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Abstract Two connection types are examined under a life-
cycle point of view, for a regular framed steel hotel
building located in Mexico under a strong wind hazard, to
compare their cost-effectiveness and provide practical
recommendations. Although FEMA has fragility curves for
housing facilities under strong winds, there are no curves
for medium height or tall buildings like the one used to
illustrate the formulation. The critical connections were
identified through a series of preliminary analyses of the
ten stories building, which were performed under scenario
wind velocities, and a detailed finite-element model was
used to evaluate the connection limit state and the failure
probability at both levels: the connection and the overall
building. The cost-effectiveness of bolted and welded
connections was examined, as alternative designs, through
the calculation of the expected life-cycle cost. Envelope
damages are explicitly considered as facade components
and windows are usually damaged and cause important
losses. In addition, the potential loss of contents is assessed
as a consequence of water infiltration after the building
envelope is damaged, and the expected business interrup-
tion losses, from the repairs required, are included in the
cost analysis. The correlation coefficient between wind
velocity and rainfall intensity, given the occurrence of a
hurricane, is calculated and incorporated on the simulation
of rainfall intensity. Recommendations to mitigate losses
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are proposed in terms of the fragilities found and the cost of
mitigation measures. It is shown that low-cost improve-
ments, on the fagcade and windows anchorage conditions,
strongly reduce the expected losses and the cost—benefit of
these measures decreases as the building importance
increases.

Keywords Steel connection types - Expected life-cycle
cost - Wind hazard - Water infiltration - Fragility curves

1 Introduction

Many buildings located on zones with high wind hazard,
usually hotel facilities, have been damaged under strong
hurricanes in Mexico [1, 2]. In addition, engineers are
wondering what type of steel connection is appropriate for
a given hazard type and intensity. The fragile fractures of
welded connections in the Northridge earthquake [3]
highlighted the uncertainties about the proper selection and
cost-effectiveness of connection types between many
options: bolted, welded, a combination of both, shear,
seated on an angle, brackets, rigid, semi-rigid, moment-
resting, end plates, gusset plates, cover or side plates, dog
bones, among others.

Several researchers have studied some of them through
either lab tests or analytical models. As an example, several
moment resisting connections have been studied under
seismic excitation [4]. End plates have been tested under
cyclic loading [5]. Several authors proposed a procedure to
test spot-welded steel connections under static and impact
loadings [6]. Other researchers claim that the actual semi-
rigid stiffness of joints that are neither pinned not embed-
ded connections should be considered for the calculation of
its reliability [7]. Extended end-plate connections have
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been experimentally studied [8]. The cyclic behavior of
welded steel beam-to-column connections was studied
under cycles of constant and variable amplitude [9]. The
Research Council on Structural Connections recommends
specifications for high strength bolts [10]. Unstiffened
extended plates have been analyzed to provide design
recommendations [11]. Bolted brackets have been tested
under cyclic loading [12].

A book that has become a classical on the topic of
ductile design of steel structures shows the behavior of
typical steel connections [13]. In China, some specifica-
tions have been developed for steel structural members and
connections [14]. Gusset plate connections on rectangular
hollow braces have been analyzed through numerical
simulation [15]. Connections with brackets have been
studied through nonlinear analysis [16].

A probabilistic optimization procedure has been
applied to the analysis of a space truss. A number of
procedures on earthquake engineering have served as a
guide, with the corresponding adaptations, to do applica-
tions on wind engineering, as in a recent paper where
seismic demands have been assessed for moment resisting
frames. Monte Carlo simulation techniques have also been
applied to assess the reliability of bolted connections [17].
Some works have studied the behavior of steel angles
filled with concrete under dynamic loading [18]. An
improved link to column connection was proposed to
improve the behavior of eccentrically braced frames [19].
In addition, a procedure to assess the vulnerability of tall
buildings with steel plate shear wall, x-braced, and
moment frame was proposed to predict progressive col-
lapse on the building.

Recently, gusset plates have been tested as joints of steel
braces with eccentricity [20].

In a previous paper [21], a scheme was proposed to
assess the cost/benefit of alternative steel connections for a
building under seismic hazard. Research interest has
focused on adapting reliability and expected life-cycle cost
techniques to assess the effectiveness of steel structures
design proposals [22]. However, since some time ago, the
structural design has been benefited by the probability-
based formats [23-25].

To assess the lifetime performance of the building, the
cost—benefit assessment appears to be an adequate tool to
measure the cost-effectiveness of each alternative and
select the one that best combines the structural safety and
cost. Here, the alternatives are the steel connections and the
selection criterion is the minimum expected life-cycle cost.

