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ABSTRACT 

In this study, the performance of two different steel structure types (moment-resisting frame 
and braced frame) under wind loading was compared by addressing the fragility curves of 
these structure types. To perform this comparison, the dimensions of the members of these 
structural systems were first determined. Then, nonlinear static pushover analyses were 
conducted to assess the performance levels of each frame type. After applying these analyses, 
time-history analyses were performed with 100 different wind loads for each varying 
equivalent mean wind speed. Afterwards, the probability of exceeding the predetermined 
structural performance limits of the structure types was determined using Monte Carlo 
simulation method. Finally, the results of the simulation method were used to adapt the 
maximum likelihood estimation method to obtain the fragility curves of the structures. To 
conclude, it has been revealed that the material cost of the structure doubles when diagonal 
elements are used, but the wind speed required for a 100% collapse probability to occur in 
the braced frame is twice as high compared to the moment-resisting frame.  

Keywords: Performance based design, time history analysis, pushover analysis, load 
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1. INTRODUCTION 

Thanks to the advancing technology and production techniques, many different structures 
can be built today. In order to make these structures sustainable, the analysis and design of 
the structures are important. In the application of these analyses and designs, not only the 
stiffness values of the structures but also the external loads acting on the structures have an 
extremely important role. Among these external loads, hurricanes are one of the most 
destructive natural disasters that can cause serious damage to structures and loss of life due 
to the wind forces they apply (especially for high-rise buildings to be the subject of this 
study). Meanwhile, this destructive effect of wind loads is also directly related to the 
geographical region where the structure is located. Since the size and distribution of wind 
loads vary according to geographical regions in the world, for example, according to the 
World Wind Map [1] given in Fig. 1, the wind speed is quite high on the east coast of the 
United States. 

 
Figure 1 - The distribution of the average wind speed at 80m height in the world 

 

Hurricanes are common on the east coast of America. In Fig. 2, wind speeds of office 
buildings located on the southeast and east coasts of America are given [2]. According to the 
structural design regulations, these wind speeds are taken into account in the design 
calculations of buildings. However, in some cases, wind speeds can exceed these values, 
especially in hurricanes. The reason why such situations are ignored in regulations is that 
wind-caused natural events are not seen very often. However, in such situations, the effect of 
wind loads can be much more destructive. For example, Hurricane Sandy caused about $65 
billion cost in property damage in the Ontario province of Canada and the northeastern coast 
of the United States [3]. Due to the severity, intensity, and effects of hurricanes in America, 
this country is chosen as the geography in this study. 

Risk represents the probability of dangerous events occurrence and the function of their social 
and economic impact. The search for more efficient methods to reduce risks and quantify 
these risks has led to the development of performance-based engineering approach. 
Performance-based engineering covers a wide place in the literature [4]. Main philosophy of 
the performance-based design is based on the material properties, type and dimensions of the 
selected building member to provide the targeted performance for the predetermined hazard 
level [5]. 
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As mentioned above, in extraordinary situations such as natural disasters, the safety of 
buildings designed according to specific standards cannot be ensured [6]. If the force- 
displacement graph of the performance levels of the structures is known, it can be predicted 
when the structure will be evacuated, whether it can be used or not and when it will collapse. 
Then, performance-based analysis of buildings is of great importance in order to reduce the 
loss of life and property that may occur [7].  The fragility curves developed as a result of the 
performance-based analysis to predict the probability of collapse of the structures under 
varying wind speeds. 

Fragility curves are cumulative distribution functions that enable to obtain the variability in 
the increment of probability of reaching damage states including engineering parameters such 
as story drift or exceeding these damage threshold limits [8–10]. 

 
Figure 2 - Wind speeds of workplaces on the east and southeast coasts of America 

 

