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Abstract: Compared to hot-rolled steel structures, cold-formed steel structures are susceptible to
extreme winds because of the light weight of the building and its components. Many modern
cold-formed steel structures have sustained significant structural damage ranging from loss of
cladding to complete collapse in recent cyclones. This article first provides some real damage cases
for light steel structures induced by the high winds. After that, the paper reviews research on the
damage analysis and evaluation of light steel structures caused by strong winds, which include
connection failure, fatigue failure, purlin buckling, and primary frame component instability
problems. Moreover, this review will mention some applications of structure damage assessment
methods in this area, such as vulnerability analysis and performance-based theory, etc.
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1. Introduction

Compared to hot-rolled steel structures, cold-formed light steel structures are especially
susceptible to extreme winds because of the light weight of the building and its components. It is
observed many damage phenomenon in typhoons “Yun Na” [1], “Hgupit” [2,3], Cyclone Yasi,
Cyclone Larry [4,5] and “Caihong” [6]. Many modern cold-formed steel structures had sustained
significant structural damage ranging from loss of cladding and the buckling of the components to
the complete collapse in recent cyclones.

As can be seen in Figure 1, the cladding-fastener connections were broken by strong wind.
Moreover, the corrugated cladding profiles were torn by the wind after the cladding broken.

Figure 1. Failure of cladding-fastener connections.

As the second member to transfer the load from cladding to the main resisting frame, the C/Z
cold formed sections purlins were also vulnerable to strong wind. As can be seen in Figure 2,
the purlins were buckled under wind uplift loading and the sheeting was also torn by the wind force
in some cases.
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Figure 2. Buckling of Purlins under the wind uplift loadings.

The Figure 3 shows the main resisting frame collapsed during Typhoon “Caihong” [6] in
Southeast of China. The beam of the frame buckled while most of its connection or purlins stayed
safe during the hurricane event.

Figure 3. Mainframe collapsed during the typhoon event [6].

To solve these problems and provide practical solutions to avoid these types of damage, research
has been conducted around the world for several decades, mainly concentrating on the performance
of claddings under static and fatigue loadings, as well as buckling behavior of purlins under wind
uplift loadings to the resisting capacity of the original resisting frame under wind uplift or lateral
loads. However, from the aspect of wind hazard investigation on the light steel structures, detailed
and careful work, such as the damage level of different components under different wind load,
should be studied. Previous studies seem too general to make an accurate damage evaluation on light
steel structures. Design and safety checks are performed for individual members, components,
or connections based on simple assumptions of structure concepts. Therefore, it is hard to make a
precise prediction of the real light steel structure systems under extreme wind loads.

2. Cladding

Profiled steel cladding is widely used in both roof and wall paneling. The cladding is fixed at its
crest to battens or purlins beneath using self-tapping screws to prevent water ingress. The corrugated
cladding is fixed at each alternate crest using a fastener comprising a self-tapping screw. Roofing of
low-rise buildings (houses, warehouses, industrial sheds, etc.) are subjected to large temporally and
spatially varying wind pressures during wind storms such as tropical cyclones. Theses fluctuating
pressures are generated by turbulence in the approaching wind flow. The pressures on parts of the
roof vary with the changes in wind speed and direction as a cyclone tracks past the building. Roof
cladding with light gauge profiled metal sheeting are susceptible to low-cycle fatigue, as was seen in
Darwin, Australia, after Cyclone Tracy in 1974, where more than 90% of houses and 70% of other
structures suffered significant loss of roof cladding. Following Cyclone Larry, which impacted on
Innisfail, Australia, in 2006, some cases of fatigue failure of metal cladding were also observed [5].

When subjected to strong sustained fluctuating wind uplift, the sheeting may fail locally in the
vicinity of fasteners by cracking induced by fatigue [7,8]. These cracks can be propagated to form a
sizeable hole that allows the fastener to pull through the cladding sheet, potentially expediting the
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loss of entire cladding sheets. Loss of roofing sheets could then lead to the overloading of other
structural elements, with the consequence often being the collapse of the entire building.