In this paper, the concept of the expected life-cycle cost
is extended and applied to steel connections of buildings
exposed to wind hazard in Mexico, to examine alternative
connections, and provide recommendations for its selection
and ultimately update the current design code. The cost and
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reliability of the alternative steel connections are put in
perspective, because although the welded connection is
more expensive than the bolted one, its structural reliability
is higher and therefore, reduces the failure future cost.
Therefore, there is an optimal reliability level for a given
wind hazard exposure and a certain structural type. Inspired
on the FEMA criteria developed for low rise homes
exposed to strong winds [26], fragility curves are derived
for the considered building, extending those criteria to
include the typical damages on medium and high rise
buildings when a hurricane occurs.

In addition, original estimations of losses are derived
from the building failure probability and the likelihood of
partial damages, like contents damage due to water infil-
tration and losses due to business interruption. The corre-
lation between hurricane winds and rainfall intensity, given
a hurricane, is included into the calculations.

Existent values in the literature are taken to measure the
uncertainty on some parameters that play an important role
on the buildings and connections responses under wind
loading [25, 29]. In addition, structural reliability concepts,
extreme value distribution, and correlation theory [27] are
applied to calculate the building annual failure probability
and the expected cost of water infiltration.

A regular-geometry framed steel building, assumed to
be constructed in Cancun, Mexico, a site under strong wind
hazard, is considered for a typical structural type and
height. The building is analyzed through a nonlinear static
response analyses, under six scenario maximum wind
velocities and the maximum responses on the critical
connections are characterized in terms of these wind
velocities.

The maximum wind velocity, as previously obtained for
Cancun [28], has a Gumbel probability distribution and is
used to calculate the forces on the building. Then, the
failure probability is calculated throughout the use of the
connection structural capacities and the application of
Monte Carlo simulation, as ahead explained.

The failure mechanism is considered as the occurrence
of connection failure combination at six critical joints that
would produce the failure at the first three stories, on the
right bay area of the building if the wind forces are acting
from left to right. The opposite holds for wind acting from
right to left. Then, the expected life-cycle cost is obtained
by adding the initial cost to the future cost: the product of
the failure probability and the updated cost of failure
consequences.

The consequences include potential fatalities, injuries,
loss of contents and finishing, and the loss of profit due to
business interruption, due to the repair period. To explore
the impact that might have the loss magnitude on the
selection of connection type, several levels of conse-
quences cost are considered.
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The results may contribute to the performance-based
design of connections for steel buildings under strong wind
hazard in Mexico.

2 Proposed Procedure
2.1 Expected Life-Cycle Cost

The proposed procedure is based on the assessment of the
expected life-cycle performance of preselected connections
and scenario of mitigation measures, including the mod-
eling of the building and connections and the calculation of
inherent costs. This is done to compare connection types
and, later on, mitigation strategies. The well-known
expected life-cycle cost E(Cy) [24, 33] is expressed:

E(CL) = Ci+ E(Cc), (1)

where C; is the initial cost and E(C¢) is the present value of
the expected failure consequences:

E[Cc] = [CplPy, (2)

where P is the annual failure probability of the building.

The failure consequences are composed by the costs of
the building repair/replacement, potential fatalities and
injuries, and the loss of profit like rentals due to business
interruption (during repairs) Cp;:

Cp = PVF[Cp1). 3)

Here, PVF is the present value factor required to update
the costs [Cp;] according to the following function [34]:

PVF = [1 —exp(—rT)]/r, (4)

where r is the net annual interest rate, T the structure
lifetime, and AT the reconstruction/replacement period.

2.2 Annual Failure Probability

The building failure probability is obtained by following
the steps shown in the flowchart in Fig. 1.

The location of Cancun is shown in Fig. 2. Cancun was
selected because of its high wind exposure, and the
building use was a hotel, because the main income for
Cancun comes from the tourist sector, and because the
large losses experienced, especially by the tourist sector,
when the hurricane Wilma hit Cancun [1].

The wind hazard curve, which follows a Gumble dis-
tribution as above mentioned, has the form:

Fy(v) = exp(—exp(—a(V — u))) (5)

where V is the maximum wind velocity, and the parame-
ters: a = 0.03 and u = 60.03 are obtained from the wind

velocities reported, 200 and 250 kph, for the return peri-
ods = 50 and 200 years, respectively.
The resulting curve is shown in Fig. 3

1. By performing a series of building response analyses,
relationships between the maximum moment and the
maximum wind velocity, and between the maximum
shear force and the maximum wind velocity, are
obtained for the critical sections of the building. For
the considered building, it was found that the maxi-
mum bending moment governs the response.