The fragility analysis can be used not only in the field of structural engineering, but also in 
different areas such as the possibility of trees collapsing at extreme wind speeds. Ciftci et al. 
[11] explained an approach expected to be used to determine the probability of collapse of 
trees exposed to windstorm in their study, and this approach was exemplified by using two 
maple species in the state of Massachusetts, USA. As a result of this study, it has been showed 
that the applications related to the modeling of the collapse probability of open-grown trees 
using the probability-based fragility analysis and dynamic time history analysis make a 
unique contribution to the risk assessment of amenity trees. Lignos and Karamanci [8] 
discussed the development of the displacement-based and two-parameter fragility curves of 
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steel structural frames with concentric diagonal members designed for a seismic zone in their 
study. For steel diagonal elements subjected to periodic loading; drift-based fragility curves 
have been developed for three damage cases, including local buckling, bending buckling and 
loss of strength due to rupture at diagonals. The effect of material variety, cross-sectional 
shape of diagonals and loading protocols on drift-based fragility curves has been investigated. 
The effects of global and local slenderness ratios on the rupture ductility of steel diagonal 
elements with different shapes were investigated by using two-parameter fragility curves 
associated with geometric ratios such as the slenderness ratio together with the expected drift 
ratios when these previously defined three states occur. Studies have shown that the proposed 
fragility curves can be used to quickly evaluate the seismic fragility of frames with concentric 
diagonal members. Shin et al. [12] developed a seismic strengthening scheme with steel struts 
resistant to buckling for a 2-story steel frame structure designed only for dead loads by using 
the fragility contour method in their study. Then, using the fragility contour method, the 
seismic performance of the structure was assessed before and after the strengthening, and the 
improvement of performance level was evaluated in case of structural collapse or loss of 
bearing capacity of the structural members. Based on analytical studies, the most effective 
strutting model for the strengthening scheme has been proposed based on various scenarios 
in terms of the weight of the developed strutting models. This study shows that the fragility 
contour method can be an effective tool for seismic evaluation and strengthening of 
structures. Sakurai et al. [13] investigated the contribution of the source of the variables in 
the moment-rotation characteristics of the connections to the unknowns in the frame 
deformations by using probability-based finite element analysis to compare the effect of 
bending stiffness of columns and beams and internal connection stiffness in their study. 
Probability- based finite element analysis was used to describe the system fragility that 
defines the probability of exceeding three limit states related to maximum lateral 
displacement, maximum inter-story drift ratio, and elastic bending moment capacity which 
are the function of lateral load. In performance-based design, the effect of variables of 
internal connection stiffness on frame behavior is very important. The fragility analysis for 
frame deformation has shown that the coefficient on variation has a significant effect on the 
performance of frames (especially deformations of frames with complex geometry). Ramirez 
et al. [14] developed fragility functions that enable to calculate the damages that occur in 
column-beam connections with welded heads and bolted web built before 1994 in their study. 
While developing these functions, the experimental results of 51 column-beam connections 
tested within the scope of 10 different studies conducted in the last 26 years were taken into 
consideration. When developing the fragility curves, statistical unknowns related to factors 
based on the development of these curves as a small sample of the experimental results, as 
well as unknowns due to the difference between samples were taken into account. The results 
have shown that the developed fragility functions can be easily used by designers and those 
interested in this work in the performance-based evaluation process to calculate the 
probability of damage (yielding and crack development) in pre-Northridge column-beam 
connections which are part of moment-resisting frames after being hit by seismic waves of 
the considered earthquake scenario. The same functions can be easily used with the 
probability of exceeding a certain limit to calculate the maximum damage that may occur 
after the design and the most severe earthquake event considered. Kazantzi et al. [15] 
determined the arbitrarily chosen unknown system parameters that exist in nature of this 
structure in order to safely calculate the seismic performance of the 4-story moment-resisting 
steel frame in this study. Firstly, an advanced numerical model was created by transforming 
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the strength and plastic deformation properties of this system into three-dimensional 
parameters. Empirical relationships were derived from the experimental data used to model 
the periodic behavior of steel sections by using probabilistic distribution parameters 
including correlation between components. Finally, incremental dynamic analysis and Monte 
Carlo simulation were used to completely evaluate the seismic performance of the model 
under the effect of the unknowns. In this study, it was also examined which unknown model 
parameter would trigger negative demand-capacity correlation in the structural fragility 
assessment. Considering the structural quality levels (high, moderate and low) in FEMA P-
58 and the moment-resisting frame examined, potential demand capacity correlation will 
likely result in the use of unconventional methods (e.g. fragility analysis) to calculate the 
fragility of local damage cases (especially where sub-standard quality control is applied 
during the construction phase) even though there is well agreement with structural demands 
obtained with or without considering unknown model parameters of very well-designed 
modern structures. Özel and Güneyisi [16] investigated the seismic reliability of the mid-rise 
reinforced concrete structures strengthened with eccentric steel braces by using fragility 
curves. As a result of the studies, four performance limit conditions (slight, moderate, major 
and collapse) were observed. The fragility curves for these limit states have been developed 
according to the peak ground acceleration with the log-normal distribution assumption. As a 
result of this study, improvements in the seismic performance of the mid-rise reinforced 
concrete structures which are strengthened with different eccentric braces have been achieved 
by using the formulation of fragility reduction. Kim and Shinozuka [17] examined the results 
of the fragility curve development for two typical bridge samples in southern California 
whose columns were reinforced with steel sheathing method against seismic effects in their 
study. Fragility curves were developed using a two-parameter log-normal distribution as a 
function of peak ground acceleration. Fragility curves of the bridge before reinforcement and 
post reinforcement were compared to quantify the improvement in fragility due to 
reinforcement. The improvement in fragility was determined quantitatively by comparing the 
median values of the fragility curves plotted before and after reinforcement in order to 
formulate the problem of developing fragility. The calculated analytical fragility curves 
corresponding to the damage cases and have an intuitive meaning regarding the design, 
strengthening and performance of the bridge for earthquake events that occurred in the past. 
In addition, it was expected that the experimental fragility curves can be much more reliable 
than the fragility curves derived by other means. 

As a result of the literature review, while many studies on seismic fragility analyses of 
structures have been found, it has been observed that there are much fewer studies on wind-
induced fragility (e.g., Smith and Caracoglia 2011; Chuang and Spence 2017; Cui and 
Caracoglia 2019; Ma et al., 2021; Jiang et al., 2023). When these studies are examined, it is 
noticed that seismic fragility or wind-induced fragility analyses are fundamentally based on 
the same philosophy and contain great similarities, except for some details in their 
applications. The wind-induced fragility analysis was also used in this study as a tool to 
compare and discuss distinct steel structure types under wind loads. In this respect, although 
this study is not the first to present wind-induced fragility analysis for structures, it is unique 
in that it expresses and compares the performance-based behaviors of two different steel 
structures (moment resisting and braced frames) under wind loads using fragility analysis. 
With this concept, in this study, these steel structural frames were designed as symmetrical 
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office buildings with six spans by considering the previous studies, since the torsion effect is 
not desired in the structures under consideration [18,19].  

Therefore, it was decided to design the structure as an office building [20]. Considering the 
literature reviews, two different structural frame systems have been selected, namely, 
moment-resisting frame and braced frame [16,18,21–27]. These two frame types were used 
to provide stability in structures subjected to lateral loads. The fragility curves for these two 
frame types were plotted by using performance-based analysis method. Firstly, three different 
performance levels were determined for both frame types, namely, Immediate Occupancy 
(IO), Life Safety (LS) and Collapse Prevention (CP) by using pushover analysis. Then, 
nonlinear time history analysis method was conducted for the frames depending on the 
varying wind speeds [28–30]. The number of frames exceeding the displacement limits of 
the performance levels was determined by comparing the displacement values obtained from 
the time history analyses with the limit displacement values of the previously determined 
performance levels. Finally, fragility curves were plotted by considering the number of 
frames exceeding the limit values of performance levels. According to the results, braced 
frames can withstand much higher wind speed than moment-resisting frames. 
 

