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correlation coefficient defines the degree of correlation between two different time histories. The

outcome of this analysis is discussed in the result section.
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Figure 10 Time history of displacement recorded at node 52 in FEM model for nonlinear
dynamic analysis case NL1200805

Figure 11 Power spectrum of displacement time history recorded at node 52 in FEM
model for nonlinear dynamic analysis case NL1200805
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Generating Data

Each hazard data used in this analysis were defined by two components. The first being
the mean, which defines the general properties of the hazards and the second is the fluctuation
superimposed on mean defining the uncertainty in hazards. Generation of the data was the most
important and prolonged part of this study. Mainly due to this being, the exploratory study and
unavailability of sufficient data source to be readily used. Various existing resources and studies

were investigated for data collection. The process of data generation is discussed below

Wind Speed Data

Wind is a random and dynamic both in time and in space. This randomness in data can be
defined by a mean and superimposed fluctuation on it. The mean factor is called mean wind
speed. In this analysis, the mean data was created by methodology created by Batts et al. (1980).
Batts performed the Monte Carlo simulation to generate 1000-year synthetic wind speed data for
entire east coast of United States and Mexico (Figure 12). The results of Batts Monte Carlo
simulation were extracted from NIST. The results of simulation included maximum wind speed
at a mile marker for sixteen directions. The maximum of sixteen directions were recorded for
probability distribution analysis. It is important to understand that the probability distribution of

maximum wind speed will be different for different locations.
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Figure 12. 1000 year simulated 1-minute wind speed data at 10m above ground Miami-

Dade (Batts, 1985)

The randomness in mean wind was created by overlaying the mean with fluctuation
created from recorded wind tunnel test time histories. These wind tunnel time histories were
generated using NIST data source by Ho et al. (2005). The time histories created were in terms
of net pressure coefficient on the surface and roof of gable roof structure. Three sets of time
histories were generated based on the orientation of the building with respect to the wind tunnel
axis. Before applying these time histories to the structure, pressure coefficients were converted
into wind speed and Spectral Analysis was carried out. Results of the spectral Analysis were

compared with Yu et al. (2008) and are discussed in the result section.
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Figure 13 Wind tunnel pitched roof model with Pressure tab location on the pitched roof

glass model (Main and Fritz 2006)

Storm Surge Data
Storm surge data for the analysis was generated from SLOSH. For this study, the
Biscayne basin (near Dade County Miami) on the Atlantic coast of Florida was chosen. The
SLOSH grid for Biscayne basin is shown in Figure 14 Grid model from SLOSH representing
Miami- Dade. The Biscayne basin contains 162 curved lines and 88 radial lines making a grid

mesh of 14256 regions.
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Figure 14 Grid model from SLOSH representing Miami- Dade (Jelesnianski, 1992)

The size of the grid increases with the distance from the pole, with an average size of the
grid of approximately 0.3 square miles. This grid system provides greater resolution in the focus
area because the surge value changes with the topography of the area. The user interface of the
model has three inputs for calculation of storm surge. These inputs are (i) category of hurricane,
(ii) direction of wind speed and (iii) forward wind speed with tide condition (high, medium and
low). For the Biscayne basin, 32 regions along 21.1 miles of coast were earmarked and each
region along the coastline was analyzed. The SLOSH results are usually in the form of maximum
storm surge for a given category (1 to 5), direction (16 directions) and forward wind speed (5,

15, and 25 mph) for each region. However, for the purpose of this study direction was
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disregarded and only storm surge for given category and forward wind speeds were recorded.
The surge data were then fitted by a suitable distribution. The Gumbel distribution best fitted the
surge data. Time histories for the surge were not generated, as they were treated as static load in

the study.

Wave Height data
Similar to hurricane wind speeds, hurricane waves also consists of two components,
namely Significant Wave Height (SWH) and wave fluctuation. SWH and fluctuating waves are
comparable and similar to mean wind speed and turbulence in wind respectively. SWH is
approximately equal to the average height of the highest of one- third of the waves during a
sampling period. For generating SWH data, twenty-five years recorded NOAA’s historical wave
records for Virginia Key, FL were utilized. Thereafter SWH data was analyzed to fit suitable

Probability distribution (Figure 15).
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Figure 15 Histogram of 25-year Significant Wave height generated at Virginia Key, Fl
(NOAA)

It is important to emphasis that during the event of a hurricane making a landfall, the set-ups and
set-downs waves reach the inland structure and not the SWH. In this study, it has been assumed
that the incident waves are the only source of setup waves. Hence, they have properties similar to

the SWH.

For generating the fluctuation in the water level of set-up/set-down waves, the
multidirectional wave data created by International Association for Hydro Environmental
Engineering and Research (IAHR) were used. The test (A, B, C & D) was performed in
laboratory basin at Canadian Hydraulic Center. The input wave for the test had significant wave

height of 0.12 meter and peak period of 1.8 seconds. The outcome of the test was recorded in
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terms of velocity and the wave height. The test ran for 1500 seconds at the sampling rate of 20
Hz, and the data was recorded at the middle of a pentagon shaped Moore. Spectral Analysis of
the recorded time history was performed before applying them to the structure. Thereafter,

recorded wave heights were magnified by the wave water level for dynamic structural analysis.

Load Calculation

Structural analysis was performed for five categories of hurricane. A mean wind speed
representing each category of response was selected. In order to convert pressure coefficient time

histories recorded from wind tunnel to force histories, they were scaled using equation (1).
Fapsy = .5 % Pg % Vi ® % Cp % A =memmmmmm e (1)

Where p, =.002377Ibf.s?/ft* at standard atmospheric condition, V,,= maximum wind speed,
C, = pressure coefficient and A= tributary area. Subsequently the tributary area was calculated

from the plan of structure and node location at which the force time histories were applied.

