Observing Figure 11, the hysteretic energy is mainly
dissipated in the first storey. It decreases from ground storey
to top storey gradually. Consequently, the first storey is not
just the weak storey but the storey where the plastic lateral
displacement is concentrated. It is noted that the above
conclusions are based on the 2,880 models of CFS structures
with the uniform distribution of lateral stiffness and mass.
+e deflection amplification factor ηp for the first storey
(weak storey) is discussed in the following analysis.

6.2. Influence of Yielding Coefficient of Storey Shear Force ξy.
Due to the huge amount of analysis data, the selected
curves of ξy vs. ηp are presented in Figure 12. +e results
show that deflection amplification factor ηp gradually
increases with the decreasing yielding coefficient ξy. +is
rule is also confirmed by the analysis models with different
storey number N and different GA in Section 5 of this
paper. For the reason that ξy is defined as the ratio of shear
capacity of a storey to the seismic shear force by elastic
analysis, the storey shear capacity gradually decrease with
the coefficient ξy from 1.0 to 0.3 and the weak storey
accordingly reach to the state of plasticity earlier. +ere-
fore, the CFS structures with the smaller ξy presented the
larger plastic deformation.

Screw failure

(a)

Screw failure

(b)

Slipping

(c)

Figure 4: Typical failure modes of CFS shear walls: (a) failure in gypsum-CFS connections, (b) failure in OSB-CFS connections, and (c)
relative slips at board seams.
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Table 2: Experimental results.

Name K0 (kN/m) Py (kN) θy (rad) (%) Pmax (kN) θmax (rad) (%) Pu (kN) θu (rad) (%) μ
BX-A 3472 39.04 0.45 46.94 1.33 39.90 2.26 3.83
BX-B 2172 21.74 0.33 25.38 0.73 21.57 1.99 3.45
BX-2A 570 7.35 0.61 8.58 1.25 7.29 2.68 4.38
BX-2B 750 7.65 0.49 9.08 1.40 7.72 2.30 5.00
BX-2C 645 7.72 0.52 8.88 1.23 7.55 2.77 5.32
BX-4A 1650 20.30 0.57 24.50 1.33 20.83 2.09 3.67
BX-4B 1603 19.50 0.56 23.16 1.19 19.69 2.08 3.74
BX-4C 1720 21.00 0.59 25.59 1.18 21.75 2.03 3.42
BX-6 2040 24.20 0.55 27.95 1.60 23.76 2.06 3.75
BX-7 2560 25.40 0.65 30.52 0.92 25.94 1.87 4.01
BX-8 713 7.80 0.51 9.00 1.23 7.65 2.61 5.15
BX-9 1680 20.8 0.57 25.17 0.83 21.39 2.11 3.72
WA-2 3274 22.15 0.84 29.69 1.33 25.24 2.67 3.18
WA-4 3569 32.83 0.41 37.31 0.59 31.71 1.01 2.45
W-SO75 1470 16.55 0.51 19.68 1.17 16.73 1.88 3.68
W-SF75 912 10.35 0.41 12.06 0.94 10.25 1.30 3.18
W-OP75 2278 25.44 0.44 30.18 1.16 25.65 1.81 4.07
HS-90-1 3470 28.88 0.42 36.12 1.45 30.70 2.22 5.36
HS-140-1 3864 19.44 0.40 23.62 0.92 20.95 2.27 5.60
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Figure 6: Hysteretic model: (a) backbone rule, (b) unloading rule, and (c) pinching rule.

Table 3: Hysteretic parameters of specimens.

