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Abstract— Typhoon disasters risk assessment is needed for small-scale residential houses with less
than two stories or less than 500 square meters, since they accounted for about 55% of total buildings in
Korea. Therefore, this study was focused on the evaluation of wind fragility for this small-scale lightweight
steel frame structure when subjected to lateral wind loads. For this purpose, Monte Carlo Simulation

technique was used to derive wind fragility based on random wind load parameters and experimental
data of resistance capacity of the connection in this type of structure. Finally, the structural safety of a
small-scale lightweight steel house was evaluated, and the fragility was derived. Results show that wind
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I. INTRODUCTION

Small-scale residential houses with less than two sto-
ries or less than 500 square meters’ have been excluded
from safety evaluation of seismic design criteria in South
Korea. Therefore, various risk assessments corresponding
to structural systems and earthquake types are necessary to
ensure the structural safety. However, in the case of South
Korea where earthquakes hardly occur, it is more important
to control the risk due to high wind disasters than those
from earthquakes. Generally, risk assessment evaluation is
needed to secure structural safety of the existing facilities.
Due to the increment of natural hazards such as earthquake,
typhoon, and flood, has lead the probabilistic risk assess-
ment to be a key research area. Moreover, interest on safety
of small scale steel frame structure has been on the rises
in South Korea since this type of structure accounted for
about 55% of total buildings. In general, steel frame struc-
ture composes of the upper steel frame and the base foun-
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direction parallel to long dimension of structure was the most critical condition. Additionally, the median
probability of failure occurs at a very high wind speed. Further research should focus on study with detail
structural analysis to narrow down the uncertainty in this study.

© 2017 The Author(s). Published by TAF Publishing.

dation. The superstructure connected to the foundation by
connection that can have different arrangement. Thus, the
type and configuration of the connection is the main factor
to determine the strength and ductility of steel frames [1],
[2].

Furthermore, [3] typhoon disaster in Korea in recent
year has been on the rises. The risk due to typhoon cause
devastatingloss on economy and human life. Hence, the risk
assessment for structure subject to wind load is required.
In fact, Probabilistic Risk Assessment (PRA) has emerged
as an increasingly popular analysis tool, especially in the
last decade. For instance, [4] and [5] analyze fragility curve
for wood frame structure subject to lateral wind loads by
mean of Monte Carlo Simulation (MCS) method, which is a
part of analytical fragility development. That method based
on statistical wind load parameters determined by [6] by
mean of Delphi questionnaire. Moreover, combined the sta-
tistical parameters with wind loads standard code [7] it can
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be applied to variety of structure types. For example, [8]
and [9] used these parameters to determine failure proba-
bility of residential building and industrial building, respec-
tively. Nevertheless, for small-scale steel structure in Korea,
there are not many study for high wind disaster. Moreover,
information of failure due to wind disasters were not well
recorded for these types of structure [10] and [11].

Therefore, to contribute to this deficiency of risk as-
sessment tool for these structures, the focused of this study
was on lightweight steel frame structure subjected to lateral
wind loads which focus on main wind force resistance sys-
tem of the structure. The study fixated on the sum of lateral
forces acting on the structure resulted from the wind pres-
sure. By mean of MCS method, the random wind loads pro-
jected on the structure was simulated. This method can eas-
ily apply for structure with fewer historical recorded data
of their performance in high wind disaster, which is highly
suitable for Korea [12].

Additionally, with large numbers of random simu-
lated wind pressure, the parameters of fragility curve of dif-
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ferent connection configuration could be determined. From
this fragility, the assessment of connection performance
could be discussed which can convolved with wind hazard
curves to develop a risk assessment tool to estimate the ex-
pected loss due to the disaster [13].

II. DESCRIPTION OF STRUCUTRE

A small scale two stories steel frame structure was
considered in this study (Fig. 1). The crucial focused for the
assessment of this structure was the connection between
steel column and base plate which include three different
configurations as shown in Fig. 2 with the description in
Table 1. Furthermore, each cases of connection were tested
with loading on their strong axis and weak axis [14]. Back-
bone curves were derived from the cyclic loading [15]. The
result of backbone curves was shown in Fig. 3. From this
figure, we can determine their capacity which will be used
in the following section as resistance capacity in the MCS
method.
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Fig. 1. Dimension of steel frame structure
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Fig. 2. Configuration of connection
TABLE 1
Description of connection configuration
Specimen Base Plate Anchor bolt
Steel Grade Size (mm) Thickness (mm) No. Bolt (EA) Embedded Depth (mm) Hook Length (mm)
No. 1 SS400 450x450 25 6/4-(1) 650 264
No. 2 SS400 450x450 25 6 650
No. 3 SS400 450x450 25 8 650