The wind load model is based on [28]:
F; = 0.0048CF (V*)A, (6)

I3

where CY is the pressure coefficient for the node “i”,
V the wind velocity, and A; the tributary exposed area

[T}

for node “i”.

2. Then, a simple Monte Carlo simulation process is
performed by generating random maximum wind
velocities with a Gumbel distribution. The maximum
bending moment and maximum shear force are
calculated for each trial, using the relationships
described at the step 1.

3. Two connections (bolted and welded) are proposed as
alternatives, and the force at each critical point (critical
bolt for the bolted and critical point for the welded
one) is calculated in terms of the maximum forces at
the joint. The resistance is considered as a lognormal
variable and the nominal strength is taken as the mean
value and a coefficient of variation of 0.1 is taken from
the literature [29].

4. The performance function g is the difference between
the resistance Ry, (bolted connection), o, or R, (welded
connection) and the maximum acting force R. A
combination of shear force and bending moment
characterizes the connection critical limit state.
A-325 N bolts and 70EXX electrodes are considered
for the bolted and welded connection, respectively.

5. The connection failure probability is calculated as the ratio
between the number of trials (10000) where the function
g is negative or zero, and the total number of trials.

For the building overall failure probability, the failure
mechanism is assumed as the occurrence of beams failure
on the first three levels, (at the right hand side bay when
the load is assumed to act from left to right, and the
opposite when it is considered to act from right to left),
which involves the failure at six connections (both ends
of each beam). Therefore, the building failure probability
is calculated by multiplying the six connection failure
probabilities.

2
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Input data (building, wind,rainfall, cost data, etc.)

Calculate wind pressures and forces

l

Nonlinear response analyses of building for the 2 alternative

connections

v

Formulation of the relationship between moments and forces and the maximum
wind velocity for the 2 alternative connections

Enough number of
simulations?

Calculation of failure probability, fragilities and losses

Fig. 1 Flowchart of the proposed procedure

Fig. 2 Location of Cancun and
maximum wind velocities (kph)
for return periods of a 200 and
b 50 years

(@)

A series of preliminary building response analyses were
performed to identify the critical frame and critical joint
into the building. The combination of bending moment plus
shear force was the governing demand as all the connec-
tions were designed to avoid local and lateral buckling. In
addition, all the member cross sections were designed as
compact sections with sufficient lateral support and shear
failure modes were also avoided.

2
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(b)

The wind pattern, pressure coefficients, and equivalent
forces were calculated by the following current design
recommendations [30, 31].

A detailed finite-element model of the alternative con-
nections is used to assess, in terms of critical stresses, the
performance of the connections under the forces resulting
from the frame analyses which, in turn, responded to the
scenario maximum wind velocities [32]. These responses



Int J Civ Eng

1 P T S
09 -

0.8
0.7 .
06
05
04
03
02
0.1 .

0o+ —
0 50 100 150 200 250 300

Maximum wind velocity (kph)

Probability

Fig. 3 Wind hazard curve for Cancun

were used to calculate the connection failure probability.
Figures 6 and 7 show the bolted and welded connections,
respectively.

To develop the limit state function for the governing
failure mode of the bolted connection, equivalent forces
were obtained in terms of the acting bending moment. A
similar development is made for the welded connection.

In addition, from a series of parametric frame analyses,
for scenario maximum wind velocities, a relationship
between maximum moments and wind velocity is obtained.

The performance functions, for bolted and welded
connections, are:

g = Anfvy — Fi (7)
8w = Awwa - Fw (8)

where A, and A,, are the effective bolt and welding areas, fy;,
and fy,, the shear bolt and welding stress (random uniform),
and F, and F, the acting forces due to the wind demand on
the critical bolt and welding point. Monte Carlo simulation
techniques were applied to calculate the connection failure
probability (RN are uniformly distributed random numbers,
M is the maximum moment, 7 the tension force at the con-
nection, fy;, the random shear resistance stress for bolts, g is
the performance function, R, the bolt resistant force, and IF
is an indicator of failure = 1if g < 0).