As a first step to study the fatigue behavior of light gauge corrugated steel roofing under cyclic
uplift wind loading, experimental and finite element analyses of roofing assemblies with different
spans and fastening systems were conducted under static loading conditions.

Xu and Teng [9] proposed the finite element method to study the collapse and local plastic
behavior of trapezoidal profile sheeting under monotonic loads. The close agreement between finite
element and test results validated the finite element model and open the way for a theoretical model
of the failure behavior of roofing sheets. Mahendran [10-12] proposed several test methods for
profiled steel cladding system and conducted full size and small scale experiments, in which they
investigated the influence of secondary elements, the thickness of plates, and yield limit, as well as
the geometrical properties of the screw. They also described the behavior and the design of crest-
fixed profiled steel roof claddings under wind uplift, and came to the conclusion of two different
local failure modes: the dimpling of crests/pull-through failure at the fastener [10]. Research by
Mahaarachchi and Mahendran [13] concluded that the use of two-span specimens in the longitudinal
direction with simple supports and one or two panels in the transverse direction were adequate when
simulating real behavior, whether it is investigated in a laboratory or through analytical models.
Lovisa et al. [14] developed a numerical model that can simulate the static response of corrugated
roof claddings. The model can be used to predict the response of cladding subject to design cyclone
pressure trace, excluding fatigue effects, and demonstrates the potential of the model to investigate
more complicated loading circumstances. Mahendran [15,16] proposed a finite element model that
includes a splitting criterion and other advanced features (including geometric imperfections,
buckling effects, contact modeling, and hyperelastic behavior of neoprene washers) that used a
detailed parametric study to develop suitable design formulae for local failures. Stephan [17]
investigated a testing approach for trapezoidal crest fastened metal claddings that may serve as a
basis for testing research of the cladding systems.

As to research on the fatigue problem of cladding-fastener connections, Morgan and Beck [18]
and Beck and Stevens [19] first investigated the possibility of wind-induced fatigue damage to
screw-fastened light-gauge-steel roofing sheets. They conducted a series of fatigue tests in
laboratories and concluded that fatigue failure in the vicinity of fasteners is the only possible cause
of the severe roofing damage during Cyclone Tracy. The research conducted by Lynn and
Stathopoulus [20] also highlighted the importance of wind-induced fatigue damage to metal
buildings. Mahendran [21-24] performed a large number of fatigue tests on the arctangent type of
roofing sheets with different spans and fastening systems under constant amplitude repeated loads.
The tests were conducted by controlling the total fastener reaction force at the central support. Ellifritt
and Burnette [25] carried out some tests on the trapezoidal type of sheets and made reports on tests
with similar objectives for cladding with the trapezoidal cross section. Xu [26,27] carried out tests on
three types of metallic plates commonly used in Australia to evaluate the effect of cyclic loads of
constant amplitude and loads that simulated the lifting of the roof due to negative pressures exerted
by the wind.

Itis shown in this research that the fatigue behavior of the joints was related to the wind-induced
local plastic deformation (LPD) [28] in the form of nuts below the node hole around the plate of local
depression. Changes in the geometrical dimensions of the profiled steel plate (wave height, wave
pitch, etc.) affect the LPD strength and fatigue properties of corrugated steel roof joints. The addition
of wind-resistant gaskets at the joints increases the effective wind-resistant area beneath the nuts,
delaying the occurrence and expansion of cracks and plastic deformation, and increasing the LPD
strength of the joints.

From the view of the initiation and propagation of fatigue cracks, Xu [27] studied the
constant-amplitude fatigue problem of the corrugated steel roof commonly used in Australia and
found that the fatigue cracks growth pattern will be different under different cyclic loading levels.
The fatigue test of Mahendran [21] reflects the effect of cyclic load amplitude on the fatigue
performance of the joint from the viewpoint of the number of pre-failure load cycles. The discreteness
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of this result is the interaction of material properties, nodal fixation degree, and node fixed position.
Lovisa et al. [7] described the mechanism underlying the fatigue behavior by studying the initiation
of cracking in corrugated high strength steel cladding. In combination with detailed stress analysis,
such criteria could be implemented in a numerical model to predict crack initiation in cladding.
The model can provide an analytical tool that could greatly assist the fatigue design process and lead
to a reduction in the total reliance on prototype testing of each system used.