(1) Number of anchor bolts in case of strong axis: 6 and in case of weak axis: 4
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Fig. 3. Backbone curve for each connection configuration

III. WIND LOADS

ASCE 7 [14] defines two types of structural elements
subjected to wind load: (1) main Wind-Force Resisting Sys-
tems (MWFRS), and (2) Components and Cladding (C&C). A
MWEFRS is considered an assemblage of structural elements
that work together to provide support and stability for the
overall structure. C&C elements are defined as elements
of the building envelope that transfer the load to the main
wind-force resisting system. Lateral wind pressure acting
on the wall in this study were determined using the MWFRS
since the focus was the connection of columns to base plate.
The design wind pressures for the MWFRS of buildings can
be determined by the following equation:

W = qGCp - QhGCpi (1
q. = 0.613K K tK,V? (2)

Where, ¢, = velocity pressure evaluated at height z, q
= q, for windward walls evaluated at height z of each floor
elevation, q = g;, for leeward wall evaluated at mean roof
height h, k., = the velocity pressure exposure coefficient,
k.: = the topographic factor, g; = the wind directionality
factor, V = the basic wind speed (3-second gust wind speed
at 10 m in open terrain) in m/s, G = gust-effect factor, C,
= external pressure coefficient, and GCpi = internal pres-
sure coefficient. GC,,; was ignored since the geometry of
structure is symmetric, thus the internal pressure has the
same magnitude with opposing direction. Consequently,
the wind pressure can be determined as following:

W = 0.613K, K, tK,V?qGC, (3)
Velocity pressure, q, depends on the projected walls,

hence the total loads on building surface which the connec-
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tion need to withstand can be calculated as:

R=WxA=0613K,KtK;V2GCy(q. — qn)xA (4)

where, R = base shear (N), and A projected area
(m?). Additionally, a commercial structural analysis soft-
ware SAP 2000 was used to determine the load of most
critical location amongst all connection. Afterward, the
corresponding wind speed to generate this extent of load
can be calculated as:

R
= 5
v \/ 0.613K, K tK,GC,(q, — qn)xA ©)

IV. LATERAL WIND FRAGILITY

A. Definition of Fragility Functions

Fragility defined the relationship between the fail-
ure frequency of structure or their components and the in-
tensity of disaster, i.e. wind speed. Fragility can be divided
into empirical, analytical, and expert judgement fragility,
which based on the method of their development. In gen-
eral, fragility function can be defined as a mathematical
function of probability whose variation generated by exter-
nal excitation reached or exceeded a specified limit state.
It is commonly described by lognormal distribution as fol-
lowing [16]:

Fr(z) = @[(in(x) — r)/r] (6)

in which, ®(e) = standard normal cumulative distri-
bution function, pR = logarithmic median of capacity R (in
units that are dimensionally consistent with demand), and
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oR = logarithmic standard deviation of capacity R. Fragili-
ties can be used to identify a level of demand that a com-
ponent or system will withstand with certain probability.
Furthermore, the application of fragility curves can apply
in both design and condition assessment applications [5].

B. Fragility Analysis

Analytical method by mean of MCS method was
chose for the development of fragility in this study. Ad-
ditionally, the limit state was rotation angle of the column.
Four different damage states were used, they were the de-
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gree of rotation angle: 0.01 rad (DS1), 0.02 rad (DS2), 0.03
rad (DS4), and 0.04 rad (DS4). These are the drift limits
suggested by [17] and [18]. Moreover, in MCS method, sta-
tistical value of wind loads coefficient, which based on work
by [4] and [6], was used. Correspondingly, summary of wind
load statistics used in this study are shown in Table 2. From
this value, a large set of simulated wind speed could be de-
termined with Eq. 5. Therefore, parameters pR and oR of
wind fragility can be determined, since it follows lognormal
CDF as shown in Eq. 6. In this simulation, each parameter
was assumed independent.