Name
Backbone parameters Unloading parameter

Pinching
parameters

K0 (kN·m−2) Vy (kN·m−1) Vu (kN·m−1) α β c μ θ δ λ
BX-A 868.0 9.76 11.74 0.199 0.061 −0.062 3.83 10.2 0.82 0.25
BX-B 1086.0 10.87 12.69 0.261 0.075 −0.046 3.45 8.9 0.69 0.19
BX-2A 237.5 3.06 3.58 0.219 0.071 −0.034 4.38 11.4 0.73 0.20
BX-2B 312.5 3.19 3.78 0.256 0.058 −0.039 5.00 10.7 0.75 0.14
BX-2C 268.8 3.22 3.70 0.392 0.053 −0.029 5.32 9.1 1.01 0.30
BX-4A 687.5 8.44 10.21 0.331 0.088 −0.082 3.67 8.9 0.94 0.14
BX-4B 668.3 8.13 9.65 0.286 0.085 −0.064 3.74 9.9 0.89 0.17
BX-4C 716.7 8.75 10.66 0.365 0.102 −0.073 3.42 12.3 0.71 0.23
BX-6 850.0 10.08 11.65 0.317 0.074 −0.103 3.75 7.5 0.99 0.33
BX-7 1066.7 10.58 12.72 0.292 0.083 −0.065 4.01 9.1 0.84 0.09
BX-8 297.1 3.25 3.75 0.314 0.099 −0.087 5.15 10.0 0.85 0.15
BX-9 700.0 8.67 10.49 0.287 0.071 −0.098 3.72 9.4 0.77 0.19
WA-2 1364.4 9.23 12.37 0.301 0.103 −0.069 3.06 13.6 1.03 0.27
WA-4 1487.1 13.68 15.55 0.246 0.079 −0.112 2.49 11.7 1.15 0.26
W-SO75 612.5 6.90 8.20 0.308 0.057 −0.107 3.68 9.6 0.77 0.17
W-SF75 380.4 4.31 5.03 0.225 0.081 −0.079 3.18 9.3 0.98 0.30
W-OP75 949.2 10.60 12.58 0.347 0.076 −0.086 4.07 7.8 0.87 0.28
HS-90-1 1446 12.03 15.05 0.370 0.072 −0.057 5.36 10.4 0.90 0.17
HS-140-1 1610 8.10 9.85 0.299 0.069 −0.034 5.33 9.2 1.04 0.20
Average value n.a. n.a. n.a. 0.296 0.077 −0.070 4.03 9.9 0.88 0.21
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6.3. Influence of Storey Number N. +e analysis reveals that
the impact of storey number N to the deflection amplifi-
cation factor ηp is apparent. With the increase in storey
numberN, the deflection amplification factor ηp accordingly
increases. +e typical curves of the influence of storey
number N are presented in Figure 13.

6.4. Influence of Structural PeriodT. +e fundamental period
of structures can affect the deflection amplification factor ηp;
however, the influence rules are not clear, which vary greatly
depending on the different cases (e.g., ξy, N, and GA). +e
selected curves in regard to the vague influence of structural
period T are shown in Figure 14.

6.5. Influence of Ground Acceleration Records (GA).
Compared with the ηp under the other three ground sites
(Figure 15), the deflection amplification factor ηp of the
examples is relatively large when they subject to the
ground acceleration records of site IV. +e reason is that
the structural period of CFS structures is commonly less
than 0.65 s (T ≤ 0.65 s), but in general, the characteristic
period Tg of ground site IV is greater than 0.65 s
(Tg ≥ 0.65 s). +e case of T ≤Tg results in a larger dis-
placement response.

7. Practical Method on the Estimation of ηp
Based on the 2,880 examples, it is shown that the deflection
amplification factor ηp is highly dependent on the param-
eters ξy, N, T, and GA. +e influence rules of the parameters
ξy andN on the factor ηp are clear; however, it must be noted
that the considering parameters T and GA do not affect the
factor ηp significantly and clearly.

With the above in mind, an approximate ξy-N-ηp re-
lationship for estimating the deflection amplification factor
ηp is employed in this paper for practices, while the influence

of parameters T and GA can be eliminated by the statistical
method. Finally, the average of data plus 1.645 times of the
variances is used, which can provide 95% of assurance rate.
+e employed ξy-N-ηp relationship is shown in Table 5 and
Figure 16, and then by using equation (1), the maximum
inelastic interstorey drift under collapse level earthquakes
can be easily calculated.

8. Discussion of ηp
+e deflection amplification factor ηp in this paper is dif-
ferent from the factor Cd introduced in FEMA 695 [17].
Indeed, ηp �Cd/R, as follows.