Finally, by considering the global failure mechanism as
the failure of six connections (both ends of the three beams
at the first three levels, right bay of the building), the
building failure probability is calculated as:

P; = P(Both_joints_for_beams_levels_1_2_3_right_bay) (9)

6
Py = H P¢(Connection_i). (10)
=1

=

2.3 Loss Analysis

As partial damages may occur during a hurricane, without
having the building collapse necessarily, the losses for

lower damage levels need to be considered. The loss, for
lower damage levels, requires the cost estimation of typical
damages on facades, partial loss of contents due to the
potential water infiltration, and partial business interruption
as a consequence of the repair works.

The loss L, expressed as a percent of the total loss Ly, is
calculated as:

L, = [P1(FC) + P,(CC) + P;(BC + BIC)| /Ly (11)

where FC is the cost of facade, CC the cost of contents, BC
the building cost (without facade), BIC the loss due to
business interruption, P; and P, the occurrence probabili-
ties of facade damage, obtained from reported fragility
curves [26], and water infiltration (described in the next
paragraph), and Ly the total loss which involves the whole
building cost and the business interruption cost.

In addition, the loss of contents was estimated under the
following assumptions: the occurrence probability of con-
tent loss is the product of the conditional occurrence
probability of rainfall given a wind velocity times the
occurrence probability of these wind velocity. The condi-
tional rainfall intensity is obtained from the percent mea-
sure of expected rainfall intensity conditional to a wind
velocity (Eq. 12), obtained from the literature for normal
correlated variables, and calculated from a sample of
recently recorded hurricanes and the correlation coefficient
obtained between the wind velocity and rainfall intensity of
these records:

E(r|v) =0+ po,(r—m)/o (12)

where r and v are rainfall intensity and wind velocity, and
U, o, and p are mean value, standard deviation, and the
correlation coefficient.

It is recognized that other factors, like debris impact on
the building facade or windows, may influence certain
kind of damage. However, as this factor requires the
consideration of the modeling of variables, like the gen-
eration of debris on surrounding constructions and the
wind direction, this is not considered in the current
formulation.

3 Ilustration for the Studied Building
3.1 Failure Probability

A regular steel framed building was analyzed under lateral
loads calculated from the typical wind patterns at Cancun,
Mexico (a strong winds zone in the Mexican Atlantic
Coast), by prescribing six maximum wind velocities. The
building has ten stories and Fig. 4 shows the plan and
elevation of the typical frame. This frame is designed
according to the current code specifications [30, 31] and

@ ﬂ} @ Springer
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Fig. 4 Plan and elevation of
typical frame for ten story
building

Table 1 Cross sections of considered building

Columns (levels 1, 2) WI18X76
Beams W14X53
Columns (levels 3—10) WI18X71

recommendations [28], and the cross sections are shown in
Table 1. Local buckling and shear failure modes were
avoided.

Table 2 contains the dead and live loads used for the
considered building, obtained from usual practices and the
corresponding code specifications [30]. The material of the
building is steel A-36.

The relationship between maximum moments and wind
velocity, for the 10 stories building, is shown in Fig. 5. As
described in the step 1, Sect. 2.2, the graph of the moments
was calculated as the building maximum response at the
critical joint under the specified maximum wind velocity.
The curve has the purpose to strongly reduce the effort to
simulate the maximum response because, instead of the
calculation of the building nonlinear response in each of
the 10,000 trials, the relationship is assessed with the
consequent time saving to obtain a similar result.

Table 3 shows a small sample of the simulation process
described in Sect. 2.2, for the structure whose character-
istics are detailed here. The process starts with the gener-
ation of random numbers, uniform, and Gumbel, to
calculate the maximum wind velocity that excites the
building and, with that velocity and with the previously
obtained relationship between moment and wind velocity,
the maximum moment is calculated. In addition, the
maximum force at the most stressed bolt is calculated and,
with a second uniform random number, the resistance is
simulated. Finally, the limit state g is assessed and the

2
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Table 2 Dead and live loads 2
for considered building Roof level (kg/m)
Dead load 450
Live load 70
Total 520
Other levels (kg/mz)
Dead load 486
Live load 90
Total 576
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Fig. 5 Maximum moments vs: wind velocity for joints at first 2
levels, ten story building

indicator is assigned a value 1 if the force exceeds the
resistance.

The bolted connection consists of four angles
6" x 4" x 3/4”, 1 on the top beam flange, 1 at the bottom
beam flange, and 2 at the sides of the beam web and 25
A325%" bolts. Figure 6 shows one of the bolted
connections.