TABLE 2
Summary of wind load parameters statistics
Parameter Category Mean-to-Nominal COV Nominal Mean SD
Exposure B 1.01 0.19 0.72 0.73 0.14
K, Exposure C  0.96 0.14 1.00 096 0.13
ExposureD 0.97 0.14 1.18 1.14  0.16
Ky MWEFRS deterministic (1.0)
K, deterministic (1.0)
Exposure B 0.96 0.12 0.80 0.77  0.09
G Exposure C  0.98 0.12 0.85 0.83 0.10
Exposure D 0.98 0.08 0.85 0.83 0.07
Cp Windward  0.88 0.14 0.8 070 0.1
Leeward 0.94 0.15 -0.5 -0.47 0.07
V. RESULTS AND DISCUSSIONS
Fragility curves of building subjected to lateral wind 1 e
load were shown for different damage states (DS), connec- ﬁ,*"*
tion types and theirloading directions, exposure conditions, - ;f /
and wind directions. s . f r
Parameters purp and opr of wind fragility was es- E 5 f y _,f”t
timated with Maximum Likelihood Method (MLE) [17]. Bos / +
These parameters were included in the figures for ease of o ?.-"? ‘,-"
comparison. Jj j :

A. Fragility for Each Damage States

Fragility curves for Type 3 connection with loading
on strong axis (perpendicular to the web of I-beam) and ex-
posure condition B, which was common in urban area, was
shown in Fig. 4.

The wind direction was perpendicular to the length
of building. DS1 is further away from the other three dam-
age states, this was expected due to the resistance capacity
in Fig. 3.

ISSN: 2414-4592
DOI: 10.20474 /jater-3.3.5

Wind speed [m/s]

Fig. 4. Fragility curve for type 3 (strong axis) in wind exposure B
and wind direction perpendicular to length of building

B. Fragility for Different Connection Types

In Fig. 5, fragility curves for all types of connection
was shown. The leftmost curve, which belong to connection
Type 3 (weak axis loading), was the most vulnerable. This
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curve had logarithmic median of capacity 1 = 4.394 and log-
arithmic standard deviation of capacity o = 0.081. It means
that median of failure probability and standard deviation
of building with connection Type 3 was 81 m/s and 0.081,
respectively. Compare that to the less vulnerable curve on
the rightmost which had median of failure probability 100
m/s. This result could be used to quantify the risk of differ-

ent types of connection.
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Fig. 5. Fragility curve for all types of connection in DS1 with
wind exposure B and wind direction perpendicular to
length of building

C. Fragility for Different Exposure Condition and Wind

Direction

Fig. 6 shows thatin urban area exposure B (the right-
most blue curve) was the less susceptible to failure due to
high wind, which has the probability of failure 50% occur
at wind speed 100 m/s. This is expected since exposure B
is situated at an urban area with other structure to reduce
the wind loads coefficient [14].

Furthermore, the effect of wind direction on building
was also shown in Fig. 7. The directions considered were
perpendicular and parallel to the long dimension of build-
ing. When the projected area was large, the magnitude of

wind loads was higher [14], which resulted in higher prob-
ability as can be seen in blue curve on the leftmost of Fig. 7.
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1 .
09
08

,07
[
= f
m06 1 ]
5 z 1]
205 /
rua ¥
g . g

04F I *.":
g /
“oaf /

f P
f 2
02 ff g
0 F ;’( Q,f —+Harmal to length (=4 598, #=0.080)
),?' —=—Parallel to length {1=4 783, o=0 080)
C' ? ’ d J“"S Il L L L L L 1 ]
170 180

B0 80 100 M0 120 130 140 150 160

Wind spead [mis]

Fig. 7. Fragility curve for different wind direction in exposure B
of connection Types 2 (strong axis) in DS1

VI. CONCLUSIONS

Fragility curve for different types of connection in
lightweight steel frame structure subjected to lateral wind
loads was determined in this study. Furthermore, param-
eters affecting the wind load was also considered such as
exposure category and wind direction. By mean of Monte
Carlo Simulation, large number of wind speed that result
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in damage of building per the defined limit state was ob-
tained. Afterward, maximum likelihood estimation method
was employ to determine the parameters pand o of fragility,
which follow the cumulative lognormal distribution func-
tion.

Results show that wind direction parallel to long di-
mension of structure was the most critical condition as can
be seen the average difference in probability of failure was
about40%. Furthermore, depend on type of connection, the
failure probability of building could greatly increase, for ex-
ample, between Type 1 and Type 3 connection. Moreover,
from DS1 to DS2 there was a large gap, this is due to the dis-
engagement of anchor rod during experiment. Additionally,
the median probability of failure occurs at a very high wind
speed, which mean that the failure for this type of build-
ing subjected to wind loads would be infrequent. However,
further study with detail structural analysis could narrow
down the uncertainty in this study.

In conclusion, usage of this methodology could lead
to a more predictable structure performance and facilitate
the introduction of performance-base design guidelines.
Fragilities such as those presented here also can convolved
with wind hazard curves to develop a risk assessment tool,
which can evaluate the potential impact of a natural hazard
in public planning and mitigate the consequent economic
losses and social disruption.
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