+e response modification factor (R) is commonly
expressed in terms of two main components: the ductility
reduction factor (Rμ) and the structural overstrength factor
(Ω0). +e R factor is defined as

R � Rμ ×Ω0 �
Ve

Vy
×

Vy

Vd
�

Ve

Vd
. (5)

+e deflection amplification factor (Cd) can be expressed
by the following formula:

Cd �
δmax

δd
�
δmax

δe
×
δe
δd

. (6)

According to the linear relation, Ve/Vd is equal to δe/δd,
as follows:

Ve

Vd
�
δe
δd

. (7)

By substituting equations (5) and (7) into equation (6),
the expression for Cd can be derived:

Cd �
δmax

δe
× R. (8)

However, the deflection amplification factor ηp in this
paper is defined as the ratio of δmax to δe, as follows:

ηp �
δmax

δe
. (9)

Substituting equation (9) into equation (8), the re-
lationship of ηp, R, and Cd can be expressed as

ηp �
Cd

R
. (10)

Based on the classical “Newmark rule,” the value of Cd is
equal to the value of R (ηp � 1), which assumes that inelastic
displacement is approximately equal to elastic displacement.
According to the FEMA P695, this is consistent with re-
search findings for systems with nominal (5% of critical)
damping and fundamental periods greater than the tran-
sition period, Ts. But for short-period systems (T<Ts), in-
elastic displacement generally exceeds elastic displacement.
+erefore, it is not considered appropriate to the deflection
amplification factor on response of short-period systems.
According to the related studies [6, 31, 32], the ratio of Cd to
R (ηp �Cd/R in this paper) is dependent on the structural
ductility μ and fundamental period T.
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Figure 7: Comparison of test V-D response with fitted CA4 model.
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+rough data fitting, the ξy-N-ηp relationship introduced
in Part 7 can be expressed as

ηp � −0.012N
2.55

· ln ξy + 1.27, (11)

and the comparison of the fitting equation (11) with the ξy-
N-ηp relationship in Figure 16 (or Table 5) is presented in
Figure 18, which shows a good agreement.

With regard to the yielding coefficient of storey shear
force ξy, defined as the ratio of shear capacity to the seismic
shear force by elastic analysis, indeed, it is the ratio of Vy to
Ve, as shown in Figure 17. It can be found that the coefficient
ξy and ductility reduction factor Rμ are reciprocal, as follows:

ξy �
Vy

Ve
�

1
Rμ

, (12)

and the classical ductility reduction rule proposed by
Newmark and Hall for a SDOF system can be used:

Rμ �
μ, for T≥Ts,

������
2μ− 1,

􏽰
for T<Ts.

⎧⎨

⎩ (13)

For the low-rise and mid-rise CFS structures, the fun-
damental period T is usually smaller than the transition
period Ts on account of the relationship of period T and
structural height H (T� (0.02∼0.03)H). Taking seven-storey
CFS structures, for example (storey height is supposed to be
3m), its fundamental period T is about 0.42 s–0.63 s. Ac-
cordingly, the low-rise and mid-rise CFS structures are
short-period systems and the Rμ-μ relationship for T<Ts is
appropriate. Taking the median, the fundamental period T is
taken as 0.025H. +e storey height is still assumed to be 3m,
and the relationship of fundamental period T and storey
number N can be accordingly expressed as

T � 0.075N. (14)

+en by substituting T� 0.075N together with equations
(12) and (13) into equation (11), the ξy-N-ηp relationship can
be transformed into the relationship of μ-T-ηp, as follows:

ηp � 8.87T
2.55

· ln(
�����
2μ− 1

􏽰
) + 1.27, (15)

and the impact of ductility μ and period T on the deflection
amplification factor ηp can be described by equation (15) in
quantitative terms.

In fact, the relationship of μ-T-ηp is widely discussed for
other structural systems. Hwang and Jaw [31] proposed the
following expression to determine the DF (same to ηp in this
paper) for MDOF reinforced concrete buildings:

DF � μ0.414
. (16)

Obviously, the factor of period T is neglected in the
expression. Baez and Miranda [32] and Mohammadi [6]
have suggested the expressions for μ-T-DF (or μ-T-ηp) re-
lationship, as follows:
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Figure 8: Comparison of experimental and numerical results: (a) cumulative energy dissipation and (b) energy per cycles.
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Figure 9: Structural model selected for dynamic analysis.