       
Figure 3 - Considered structural bearing systems a) Frontal view of moment-resisting 

frame b) Frontal view of braced frame  

 

The focus of this study is to compare the fragility curves of two distinct structure types (the 
resisting frame and the braced frame). In order to apply the fragility analyses to these 
structure types, it is necessary to select a place corresponding to some assumptions required 
for all the analyses. The northeastern part of the USA was chosen for the case studies of this 
research for two reasons. First, this region on earth are often exposed to strong winds. The 
second reason is to utilize the existing knowledge of the authors, as some of the assumptions 
used in synthetic wind generation have been used previously for this region. 
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2. METHODOLOGY 

This research contains a case study on the comparison of the fragility curves of two different 
structural systems (moment-resisting and braced systems) subjected to wind loading. The 
implementation of these fragility analyses is addressed in the three subtitles of this section 
that explain the three main steps. As the first step, the cross-sectional areas of the members 
had already been designed by considering dead loads, live loads, and wind loads. To give 
more details, the sections for columns, beams, and braces were roughly determined with the 
preliminary design by considering the live load and wind loads. After the section selections 
had been made, the load combinations determined according to ASCE 7-10 Section 2.3.2 
were defined in the models for each structural system. Then, the design of the sections was 
finalized using the tool of section checks in the SAP2000 packaged software in harmony with 
the American Steel Structure Institute Load and Resistance Factor Design (AISC-LRFD). In 
the second step, the capacity calculations of two structural systems were done using pushover 
analyses. For these pushover analyses, the needed critical rotation angles and displacement 
values of the structural members with known cross-sectional areas were found for three 
performance levels: IO (immediate occupancy), LS (life safety), and CP (collapse 
prevention). Then, it was revealed that the beams for the moment-resisting system and the 
braces for the braced system were in charge of controlling all these performance levels, 
according to the pushover analyses. As the third step, these critical values of the performance 
levels were used as the limitations of the fragility analyses of the two structural types to be 
compared with each other. 

 

2.1. A Case Study of Two Structural Systems  

In this study, two different structural systems were used, namely the moment-resisting frame 
and the braced frame (Fig. 3). When a building with large number of stories is designed, the 
calculation time is very long. Therefore, a 10-story steel frame with 5.5 meters story height 
(total height 55 m) was chosen. While making this choice, the Home Insurance Building 
which is generally regarded as the world's first skyscraper, built in 1885 in Chicago, America 
and has a 10-story steel frame was taken into consideration [31]. The structural bearing 
systems used have 6 spans of 5 m length. 

Considering the literature on braced frames, in some studies [16,32], diagonal elements were 
used only in selected bays of the structures, while in others [33–36], they were used in each 
bay. In this study, as in the examples given above, diagonal members were used in each bay 
of the braced frame structure. In addition, the column-beam connections used in these braced 
structures were modeled as pinned joints. Therefore, the lateral force resisting system in 
braced frames was provided only by the diagonal members used in each bay. In order to have 
the consistency for the moment resisting frame (MRF) structures with the braced ones, the 
lateral force resisting system of the MRF structures was provided by the fixed connections at 
all column-beam joints. 

The architecture of the building is designed to be symmetrical as a workplace building. The 
spaces in the building (stairwell, elevator shaft, etc.) are not taken into account. It was 
assumed that glass was used as facade material in the building. The weight of this material 
was ignored. It has been determined that the natural frequencies of the buildings are greater 
than 1 Hz in both cases, whether they have glass facade or not. For this reason, structures 
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perform rigid behavior in these two cases. In this respect, the effect of using facade on the 
lateral dynamic behavior of the structures has been neglected, and the structures were 
modeled using only structural elements. 

As it can be seen in Fig.3, considering that the structural system elements and the supports at 
the base are symmetrical and also that the vertical wind load distribution symmetrically acts 
on the buildings for each bay, it was decided to analyze these building systems in 2D instead 
of 3D. In addition, it takes a long time to analyze the structures in three dimensions due to 
the large number of analyzes to be made. Therefore, considering the literature reviews, the 
structures were modeled and analyzed in two dimensions [15]. SAP2000 program was used 
to structural modeling [9,37,38]. 

As can be seen from Fig. 2, the highest wind speed belongs to Puerto Rico. However, since 
the wind speed to be applied in the fragility analysis will be above this value, there is no 
drawback in choosing the city of Boston. The basic wind speed for the city of Boston has 
been calculated as 62.14 m/s (Fig. 2). Since the structures used are the main wind force 
resisting systems, wind directionality factor Kd was chosen as 0.85, the exposure category as 
B, topographic factor Kzt as 1.0, wind impact factor G as 0.85, internal pressure coefficient 
GCpi as +0.18, external pressure coefficient Cp for the windward wall as 0.8, and the Cp for 
the leeward walls as -0.5, respectively (Table 1). 