Xu et al. [26,27] studied the fatigue behavior of three types of profiled steel sheets, which are
commonly used in Australia, using the double-slab model. They found that the plate type has an
effect on the fatigue damage accumulation. The anti-fatigue ability of corrugated a steel roof is higher
than that of a ribbed steel roof under low amplitude cyclic loading. The fatigue capacity of a ribbed
steel roof is higher than that of a corrugated steel roof under high amplitude cyclic loading.
Mahendran [21-24] studied the fatigue properties of the trapezoidal steel roof commonly used in
Australia and found that the fatigue resistance of the trapezoidal steel roof is better than the
corrugated steel roof. For the corrugated steel roof, the stiffness of the node was reduced and the
fatigue crack propagation speed was accelerated by the large load cycle, which leads to premature
fatigue failure. In the case of the trapezoidal steel roof, local depressions occur at the node due to the
larger load cycle, but this deformation would produce a strong thin film effect, which increased the
stiffness of the joint and delayed fatigue crack propagation. Therefore, the trapezoidal steel roof
subjected to higher amplitude cyclic loads at the early stage of the storm would delay the occurrence
of fatigue failure under strong wind loading. Though the research of the previous work focused on
the static and fatigue problem of the cladding system, both of these two problems have been studied
successfully and the failure mode for both load conditions has been clarified. However, the fatigue
microcrack initiation process and the residual bearing capacity of the connection after wind-induced
fatigue in different levels are still unknown to researchers. There are still some problems in need of
solutions for the evolution of crack damage, as well as the relationship between fatigue damage with
the wind load level, as well as the cyclic duration.

3. Purlin-Sheeting System (Roof/Wall Systems)

Research of girt and purlin design for wind loads has been investigated for over 50 years.
For building structural systems, purlin is a type of secondary element acting as an intermediate
member to transfer load from the roof sheeting to the primary frame structure. Common types of
purlin sections include channel, zed, and sigma shapes. The open and thin-walled cross section may
lead to a high susceptibility to various types of buckling failure, such as local, distortion, and lateral
torsional buckling. Roof sheeting, which is normally attached to purlins using self-drilling screws,
can enhance a purlin’s load resistance by supplying it with a certain degree of lateral and rotational
restraining effect. Hancock and Trahair [29,30] concluded that the restraints of sheeting to the purlins
included four different types of restraining actions: minor axis deflection, minor axis rotation, axial
rotation, and warping of the member. The lateral buckling of purlins with diaphragm restraints was
studied using finite element analysis. The results show that the effectiveness of diaphragm restraints
depends not only on their stiffness but also on their height above the shear center axis of the purlin,
and the buckling resistance is significantly increased when the loads act below the shear center.
Rousch and Hancock [31,32] also proposed a non-linear analysis model that could provide nonlinear
response data for screw-fastened purlins under wind uplift loading. Moreover, several experimental
tests for both bridged and unbridged Z- and C-section purlins under uplift loads were compared
with the model. Lucas et al. [33,34] developed both full and simplified models to study the interaction
between the sheeting and purlins using finite element methods. It is found that the simplified model
can account for the cross-sectional distortion of the purlin, the shear and rotational restraining effects
of the sheeting, and failure of the purlin by local buckling or yielding.

Research has continued to focus on validation of the rotational stiffness. Katnam and Kujawa
[35] proposed a nonlinear finite element model to estimate the rotational restraint provided by
sandwich sheeting. Moreover, the model could be used for parametric studies to investigate the
influencing factors. Based on the study of the redistribution of contact forces as a function of loading,
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Vrany [36] proposed an analytical model that can be used for solving the Z-shaped and C-shaped
purlins for both gravity and uplift loading. Design codes like EC3 [37] also provided this approach
to get the real rotational stiffness of the purlin. Gao and Yang [38,39] both provided a more precise
semi-analytical model to calculate the rotational stiffness of the purlin.