Table 4: Comparisons of model results and test results.

Item Fundamental
period (s)

Base
shear
(kN)

Top
acceleration

(gal)

Maximum
interstorey
drift ratio

TEST 0.198 25.75 1154 0.56%
Numerical
model 0.216 23.61 1085 0.51%

Error 9.09% 8.31% 5.95 9.52%

Notes White noise
signal

Design
level

Collapse
level

Collapse
level
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Figure 10: Normalized spectral acceleration for four ground sites. (a) Ground site, I (b) ground site II, (c) ground site III, and (d) ground site
IV.
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Figure 11: Hysteretic energy ratio ρi: (a) 3-storey structure, T� 0.18 s, Loma Prieta waves and (b) 6-storey structure, T� 0.45 s, San
Fernando waves.
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Figure 12: Influence of yielding coefficient of storey shear force ξy: (a) 3-storey structure (T� 0.225 s), (b) 5-storey structure (T� 0.375 s),
and (c) 6-storey structure (T� 0.45 s).
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DF �
1

1 +((1/μ)− 1)exp −12Tμ−0.8( 􏼁
, (17)

DF � (0.78 + 0.17μ) · n
(0.27−0.004n)

+(0.03− 0.24μ) · T, T≤ 0.8s.

(18)

Comparisons of different DFs (or ηp) suggested by
equations (15)–(18) with various ductility demands are
depicted in Figure 19. It is clear that the deflection amplifi-
cation factor increases gradually with the increase in structural
ductility. However, the influence rule of structural period is
still uncertain, and different studies show different results.
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Figure 14: Influence of structural period T: (a) ξy � 0.7 and (b) ξy � 0.4.
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Figure 15: Influence of ground acceleration records (GA): (a) 5-storey structure (T� 0.30 s) and (b) 6-storey structure (T� 0.36 s).

Table 5: Estimated values of ηp for seismic design.

Storey number N
Yielding coefficient of storey shear force ξy

0.8 0.7 0.6 0.5 0.4 0.3
2 1.30 1.31 1.32 1.33 1.34 1.38
3 1.33 1.35 1.38 1.42 1.47 1.55
4 1.38 1.42 1.48 1.53 1.61 1.80
5 1.43 1.49 1.61 1.68 1.80 2.13
6 1.50 1.59 1.78 1.86 2.06 2.64
7 1.59 1.71 2.03 2.15 2.46 3.46
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9. Conclusions and Recommendations

+ehysteresis models and parameters of CFS shear walls were
proposed in this paper. According to the multistorey shear-
type model, 2880 examples of CFS structures were conducted
by elastoplastic time-history analysis. Based on the results of
the investigation, the following conclusions can be drawn:

(1) +e hysteretic responses of CFS shear walls are
characterized by the phenomenon of pinching and
no-load slipping, which is mainly caused by the
nonlinear manner of screw connections. +e sug-
gested CA4 hysteretic model is capable of describing
the nonlinear features.

(2) It is shown that the deflection amplification factor ηp
is mainly dependent on the parameters ξy, N, T, and

GA. Specifically, with the decreasing yielding co-
efficient of storey shear force ξy and the increasing
storey number N, the deflection amplification factor
ηp increases gradually. Besides, the factor ηp is rel-
atively large under the ground motions of site IV.

(3) Based on 2880 examples, the approximate ξy-N-ηp
relationship for estimating the deflection amplifi-
cation factor ηp is put forward in this paper for
design. By using equation (1), the maximum inelastic
interstorey drift ratio (IDRmax) of CFS structures
under collapse level earthquakes can be obtained.

Data Availability

+e data used to support the findings of this study are in-
cluded within the article.

Additional Points

Highlights. +e estimation of IDRmax for CFS framed
structures under collapse level earthquakes is studied. Cyclic
loading tests are conducted on CFS walls. +e deflection
amplification factor for estimating IDRmax and the pa-
rameters were analyzed. A statistical evaluation of deflection
amplification factor is presented, which can be used in
IDRmax estimation for CFS framed structures in practices.
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