 

Table 1 - Parameters used in calculating the wind loads affecting on the frames 

Kd 0.85 
Exposure Category B 

Kzt 1.0 
G 0.85 

GCpi 0.18 
 

Design wind pressures (see ASCE 7-10 Eq. 27.4-1) and velocity pressures (see ASCE 7-10 
Eq. 27.3-1) were separately calculated for windward and leeward directions by using 
parameters mentioned in Table 1. For windward direction, the parameter K used in these 
calculations depends on height. For this reason, the vertical wind profile in windward 
direction has a non-uniform distribution as shown in Fig. 4. On the other hand, the vertical 
profile in leeward direction has uniform distribution because the K parameter has a constant 
value for this direction. In addition, for the calculations of the design wind pressure values in 
the windward and the leeward directions, the wind speed (V) values come from the wind 
speed data, which are synthetically generated for each mean speed in the scope of fragility 
analyses. 

After determining the distributed wind load which exerts on buildings, characteristic live 
loads of the slabs were determined according to ASCE 7-10 Table 4-1. Since the buildings 
to be used in the analysis were designed as office buildings, the characteristic live loads of 
these structures had been chosen as 2.40 kN/m2 [39]. 
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After determining the dead loads, live loads and wind loads for the structures, the building 
was modeled using the Sap2000 program [37]. Firstly, the geometrical properties of the 
structure were determined. Then, the material properties were obtained. The most commonly 
used structural steel grades are ASTM A36 and ASTM A992 steels [40]. Structural steel 
types commonly used in America nowadays are produced according to ASTM A992 
standard, which has higher yield and tensile strength than A36 steel [33]. Considering the 
literature review, the steel grade to be used in the buildings was considered as ASTM A992 
[41]. The modulus of elasticity is 200 GPa, Poisson ratio is 0.3, shear modulus is 79.3 GPa, 
weight per unit volume is 76.9729 kN/m3, mass per unit volume is 7.849 kN/m3, minimum 
yield stress is 345 MPa and minimum tensile stress is 450 MPa for ASTM A992 steel. 

 
Figure 4 - Wind speed distribution for windward and leeward direction 

 

Then the sections for columns, beams and braces were selected. Since the shear center does 
not coincide with the center of gravity of the section in singly symmetric double angle and T 
profiles, torsion effect may occur in these sections. In combined profiles, the compressive 
strength is affected by the shear transmission strength of the fasteners connecting the 
elements and the shear resistance of these fasteners [42]. W profile was selected for columns, 
beams and braces, considering the literature review [8,43]. The section chosen for the 
columns was W 21x111, for the beams was W 14x53, and for the braces was W 8x67. 

After the section selections had been made, three different load models were defined as dead 
load, live load and wind load. 

Nonlinear time history analysis method was used to examine the time-varying effect of loads 
during the modal analysis. Time history analysis can be conducted by using modal analysis 
or direct integration method [44]. In this work, eigenvectors were selected. However, modal 
nonlinear analysis gives better results with Ritz vectors [45]. For this reason, the direct 
integration method was used for time history analyses. 

After the required loads were applied on the structural systems, the load combinations 
determined according to ASCE 7-10 Section 2.3.2 were defined and the analyses were 
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conducted accordingly these combinations. The load combinations defined are given below 
[39]. 

1.4 D  (1) 

1.2 1.6 0.5 1.2 1.6 ( 0)D L S D L S      (2) 

1.2 1.3 0.5 0.5 1.2 1.3 0.5 ( 0)D W L S D W L S         (3) 

0.9 (1.3 1.0 ) 0.9 1.3 ( 0)D W or E D W E     (4) 

0.9 (1.3 1.0 ) 0.9 1.3 ( 0)D W or E D W E     (5) 

where, dead load is denoted by D, live load by L, snow load by S, earthquake load by E and 
wind load by W, respectively. 

Then, considering the literature reviews, section checks were performed according to the 
American Steel Structure Institute Load and Resistance Factor Design (AISC-LRFD) method 
by using the SAP2000 packaged software [46,47]. 

 

2.2. Capacity Calculation of Structural Systems 

The capacity calculation of the selected structural systems was made by using pushover 
analysis [28,48,49]. By applying this method, the structures were subjected to nonlinear static 
analysis, and the nonlinearity was provided by assigning plastic hinges to the structural 
elements. The material nonlinear behavior of the elements was modeled by utilizing plastic 
hinges specified in the FEMA 356 regulation. According to this regulation, while the plastic 
hinges of the columns and beams can be determined by moment rotation relationships, the 
plastic hinge of the brace members can also be defined using force displacement 
relationships. The preexistence of these mechanical relationships in the SAP-2000 program 
as a default setting provided great convenience for the implementation of this investigation. 
Since it was possible to obtain the detailed information and values regarding these 
relationships from the default settings in the SAP-2000 program, it was thought that there is 
no need to provide them in this text. 

In this analysis method, the lateral load model distributed along the height of the structure 
was used. These lateral loads were then monotonously increased until the structure collapsed 
or reached the target displacement. Pushover analysis is a simple option to calculate the 
resistance capacity beyond the elastic region and can be used to determine potential weak 
zones in the structure [50]. Regarding the lateral load pattern used in pushover analyses, 
different loading patterns show only a slight change in performance in regular buildings 
(Abhilash et al. 2009). That is why the equivalent lateral force distribution utilized in FEMA-
273 was arbitrarily selected for the pushover analyses addressed in this investigation. 
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Although two main design criteria are typically considered in ultimate bearing capacity 
methods (functionality limit, strength limit), there are several design criteria in performance-
based design (IO, LS, CP). 

It is inevitable for steel structural systems to exhibit nonlinear behavior under load due to the 
large ductility of steel material. In this regard, pushover analyses are among the most 
frequently used techniques in the literature for the performance of these steel structures, as 
they are a type of nonlinear static analysis [51,52]. Firstly, plastic hinges for structural 
members were defined according to ASCE/SEI 41-13 [53] to conduct this analysis. Since 
columns were mostly affected by axial force and moment, plastic hinges were defined to 
carry axial force and moment. As beams were mostly affected by moment, plastic hinges 
were defined to carry moment only. Because braces were only exposed to axial force, the 
plastic hinges were defined to carry only axial force. Additionally, in this study, the geometric 
nonlinearity of the pushover and time history analyses was carried out by taking into account 
P-Delta effects. 