The critical joint was analyzed for both types: the bolted
and welded connections, and a relationship Eqgs. (14-16)
between the maximum moment, due to the wind loading,
and the maximum forces at the critical bolts is obtained:

T(d+45)+T'(d)+T2s)=M (13)
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Table 3 Sample of Monte Carlo simulation for the failure probability
of the bolted connection

RN, V(kph) M (tn-m) Fupa (tn) RN, R, (tn) IF
083 116.1 53 3.6 049 58 0
072 98.1 45 3.0 072 1091 0
008  29.9 2.6 1.8 032 372 0
067 910 42 2.8 066 901 0
003 200 25 1.7 003 099 1
020 444 2.9 1.9 053 654 0
070 957 4.4 2.9 052 629 0
031 554 3.1 2.1 034 394 0
073 985 45 3.0 004 106 1
022 466 2.9 1.9 095 3417 0
0.01 8.3 24 1.6 025 309 0

N

W18x76

| (6) 3/4" A-325 (typ)
2.25in (57.15 mm)

}
¢ o 2in (50.8 mm)
2in (50.8 mm) -1 ' |
2in (50.8 mm) 2 l L4x31/2X318 7
2in (50.8 mm)
4
2.25in (57.15 mm) —p—

(2) 3/4" A-325 (typ)

Top and seat angle cut from
N L6x4x3/4

Fig. 6 Bolted connection for critical joint at the three first levels

where d is the beam depth (in this case 14”), s the distance
from the beam top flange to the upper bolts centroid (in this
case 2.25"), M the demand bending moment, and T the
tension force at the top bolts. By assuming a linear distri-
bution of forces:

T =M(d/2+225")/[2(d/2 + 2.25)* + d* /2 + 257).
(14)

In addition, the shear force acting at the joint produces a
direct shear force at the bolt, which was applied to the same
bolts, generating a resultant force R, Eq. (16). If the shear
force at the joint, V; is resisted by 8 bolts, the tension—
shear interaction produces:

R=\/T?+ (V;/8)%. (15)

N

W18x76 34in

8in (203.2 mm)

N

6 in (152.4 mm) \3/8 in 38 i 2.5 in (63.5 mm)
8 in 4 8 in (203.2 mm) =

s
L4x31/2X3/8
|
I W14x53
34in V' 8in (203.2 mm)
!\i Top and seat angle cut from L6x4x3/4

Fig. 7 Welded connection for critical joint at the three first levels

Similarly, for the welded connection, the demand ten-
sion force at the critical point of the top weld fillet is:

T =M(d)2+4")/[(d)2 + 4")* + (25/3)%]. (16)

The tension—shear interaction effects, and the consider-
ation that the horizontal fillets take 1.5 times the force for
the vertical fillets, produce a resultant force:

R=\/T? + (V;/Av)*. (17)

The welded connection consists of 2 “C” shaped fillets
joining the beam web to 4” x 3 14" x 3/8” angles, at both
sides of the beam web, as shown in Fig. 7. The maximum
force on the welding critical point is compared to the
welding resistance to assess the connection failure
probability.

Figure 8 shows the model used to calculate the forces on
the bolted connection, as a consequence of the acting
moment. Py is the ultimate load at the beam flange
obtained from the ultimate moment M,, and the ultimate
vertical reaction R,.

Where Av is the effective shear area of the horizontal
and vertical fillets:

Av = (2L, X1.5 + 2L,)1(0.7071), (18)

where L, and L, are the lengths of the horizontal and
vertical fillets, respectively, and ¢ is the weld thickness.
Finally, applying Egs. (9) and (10), the building failure

probability for connections bolted and welded is,
respectively:
P:B” = (0.27)*(0.28)%(0.49)* = 0.0014 (19)

2
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N
Rr ~T1L_, Fur
Ru 7 d M,
— R
Fir = M,
N d

Fig. 8 Model to calculate the forces due to the acting bending
moment

P;B” = (0.238)°(0.258)%(0.182)* = 0.00012. (20)

3.2 Expected Life-Cycle Cost for Several Failure
Costs

The expected life-cycle cost of alternative buildings with
different connection types, under the same wind hazard, is
used as a criterion to set judgement to select the connection
types. This cost includes, as mentioned in Sect. 2.1, the
initial and future damage costs. The future damage cost is
updated to present value and the damage consequences
include the building components that are damaged, the loss
of contents, and the business interruption due to the repair
period.

The expected life-cycle cost of each alternative is
parametrically studied by modifying the failure costs, to
consider several levels of failure consequences. The initial
costs are assumed to be, in million USD: C; = 4 (bolted), 7
(welded) and CD; is considered to vary from 50 to 200
million USD. See Fig. 9.