For the effect of the restraint effect on the pre-buckling, buckling, or post-buckling behavior of
the purlins, Ye et al. [40,41] studied the influence of diaphragm restraints on the bending, local,
and distortion buckling behavior of roof purlins. Li [42-46] proposed a series of models to predict
pre-buckling stress and buckling types such as local, distortion, and global buckling ability of the
partially restrained C-section and Z-section purlins subjected to uplift loadings. Basaglia and
Dinar [47-49] also conducted some tests on the behavior of purlins and applied the GBT theory into
the research of purlin-sheeting systems. After Polyzois [50] had studied the effect of the sag rods on
the buckling limit of the purlins, Zhang and Tong [51-55] proposed a theory to analysis the stress
and lateral buckling problem of purlins with the top flange horizontally restrained and with one
anti-sag bar at middle span sections. Hancock and Pham [56] extended the Direct Strength Method
into the purlin design. Due to the flexibility of the rotational stiffness, they proposed the rotational
stiffness as zero, which induced a result that the method was too conservative. Gaorgescu [57] studied
the stabilization of continuous Z-purlins by sandwich panels through an experimental approach. Ren
[58,59] conducted research on the pre-buckling analysis of C- and Z-section purlins under wind uplift
considering partially restraint. Gosowski [60] also made an analysis on the laterally restraint cold-
formed C-section purlins according to the Vlasov theory without considering the stability problem.
Vireira [61] proposed a simplified model to predict the longitudinal stresses in C-section purlins
under uplift loadings. Combined with the R-factor method, Gao and Moen [62] also extended the
Direct Strength Method (DSM) to the purlin-sheeting systems design. Through modifying the
coefficient of the DSM method, Ren [63] extended the DSM method into the buckling design of
partially restrained Z section purlins with the results calculated from the finite element method.

It can be seen from previous studies that the frame work about pre-buckling stress distributions
and buckling limit states of the purlins has been established. However, the effect and sensitivity of
the restraint from the sheeting to the strength limit states on the purlins still have some problems to
be studied, such as the screw locations and the torque induced by the restraint that can cause pull
through failure on the screw connections. The extended DSM method for the purlin under different
loading such as shear force, localized loading may also need to be studied. Moreover, the damage
assessment such as the strength or bending stiffness reduction could also be one new research point
to be analyzed.

4. Main Resisting System

The main force member of the light steel structure of the portal frame is mainly composed of
H-shaped steel or a cold-formed thin-walled button-back combination component. The interaction
with the envelope will have a great impact on its wind resistance. Among them, the lateral support
of the P-S system to the main bearing member increases the anti-stability under the wind load.
Davis [64] and Mhandran [65] proposed two equivalent models to describe the significant
interactions between the main force member and the roof system. However, the current research
results mainly focus on the traditional hot-rolled H-beam members and do not consider the reduction
of the P-S system’s restraining effect after the damage. For the cold-formed thin-walled buckle
combination components with more applications in recent years, there is still a lack of understanding
of the purlin-sheeting system interaction mechanism.

Jang [66], Duthinh [67], and Simiu [68] calculated the wind-resistant ultimate bearing capacity
of the portal frame based on the data from the wind tunnel test data of the low-rise light steel structure
and the American code. They proposed a working definition of “failure” for steel structures using
nonlinear finite-element analysis and presented a methodology for nonlinear structural behavior and
the directionality of the wind speeds.

Based on the wind tunnel test data, Li [69] studied the initial defect on the damage shape and
the plastic damage of the joints without buckling for China’s southeastern coastal light steel frame.
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Compared to the component-level study, it can be seen that little research has been done at the
structure level. The interactions between different systems and the damage sequence for the whole
structure levels under different directionality wind and different limit states work on different
component or system levels need to be checked in future research.

5. Performance Evaluation of Light Steel Systems Exposed to Wind Hazards

Fragility analysis methodology was the most common method for implementing the
performance-based engineering theory into the evaluation of light steel systems exposed to wind
hazards since it is widely applied in the evaluation of the low-rise light-frame wood construction
exposed to multi-hazard loads. Its main theory was mentioned as below.