The displacement control was performed according to the joint at the top left corner of the 
frames (Figs. 5(a)-6(a)). As a result of the analysis, pushover curves of the moment- resisting 
frame and braced frame were obtained (Figs. 5(b)-6(b)). It was concluded that the braced 
frame started to lose its bearing strength after 7684.7 kN and the maximum displacement 
value without occurring collapse for the joint point at the top left corner is 0.085 m from Fig. 
5(b). It was also concluded that the moment-resisting frame began to lose its bearing strength 
after 1651.9 kN and the maximum displacement value without occurring collapse for the 
joint point at the top left corner was 0.903 m from Fig. 6(b). 

         
                                (a)                                                         (b)  

Figure 5 - Pushover analysis results for the braced frame a) The joint where the 
displacement is checked in the pushover analysis b) The pushover curve of the structure 

 

When Fig. 5(b) and Fig. 6(b) are compared, it is seen that braced frame can carry more loads 
than the moment-resisting frame, while the maximum displacement value of the moment-
resisting frame is greater. This shows that although the strength of braced frame is higher, 
the moment-resisting frame is more ductile. 
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                                 (a)                                                             (b)  

Figure 6 - Pushover analysis results for the moment resisting frame a) The joint where 
the displacement is checked in the pushover analysis b) The pushover curve of the structure 

 

After the pushover curves of both frames were obtained, structural performance levels were 
determined on these curves according to ASCE/SEI 41-13 [53]. These levels were divided 
into three categories as IO, LS and CP Performance levels (and were) determined by the 
levels of plastic rotation angles at the beams, and the plastic deformations at the braces 
according to the standard of ASCE/SEI 41-13 [53]. Acceptance criteria for plastic rotation 
angles of the beams and plastic deformations of the braces were determined according to 
formulas given in the relevant specification. Table 2 shows these rotation angles and 
deformations corresponding to the structural members. According to Table 2, the 
performance levels of IO, LS, and CP occur beyond 0.003, 0.026, and 0.032 in radians 
respectively, for the beam members. For the braced members, IO, LS, and CP levels start 
with the plastic deformations having the values 0.002,0.032, and 0,039 in meters, 
respectively. 

 

Table 2 - Plastic rotation angles and deformations at the relevant structural members with 
the performance levels 

Performance 
Levels 

Plastic Rotation Angles for Beam 
Members (rad) 

Plastic Deformations for Brace 
Members (m) 

IO 0.003 0.002 

LS 0.026 0.032 

CP 0.032 0.039 
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As a result of the performed pushover analysis, it was observed that small-scale yielding 
occurred in one beam in the fourth step for the moment-resisting frame. Therefore, the fourth 
step was determined as the IO performance level. In the fifth step, it was observed that few 
beams had small-scale yielding but they could still carry shear force. Therefore, the fifth step 
was determined as the LS performance level. In the sixth step, it was observed that yielding 
started in one of the columns on the bottom floor of the building and yielding occurred in 
many beams. Therefore, the sixth step was determined as the CP performance level. 

In the braced frame, it was observed that small-scale yielding occurred in one brace in the 
first step. Therefore, the first step was determined as the IO performance level. In the second 
step, it was observed that small-scale yielding occurred in few braces, and there was a sudden 
decrease in the bearing strength of one brace, but it did not lose its strength completely. 
Therefore, the second step was determined as the LS performance level. In the sixth step, it 
was observed that there was significant yielding and sudden strength loss in many braces, 
and small-scale yielding occurred in one of the columns on the bottom floor of the building. 
Therefore, the sixth step was determined as the CP performance level. In the Table 3, required 
force and displacements are shown in order for the moment-resisting frame to reach the 
predetermined performance levels. According to Table 3, in the fourth step of the moment-
resisting frame, the displacement of the joint at the upper left corner of the frame is 0.343 m, 
the corresponding base shear is 1116.6 kN, in the fifth step the displacement of the joint at 
the top left corner of the frame is 0.446 m, the corresponding base shear is 1368.8 kN, In the 
sixth step, the displacement of the joint at the top left corner of the frame is 0.550 m, and the 
related base shear is 1541.9 kN. 

 
Table 3 - Displacement values occurring at the performance levels of the moment-resisting 

frame 

Step Displacement (m) Base Shear (kN) 
0 0.000 0.0 
1 0.100 327.4 
2 0.200 651.5 
3 0.300 977.1 
4 0.343 1116.6 
5 0.446 1368.8 
6 0.550 1541.9 
7 0.591 1592.6 
8 0.677 1641.6 
9 0.740 1659.7 

10 0.755 1659.3 
11 0.866 1654.2 
12 0.903 1651.9 
13 0.774 1216.6 
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In the Table 4, the required force and displacements are shown in order for the braced frame 
to reach the predetermined performance levels. According to Table 4, in the first step of the 
braced frame, the displacement of the joint at the upper left corner of the frame is 0.027 m, 
the corresponding base shear is 3226.2 kN, in the second step the displacement of the joint 
at the upper left corner of the frame is 0.053 m, the related base shear is 5941.3 kN, in the 
sixth step, the displacement of the joint at the top left corner of the frame is 0.064 m and the 
base shear is 6536.3 kN. 