It is observed that for failure costs, CD;, lower than 100
million USD, the bolted connection is the most cost
effective solution, whereas, for higher costs, the welded
one would be recommendable. This is because, for low

114 *
2 104 . **
= 94 *
g L 4
2 L
= 84
g 1 M EmEEN
Z 4 mmnm '] ¢ismnnm
Sl ee? B Welded
= 54 & Bolted
4‘450 100 150 200

E(Cy,) Million USD

Fig. 9 Comparison of expected life-cycle cost for building with
bolted or welded connections
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failure consequences, the low initial cost of the bolted
connection makes the expected life-cycle cost to be lower
than the initial cost of the welded connection. In addition,
the reduction on failure probability and, therefore, on the
expected failure cost produces a more significant reduction
on life-cycle cost for failure consequences over the 100
million USD than under that limit.

3.3 Fragility Curves for Damage Scenarios

Fragility curves for the hotel building are developed for the
above described damage scenarios at the precast panels and
windows of the hotel building. Assuming that the acting
and resistant forces in both: fagade panels and screws are
lognormal; the damage probability is assessed by applying
[27]:

B=(nr, —Inr)/\/c%+ 2 (21)

where r,, and r, are the median of resistance and acting
force and {, and (. are the dispersion measures of the
resistance and load, respectively. The medians for capaci-
ties were obtained from reported information by manu-
facturers [35, 36], whereas for acting loads were calculated
from wind pressures over the corresponding areas. The
dispersion measures are taken as 0.1 for capacities (facade
panel and screws) and 0.3 for the acting pressure, for the
different wind velocity scenarios. The damage states were:
minor damage level for damage on less than 30% of win-
dows and fagade, moderated damage level when between
30 and 60% of windows and fagade are damaged and
severe damage if more than 60% of these components are
damaged. The results are shown in Fig. 10.

It is observed that, as expected, the fragility curves
move from left to right as the damage level increases. This
produces the effect that the minor damage is more prob-
able for lower wind velocities and that, for the same
probability, the damage level increases as the wind
velocity increases. This agrees with the shape of the fra-
gility curves developed by FEMA for low rise houses
under strong winds [26].

3.4 Loss Curves

If the total cost of damage consists on restoration of fagade,
doors, and windows, the loss of contents, and the business
interruption, a loss curve may be drawn by considering the
procedure described in Sect. 2.3.

The cost of facade is taken as 11% of the total building
cost, whereas windows and doors are about 2%. According
to typical construction costs for hotel in Mexico [37], the
cost of the 10 stories building is 4 million USD. Therefore,
the total cost of the fagcade becomes 0.44.
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Fig. 10 Fragility curves, for three damage scenarios, for the studied
hotel building

The cost of contents (curtains, carpet, beds, and
domestic devises) at the hotel room interior is estimated to
be 4000 USD per affected room and, if the number of
affected rooms is 40, the total cost of damaged contents
becomes 0.16 million USD. As the loss of these items
depends on the water infiltration due to rainfall and the
damage level on windows, the distribution of rainfall
intensity, conditional to the occurrence of the hurricane,
should be considered. The effect of correlation between the
rainfall intensity and the wind velocity is accounted for.

The estimation of the expected loss of contents is made
through the simulation of rainfall intensity given a hurri-
cane wind velocity, and it is obtained by multiplying the
expected rainfall intensity by the cost of contents. The
correlation coefficient is estimated on the basis of a sample
of wind velocity and rainfall intensity, for recent hurri-
canes, in Mexico (see Table 4). The expected rainfall
intensity is obtained by multiplying the occurrence proba-
bility of the wind velocity by the expected rainfall intensity
conditional to the wind velocity (Eq. 12).

In addition, the business interruption is an important
cost component and, for the case of the considered hotel, it
is obtained as the rental income lost during the recon-
struction period.

The income lost is estimated as: the number of rooms
(120) times the average accommodation cost per room (200
USD per day) and times an average reconstruction period
of 180 days. This makes BIC = 4.32 million USD and the
expected business interruption cost is obtained by multi-
plying this loss by the building failure probability:

E(BIC) = BIC x P;. (22)

The total loss L7 is calculated by adding the business
interruption cost to the cost of the damaged building
components and contents, considered to be 0.68, therefore,
5 million USD.

In addition, mitigated conditions were considered by
increasing the anchorage resistance, for facade and win-
dows, by 30%. The losses curves in percent respect to the
total loss are shown in Fig. 11.

It is observed that the low-cost mitigation measures have
a significant impact on the loss reduction.