Fragility can be defined as the conditional probability of failure of a structural member of the
system for a given set of input variables. It is expressed as

P[LS] = Xaup P[LS| D = x]P[D = x], @

in which D = 4 random demand on the system (e.g., 3 s gust wind speed); P[LS|D = x] is the
conditional probability of the limit state (LS) at given demand x. The hazard is defined by the
probability P[D = x]. The conditional probability, P[LS|D = x] is the fragility. Equation (2) also can
be expressed in convolution integral form if the hazard is a continuous function of demand x:

P[LS] =J- Fr(x)gx (x)dx ()
0
in which Fr(x) = fragility function of demand x expressed in the form of a probability density
function. The conditional probability Fr(x) is known as a “fragility” [70]. In order to study the
fragility of the each level of light-frame structures, several types of research have been conducted.
Garcia [71] established a probabilistic analysis framework for the vulnerability of typical light steel
structures in the United States. Ellingwood [72-75] proposed a series of fragility analysis
methodologies for assessing the response of light-frame wood construction exposed to stipulated
extreme windstorms and earthquakes. Henderson and Ginger [76,77] proposed a series of
vulnerability model for Australian high-set house or metal-clad industrial buildings to extreme wind
loading for cyclonic regions. Lee and Rosowsky [78] presents a fragility assessment for roof sheathing
in light frame constructions built in high wind regions which considering the influence factor of roof
shapes, geographic locations, nail types, and exclosure conditions. The fragility model can be used to
develop performance-based design guidelines for wood frame structures as well as tools for
condition assessment and loss estimation for use with the existing building inventory. Zhao and
Gu [79] proposed a method of probabilistic wind vulnerability analysis for typical light-weight steel
buildings in China. Based on real damage investigation of light steel industrial buildings, Song [3]
and Xiao [80] studied the damage of light steel structures under typhoon loads through the fragility
method. Goyal and Datta [81] presented a methodology to assess the effect of wind directionality on
the vulnerability of rural houses to cyclonic wind speed and also provide a cyclonic risk assessment
of coastal regions. Sivapathasundaram and Mahendran [82] developed fragility curves for localized
pull-through failures of thin steel roof battens. The proposed model can be used to evaluate the effects
of roof batten span and spacing and levels of enhancement that could be achieved with the
strengthening method proposed for roof battens. Zhang [83] studied the typhoon-induced wind
vulnerability for residential buildings in Japan based on reliability modelling. However,
performance-based wind engineering methodologies for cold-formed light-frame steel construction
are currently unavailable. Performance goals, vulnerable model, time-dependent theory, and limit
states suitable for cold-formed steel structural systems exposed to wind hazard to incorporate
different owner and occupant performance expectations still need to be studied.

6. Conclusions

Cold-formed light steel structures are especially susceptible to extreme winds because of the
light weight of the building and its components. Research on this topic has been conducted around
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the world for several decades. There are still some problems that need to be further studied on limit
states about claddings, purlins, and mainframes. Moreover, it is necessary to make a precise
prediction for the response of real light steel structures under extreme wind loads. For cladding
connections, previous studies only focused on the static and fatigue performance of the screw
connection. However, the evolution of crack damage and the degradation or deterioration of
connections induced by fatigue could be next research point. For purlin sheeting systems, previous
research concentrated on the stress distribution of pre-buckling and limit states of buckling for
purlins. The sensitivity of restraint to the limit states of the purlins the damage assessment such as
strength or bending stiffness reduction could also be a new research point to be analyzed. For the
light steel structure frames, previous literature presents some work on understanding the interactions
between cladding support and main resistant frames. As a result, it is crucial for advancing
cold-formed steel design to the next stage. Performance-based wind engineering methodologies for
cold-formed light-frame steel construction are currently unavailable. Performance goals, limit states
levels, time-dependent reliability theory, and fragility analysis for the cold-formed steel structural
systems exposed to wind hazard could also be the significant research points to be studied in
the future.
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