 

Table 4 - Displacement values occurring at the performance levels of the braced frame 

Step Displacement (m) Base Shear (kN) 
0 0.000 0.0 
1 0.027 3226.5 
2 0.053 5941.3 
3 0.054 5867.0 
4 0.058 6061.3 
5 0.061 6286.7 
6 0.064 6536.3 
7 0.067 6489.8 
8 0.069 6700.1 
9 0.072 6751.4 

10 0.085 7684.7 
11 0.049 3163.8 

 

2.3. Obtaining Fragility Curves 

Fragility functions can be plotted in a single step for the whole structure or in two steps by 
considering the entire structure and beam-column joints separately [14]. In this study, the 
fragility curve was created for the entire structure in one step. 

In order to plot the fragility curve, firstly, wind models were created depending on the 
probability. The Ochi-Shin equation was used to determine the wind spectrum for the city of 
Boston located on the ocean coast (Eq. (6)). 

2

( )
w

w g
V

CV F
S 


  (6) 

where, wind spectral density is denoted by SVw(ω), surface drag coefficient which is related 
to surface roughness is denoted by C, mean wind speed (m/s) at 55m height is denoted by 
Vw, frequency of wind (rad/s) is denoted by ω and gust factor is denoted by Fg. The Ochi-
Shin equation is also very useful in the condition of modifying the surface drag coefficient 
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which is a physical and singular parameter. Therefore, this equation was chosen while 
creating the probability based wind model. The C value was modified to use in the considered 
building systems. Fg value is calculated according to Eq. (7) [11]. 
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The modification process included the calculation of the spectral densities of the changes in 
wind speed with time in the city of Boston. After, these spectra were compared with Eq. (6) 
and defined as in Eq. (9) by changing the C value (Eq. (8)) defined initially [11]. 

6(750 69 )(1.0*10 )wC V    (8) 

6(750 69 )(3.7*10 )wC V    (9) 

Then, the spectral densities of the data obtained from the field were compared with the 
spectral densities plotted using the modified Ochi-Shin equation. Each of these spectra 
showed the wind spectrum experimentally generated based on observations of wind records 
in a very narrow mean wind speed range, and the spectrum plotted by the modified Ochi-
Shin equation corresponding to the same average wind speed range. After making these 
comparisons, wind speed varying with 0.05 s increments in the range of 40 m/s ≤ Vw ≤ 220 
m/s was generated for the reference height (55 m) for finite element model [11]. 

To produce wind speed data, firstly, for each Vw (wind speed) increase, 100 random wind 
data were generated by substituting Eq. (9) and Eq. (7) in Eq. (6) and using the spectral 
method shown in Eq. (10) [11] 

1
( ) sin( ) cos( )

n
G

w r t r t
r

V t A t B t 


       (10) 

Then, the Nataf model was used to transform Gaussian data into time history data series with 
log-normal marginal distribution which is the most widely used wind speed record 
distribution type (Eq. (11)). 

2 2 2

22 2
exp lnGi i i

i i
ii i

x x x
V V

xx x

  
 

         
 (11) 

where, Gaussian variable is denoted by Vi
G, mean is denoted by σxi

2 and variance is denoted 
by µxi. Although the Nataf model distorts the spectrum while transforming it from the 
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Gaussian space to the non-Gaussian space, this distortion was neglected because it was 
calculated as small (<1%) [11]. One of these time history data is shown in Fig. 7. From this 
figure, it is seen that wind speeds change in intervals of 0.05 seconds. 

 
Figure 7 - One of the 100 data generated for an average wind speed of 120 m/s 

 

After generating the wind data, nonlinear time history analyzes were conducted on both 
frames using these data. The mean wind speed values varying between 40-100 m/s were used 
when conducting time history analyses for moment-resisting frames while the mean wind 
speed values varying between 70-220 m/s were used when conducting time history analyses 
for braced frames. Since the time values changed in the range of 0-450.5 seconds in 
increments of 0.05 seconds, time history analyses were conducted in 9010 steps and 100 
analyses were conducted for each mean wind speed. For all these analyses, the damping ratio 
was used to be 0.02, which is consistent with the literature [54,55]. 

Then, the number of frames reaching or exceeding predetermined performance levels was 
calculated and the probability of reaching or exceeding these performance levels for both 
frames was determined by using these data. 

   
(a)                                                                                 (b) 

Figure 8 - Number of frames exceeding determined performance level vs mean wind speed 
plot a) Graph for braced frames b) Graph for moment-resisting frames 
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As a first step to determine these possibilities, graph of mean wind speed vs. number of 
frames reaching or exceeding the predetermined performance levels for both frame types was 
plotted using the Monte Carlo (MC)m method. For structures with detectable level of failure 
probability, MC simulation can give precise results to a certain extent [18]. For this reason, 
in this study, the possibility of reaching or exceeding the predetermined performance levels 
of the structures was calculated using MC simulation. The number of frames exceeding the 
predetermined performance level vs. mean wind speed graph obtained by MC method was 
shown in Fig. 8. 

After determining the possibility of exceeding the performance levels for the frames 
depending on the wind speed, the fragility curves for these performance levels were plotted 
as a last step. When defining the fragility functions, the log-normal cumulative distribution 
function was generally used (Eq. (12)) [9,10,38,56]. 

ln( / )( | ) xP C IM x 


 
   

 
 (12) 

where, possibility of collapse the structure for wind speed corresponding to IM = x is denoted 
by P(C | IM = x), intensity measure is denoted by IM, standard normal cumulative distribution 
function is denoted by Φ function, mean of fragility curve (IM level which has 50% 
possibility of collapse) is denoted by θ and standard deviation of ln(IM) is denoted by β. In 
order for Eq. (12) to be adapted to the structure under consideration, the θ and β values 
obtained from the structural analysis results should be calculated. These parameters were 
shown as θ̂ and β̂   in calculations [57]. Generally, two different statistical approaches are used 
to calculate the parameters obtained from the data. The first method is the moments method, 
which aims to find parameters that show the same sample moment (mean, standard deviation, 
etc.) distribution of the observation data. The second method is the maximum likelihood 
estimation (MLE) method, which aims to find the parameters that are distributed in a way to 
provide the maximum probability of occurrence of the obtained observation data [57]. 