4 Discussion of Results

The building use (hotel) and location intended to take into
account local practices and the strong wind environment
that is common in some areas in Mexico like Cancun. The
building response analyses showed, as expected, that the
critical joints are located at the ends of the beams at the
first level of the building, the ones at the right bay when the
wind direction goes from left to right, and the ones at the
left bay when the wind goes in the opposite direction. A
damage analysis was conducted and the typical damages
found on precast fagade and windows were reproduced
through fragility curves. The fragility curves may be used
for a similar buildings located at other sites of the country
under other wind hazard environments.

For the wind load and resistance, two random variables
are considered: the maximum wind velocity (extreme type
I or Gumbel) and the resistant stress for bolts and welding
(lognormal distribution). However, the random nature of
the water infiltration, which depends on the rainfall inten-
sity, is also accounted for. A novel proposal is the corre-
lation between rainfall intensity and wind velocity, as not
all hurricanes produce water infiltration. The expected loss
of hotel contents was explicitly calculated including this
correlation, because this loss depends on the expected
rainfall, which depends on the wind velocity and the cor-
relation between this velocity and the rainfall intensity. In
future developments, the change of air pressure at the
building interior, once the windows get broken, may be
accounted for through fluid dynamics simulations.

As usually occurs in steel connections, the shear—tension
combination governed the limit state of both connection
types, where the tension force comes from the bending
moment demanded as a consequence of the wind force on
the building. Cumulative damage on critical joints is
another opportunity to expand the study as many buildings
with minor damage may not be repaired in Mexico.

The acting shear force and bending moment due to the
wind velocity were randomly generated according to the
respective distributions to assess the corresponding limit
state and determine the connection failure probability.
Here, the coefficient of variation for the wind velocity
distribution is taken as a constant; however, in a more
detailed model, this coefficient of variation may increase as
the mean value of the wind velocity increases.

Another original contribution in this paper is the sim-
plified Monte Carlo simulation process which was devel-
oped in a two steps sequence: first, the relationships
between maximum wind velocity and acting bending
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Table 4 Sample of recent

Wind velocity (kph) Rainfall intensity (mm)

285 460
285 380
205 536
220 3143
265 275.5
315 391
195 105
175 315.5
95 234.5
250 374.4
100 348.8
150 222
120 381
140 381
220 250

. . .. Year Hurricane name
hurricane wind velocities and
raquall intensities .record?d 1998 Mitch
during recent hurricanes in .
Mexico 2001 Juliette
2002 Isidore
2005 Wilma
2006 John
2007 Dean
2010 Karl
2010 Alex
2011 Rina
2011 Jova
2011 Arlene
2011 Beatriz
2013 Manuel
2013 Ingrid
2014 QOdile
1 S 4
os | # Original ¢
5 “| AMitigated @
g 0.6 A
A
£ * A A
= 04 A
2 I A
0.2
¢ A
0 A | 1 [l
0 100 200 300
Wind velocity (kph)

Fig. 11 Loss curve for original and mitigated conditions, in percent,
for several wind velocities for the studied hotel building

moment and shear force were identified from a series of the
frame nonlinear response analyses under prescribed maxi-
mum wind velocities. Second, the limit state was appraised
for maximum wind velocities generated by following its
Gumbel distribution and generating bolt and welding
resistances lognormally distributed. At his stage, the
bending moment and shear force were obtained, through
the before described relationships, in terms of the maxi-
mum wind velocity. By doing that, a heavy simulation
process involving many structural nonlinear response
analyses is avoided because of the deterministic relation-
ship obtained between maximum wind velocity and shear
force and bending moment at the critical joint. These
deterministic relationships allow for a simplified and faster
calculation of joint forces and, therefore, connections
failure probability.

The building failure mode was considered to occur when
six joints (both ends of the beams at three consecutive
levels: from level 1 to level 3) fail provoking a major

@ ﬂ} @ Springer

collapsed area into the building. This mechanism of partial
collapse is more realistic than the rare case of total building
collapse.

According to the results, the welded connection was safer
than the bolted one, and the cost/benefit balance made
through the expected life-cycle cost showed that for build-
ings with expensive (>100 million USD) cost consequences,
the minimum expected life-cycle cost corresponds to the
welded connection. On the other hand, less expensive costs
of consequences (<100 million USD) make the bolted con-
nection to be the optimal choice. Future research may
include the consideration of combined bolts and welding in
the same connection and also some bolted, some welded, and
some combined connections in the same building.