Since the wind speed used at each intensity measure level varies, the analyst may not fully 
observe the percentage increase in the collapse probability of the building with the increase 
in the intensity measure although it is known that the possibility of collapse of the structure 
will increase with the increase of the intensity measure. The suitable fitting technique for 
such data is the MLE method used by many researchers [57]. Therefore, the fragility curves 
were obtained using the MLE method. In this method, the structural analyses generate the 
number of collapse out of the total number of wind speeds for each    IM = xj intensity 
measure level. Since the analysis data was obtained at more than one intensity measure level, 
the likelihood of the whole data set was calculated by the following formula (Eq. (13)). 
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  (13) 

where, number of wind speed is denoted by nj, number of occurring collapses is denoted by 
zj and level of intensity measure is denoted by xj. 



The Comparison of Fragility Curves of Moment-Resisting and Braced Frames Used In … 

18 

In order to calculate the fragility function parameters, the likelihood function in Eq. (13) 
should be maximized. This operation is equivalent to maximizing the logarithm of the 
l൴kel൴hood funct൴on (Eq. 14). Thus, ൴t can be eas൴er to f൴nd θ̂ and β̂ parameters. 

   
1,
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  (14) 

Fragility curves were plotted in computer environment for three different performance levels 
(IO, LS, CP) of moment-resisting frames and braced frames, depending on the MC data. 

 

3. RESULTS AND DISCUSSIONS 

As mentioned before, this research was conducted as a case study focusing on the comparison 
of the fragility analyses of two distinct structure types (moment-resisting and braced frames). 
Therefore, the results obtained with this research belong to the two different structural 
systems discussed within the case study, and these results are only recommendatory for other 
structural systems and not inclusive of all. Additionally, to recap, it can be stated that this 
study focused on comparing the fragility curves of two different structural systems (moment-
resisting and braced frames). For this comparison, all the mechanical properties of the beams 
in each system, such as the amount and cross-sectional areas (W14x53), were assigned the 
same. This situation was also true for columns (with the section of W21x111). Both structural 
systems offer only one different feature between themselves. This difference is that, while 
there are no cross members in the moment-resisting frame system, which can carry moments 
at the joints, the braced frame system has those cross members that carry axial loads. Also, 
to remember, these structural frame systems had been analyzed in 2D for this study. 
Therefore, the differences between the fragility curves of these structural systems, which are 
equivalent in terms of all their features but differ in only one aspect, have been tried to be 
revealed more consistently and accurately. 

The data obtained by MC and MLE method are shown in Fig. 9. In this figure, red line shows 
the results obtained from the calculations made according to the MLE method, while the blue 
points show the results obtained from the calculations made according to the MC method. 

According to Fig. 9(a), no frame exceeds the IO performance level for 40 m/s average wind 
speed in moment-resisting frames. In addition, it is also seen that all frames exceed IO 
performance level for 80 m/s when MC method is used in calculations and for 100 m/s when 
MLE is used in calculations. 

According to Fig. 9(b), no frame exceeds LS performance level for 40 m/s average wind 
speed in moment-resisting frames. In addition, it is also seen that all frames exceed LS 
performance level for 90 m/s when MC method is used in calculations and for 100 m/s when 
MLE is used in calculations. 

According to Fig. 9(c), no frame exceeds CP performance level for 40 m/s average wind 
speed in moment-resisting frames. In addition, it is also seen that all frames exceed CP 
performance level for 100 m/s when MC or MLE method is used in calculations. 

According to Fig. 9(d), no frame exceeds IO performance level for 70 m/s average wind 
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speed in braced frames. In addition, it is also seen that all frames exceed IO performance 
level for 140 m/s when MC method is used in calculations and for 150 m/s when MLE is 
used in calculations. 

    
(a)                                                                       (b) 

    
(c)                                                                       (d) 

    
(e)                                                                       (f) 

Figure 9 - Plots for probabilities of exceeding predetermined performance levels depending 
on changing wind speeds for frames a) Probability of exceeding IO performance level for 
moment-resisting frames b) Probability of exceeding LS performance level for moment-
resisting frames c) Probability of exceeding CP performance level for moment-resisting 

frames d) Probability of exceeding IO performance level for braced frames e) Probability 
of exceeding LS performance level for braced frames f) Probability of exceeding CP 

performance level for braced frames 

 

According to Fig. 9(e), no frame exceeds LS performance level for 100 m/s average wind 
speed in braced frames. In addition, it is also seen that all frames exceed LS performance 
level for 200 m/s when MC method is used in calculations and for 210 m/s when MLE is 
used in calculations. 
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According to Fig. 9(f), no frame exceeds CP performance level for 110 m/s average wind 
speed in braced frames. In addition, it is also seen that all frames exceed CP performance 
level for 220 m/s when MC or MLE method is used in calculations. 

In addition to all these, yielding starts and then collapse occurs in the mean wind speed range 
of 40-100 m/s in the moment-resisting frame, while yielding starts and then collapse occurs 
in the wind speed range of 70-220 m/s in the braced frame. Considering that hurricanes have 
a variable wind speed range, it can be stated that it is more advantageous if the process 
between yielding and collapse of structures takes place in a wider wind range. 

 
Table 5 - Comparison of performances of the moment-resisting frame and braced frame 

under varying mean wind speeds 

Mean wind 
speed (m/s) 

Number of 
Analysis 

Probability of exceeding performance level according to MLE method (%) 
Braced frame Moment-resisting frame 

IO LS CP IO LS CP 
40 100 0.00 0.00 0.00 0.00 0.00 0.00 
50 100 0.00 0.00 0.00 11.51 0.32 0.01 
70 100 0.00 0.00 0.00 91.75 53.10 25.86 
80 100 2.25 0.83 0.02 99.21 88.31 70.37 

100 100 44.62 0.00 0.00 100.00 100.00 100.00 
150 100 100.00 58.89 21.18 100.00 100.00 100.00 
210 100 100.00 100.00 98.72 100.00 100.00 100.00 
220 100 100.00 100.00 100.00 100.00 100.00 100.00 

 

Table 6 - Quantity calculation for moment-resisting frame 

Steel section type
Number of 
steel section 

used 

Cross 
sectional area 

(m2) 

Total 
length 

(m) 

Density 
(kg/m3) 

Total weight 
of steel section 

used (kg) 

Total weight of  
structure (kg) 

W14*53 60 0.010064 300 7849.1 23698 

87451 
W21*111 70 0.021097 385 7849.1 63753 
W14*53 60 0.010064 300 7849.1 23698 
W21*111 70 0.021097 385 7849.1 63753 

 

Table 7 - Quantity calculation for braced frame 

Steel section type
Number of 
steel section 

used 

Cross 
sectional area 

(m2) 

Total 
length 

(m) 

Density 
(kg/m3) 

Total weight 
of steel section 

used(kg) 

Total weight of  
structure (kg) 

W14*53 60 0.010064 300 7849.1 23698  
W21*111 70 0.021097 385 7849.1 63753 

176439 
W8*67 120 0.01271 892 7849.1 88988 
W14*53 60 0.010064 300 7849.1 23698  
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Performances of moment-resisting frame and braced frame under varying mean wind speeds 
are compared in Table 5. According to this table, moment-resisting frame exceeds the 
performance levels IO, LS and CP with 100% probability for 100 m/s mean wind speed. 
Braced frame exceeds the IO performance level with 100% probability for 150 m/s mean 
wind speed, LS performance level with 100% probability for 210 m/s mean wind speed, and 
CP performance level with 100% probability for 220 m/s mean wind speed. In addition, the 
performance level IO, LS and CP for the moment-resisting frame is exceeded at the same 
mean wind speed. This indicates that the moment resisting frame, which is addressed in this 
study, performs more brittle behavior than the other structure. Finally, quantities of both 
frame types were calculated in order to form an opinion in terms of cost-performance. As a 
result of the quantity calculations, the total weight of the moment-resisting frame was found 
to be 87451 kg, and the total weight of the braced frame was found to be 176439 kg (Tables 
6-7). 

The sample size-a crucial boundary condition parameter for Monte Carlo simulations-has a 
significant effect on having smoother fragility curves calculated in the article. In this context, 
increasing the sample size used in each fragility curve calculation would have made the 
results more stable. However, in spite of this benefit, a serious drawback would have also 
come to light. This drawback was that increasing the sample size would significantly increase 
both the workload and the amount of time required for the fragility analyses [58]. However, 
as can be understood from the title of this study, this article is actually about the comparison 
of the performances of different structure types under wind load, and the fragility curves have 
been used as just a tool for these comparisons. In this regard, the authors think that the sample 
size used for these comparisons is sufficient for now. As a matter of fact, the literature also 
contains several studies with smaller sample sizes than the sample size utilized in this study. 

 

4. CONCLUSIONS 

In this study, the efficiency of the use of braces was investigated by comparing the fragility 
curves of moment-resisting and braced frames under varying wind loads. As a result of these 
comparisons, it has been seen that using diagonal members is of great importance in terms of 
structural performance. At the different performance levels (IO, LS, CP), the fragility curves 
of the braced frame have a broader distribution feature than those of the moment resisting 
frame in respect to the mean wind speed values.  

In addition to all these, yielding starts and then collapse occurs in the mean wind speed range 
of 40-100 m/s in the moment-resisting frame, while yielding starts and then collapse occurs 
in the wind speed range of 70-220 m/s in the braced frame. Considering that hurricanes have 
a variable wind speed range, it can be stated that it is more advantageous if the process 
between yielding and collapse of structures takes place in a higher wind range. 

When the total weight of the two frame types used is compared, it is seen that braced frames 
are two times heavier than moment-resisting frames (Tables 6-7). However, the mean wind 
speed required to cause heavy damage to the structural members (LS performance level) with 
100% probability for the braced frame is more than twice that for the moment-resisting 
frame. Similarly, the mean wind speed needed to cause collapse to the structural members 
(CP performance level) with 100% certainty is over twice as high for the braced frame 
compared to the moment-resisting frame. While infrequent, these severe wind speeds have 
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the potential to result in significant loss of life and property. Thus, it is important to consider 
these average wind speeds while designing buildings in hurricane-prone areas.  

 

Symbols 

Kd is the wind directionality factor 

Kzt is the topographic factor 

G is the impact factor 

GCpi is the internal pressure coefficient 

V  is the wind speed 

D is the dead load 

L is the live load  

S  is the snow load 

E is the earthquake load 

SVw(ω) is the wind spectral density 

C  is the surface roughness coefficient 

Vw is the mean wind speed at specific height 

Fg is the gust factor  

Vi
G  is the Gaussian variable 

σxi is the mean 

µxi is the variance 

P(C | IM = x) is the possibility of collapse the structure for wind speed corresponding to IM 
= x 

IM is the intensity measure 

θ is the mean fragility curve  

β  is the standard deviation of ln(IM) 

zj is the number of occurring collapses 

nj is the number of wind speed 

xj is the level of intensity measure 
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