Given that the initial cost included the cost of labor and
the repairs/replacement once the connection is damaged,
the higher initial cost of welded connections are justified
not only because of the higher installation costs (due to
certified workmanship), but also because of the more
complicated works implicit for the welding repairs/re-
placement. The higher quality of the welded connection
does not assure that this is the optimal selection, because,
although the building may have these connections, the
precast facade components may fail and these envelope
failures may produce high repair costs and high business
interruption losses.

Losses at several damage levels, mild and severe, were
estimated for several wind velocities and the loss compo-
nents of facade loss, loss of contents, and business inter-
ruption were considered to represent actual damages during
the Wilma hurricane in 2005. Business interruption is very
important losses, especially if the hurricane occurs within
the high season period, as occurred in the Wilma and Odile
hurricanes.
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A validation of the formulation is made through the
comparison of the calculated losses with those reported for
buildings damaged by past hurricanes in Mexico, like
Wilma in Cancun and Odile in Baja California. For Wilma,
according to the Mexican Association of Insurance Insti-
tutions [37], losses raised to about 1.8 billion USD, more
than five times the amount payed for the 1985 Mexico City
earthquake, 400 claims for hotels, is 4.5 million USD each
[1]. This amount is close to the one estimated for the
considered hotel building under average damage due to a
typical hurricane. Fortunately, human losses are not con-
sidered here given that, once the hurricane is close to the
building site, evacuation actions may be enforced.

The formulation may be applied to other building types
and uses by adapting the building failure modes, limit states,
and cost components. The limitations in the correlation
structure between wind and rainfall may also be improved.
As they are local conditions, the probabilistic distribution for
wind and rainfall may change for other sites. The use of
passive dissipation energy devices may be encouraged, by
studying the building behavior under strong winds.

The proposed procedure can be refined and extended to
consider other building structural types, other building
heights, hybrid connections (bolted and welded), and other
wind hazard levels, among other aspects. In addition,
beyond buildings, the wind impact on clean energy facili-
ties, like solar farm and aerogenerator systems, requires
additional study. Further research may also provide
insights to the problem of optimal repair strategies and the
connection degradation in existent steel buildings.

5 Conclusions and Recommendations

A simple procedure, to explicitly assess and compare the
cost-effectiveness of bolted and welded connections, has
been proposed for a regular steel building under strong
wind hazard in Mexico. The formulation includes the
overall building safety but also envelope damages.

The procedure includes the calculation of connection and
building reliability, and, for the studied case, the welded
connection may be recommended for expensive (more than
100 million USD) expected losses, whereas the bolted one is
suitable for the less expensive ones. The initial and failure
costs were included and the study showed that an expensive
connection, like the welded one, not necessarily warranties a
lower expected life-cycle cost, as the envelope (facades or
windows) may have expensive damages.

The shear—tension stress combination governs the limit
states for the connections and, under the consideration that
the building fails when six critical connections fail. The
building failure probabilities were 1.4 x 107 and

1.2 x 107 for the building with bolted and welded con-
nections, respectively. It was shown that, although these
building failure probabilities are within acceptable mar-
gins, the envelope damages produced high losses (material
loss and business interruption loss).

The correlation between rainfall intensity and wind
velocity was included for the expected losses calculation
through the expected loss of contents, which was obtained
in an explicit way. In the future, the loss of contents model
may be improved by including a fluid dynamics simulation
to model the change of air pressures once the windows get
broken.

Damage costs on facade and windows, and the business
interruption loss, were calculated in an explicit way. All the
losses were calculated in terms of expected value; for
future research, uncertainty measures may be used to
derive margins or intervals to express the variability around
the mean values.

Mitigation measures, like improving the anchorage
resistance of facade and windows, help to drastically
reduce the expected losses. Cost—benefit analyses showed
that low-investment measures strongly reduce the expected
cost of damages and a campaign of efforts; between gov-
ernment, owners and insurance companies may lead
towards an overall improvement of hotels and buildings
located on zones with high wind hazard in Mexico.

Further research may provide more robustness, and
extend the criteria, to consider other structural systems,
other failure modes, building heights, and other wind
hazard levels, among other aspects. In addition, other
infrastructure facilities, such as bridges, solar farms, and
wind-energy generators, may be studied by extending the
current formulation.

It is recommended to extend the procedure to consider
other types of connections, the contribution of nonstruc-
tural elements and the application to select optimal con-
nections for repair of existent buildings. Current wind
design codes may be updated by extending the current
formulation to cover all kinds of facilities and levels of
wind hazard in Mexico.
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