To convert wave and storm surge into structural load Bernoulli equation for irrotational flow was

used,

h k(d+z)
Fowss) = (P92 + .5pgH [ U2 coS(kix = 0) ) A eromremmeremeemer e )

Where F,,, ss)= force due to hydrostatic surge and hydrodynamic wave loads, p = density of
water, g = acceleration due to gravity, z = variation in water level, H = wave height, k= wave
number h = surge level and cos(kx — at) is phase angle. In the abovementioned equation, the
first term calculates the normal surge (hydrostatic) load while the second term computes the
wave (dynamic) load due to wave induced particle acceleration. Since we were using the time

histories, the phase angle was assumed as one. It was assumed that during hurricane the walls on
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the first floor of the building would collapse. Hence, the tributary area for wave and surge load
was the area of columns only. As there was no proper reference or source on how to apply load
to an inland structure, it was assumed that the effective force on structure will be only 25% of

calculated wave and surge force.

Loads Cases

Two loading scenarios were analyzed. In the first scenario, five realizations of each
hazard were identified. For wind speed the realizations were 80, 100, 120, 140 and 160 mph
whereas, for surge height the realizations were 2, 4, 6, 8 and 10 ft. Finally, the realizations for the
wave height were 0.5, 1, 1.5, 2 and 2.5 ft. 125-load combinations of these hazard realizations
were made and applied to structure for analysis. These 125 cases were applied to both linear and
nonlinear material models resulting into total 250 load cases for parametric analysis. In the
second scenario, different load time histories of same mean wind speed and wave /surge height
were created. For a mean wind speed of 100mph, surge height of 4ft and maximum wave height
of 1.5 ft 72 load cases were created for response probability analysis. Total of 322 time histories

analysis were performed.

Structural Analysis

Four alternative methods were used to perform structural analysis of the structure
(FEMA-350 2000). These were Linear Static, Linear Dynamic, Push Over and Nonlinear
Dynamic Analysis. In a linear static analysis, an elastic material model of the concrete frame was
created in Visual Analysis software. Furthermore, two set of loads were created for analysis. In
first set of loads the maximum of all the force time histories were applied to the structure. While,

in the second set the mean of all the force time histories is calculated and applied to structure.
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Response to these load sets is measured in terms of drift at top corner (node 52). The results of

the linear static analysis are to be used as a benchmark for response from dynamic analysis.

Pushover analysis or Nonlinear Static analysis is a procedure in which a monotonically
increasing load is applied to structure until it fails. In this study, loads were applied at the nodes
on one face of the structure and responses were measured. This pushover analysis was performed

to obtain the load at which material will begin to yield.

As discussed earlier, all 322 load time histories combinations were applied to the model.
Dynamic analysis was performed using the model created in OpenSEES. The elastic material
model of concrete was used in Linear Dynamic analysis and nonlinear material model was used
in nonlinear dynamic analysis. Force time histories were applied to respective nodes in the
model. The responses to dynamic analysis are measured in terms of displacement at node 52.

Results of the analysis are further discussed in result section.

Before proceeding to structural analysis results, it is should be noted that, this is a
parametric study and thus certain parameters are assumed in the study. The wind loads were
applied to structure at the sampling rate of 22 data per second. While the wave data was applied
at the rate of one data per second. The wind forces calculated in the equation 1 was applied to the
structure as calculated. According to Wu et al, (2006) after wave break at shore, the maximum
setup wave that reaches inland structures is only 10-20%. Hence, it was assumed that only 20%

of the wave force generated at the shore would reach the structure.
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CHAPTER FOUR:

RESULTS

Probability Distribution Analysis

Probability distribution analysis was performed for all the hazards chosen for this study,
namely Wind Speed, Surge Height, and Significant Wave Height. In this study, wind and wave
height were treated as an independent event and surge height was dependent on V, Batts 1000
year simulated maximum non-directional wind speed data was fitted with various distributions to
estimate the most suitable distribution. For Miami-Dade, the location selected for this study,
Rayleigh distribution best describes the distribution of data. The CDF of the data distribution is

plotted below (Figure 16). The maximum wind speeds for 20 and 50-years return period were

99.4mph and 116mph respectively.
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Figure 16 CDF of 1000 year simulated maximum non-directional wind speed data
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Once aware of the mean wind speed distribution, the probability distribution of surge data was
computed. In this study, surge data was generated using category of hurricane and translational
wind speed using SLOSH. The surge values for each category of hurricane at Miami Dade were
estimated. All these surge heights were then fitted with suitable distribution for each category.
Gumbel distribution was discovered to be the most suitable for the probability distribution of
surge height for all categories of responses for Miami Dade. The CDF of surge height for

category 3 hurricane is plotted below (Figure 17).
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Figure 17 CDF of Cat-3 Storm Surge

In this study, surge heights are dependent on the mean wind speed category. The joint

probability of the two distributions is plotted to find the mutual occurrence of two hazards.
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Figure 18 Joint probability plot for Mean wind speed and surge height

This joint probability plot (Figure 18) will be used to select the right combination of wind
and surge loads for the structural analysis. For 50-year return period a maximum mean wind
speed of 116 mph, a surge height of 8ft was found to have a maximum probability of 0.2. This
combination of maximum wind and surge will be used in response probability analysis. Similar
to surge height, probability analysis of wave height was performed. It was ascertained that the
log normal distribution was the best fit for the significant wave height data. Joint probability

distribution analysis was performed and result is presented below (Figure 19)
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Figure 19. Joint probability plot for mean wind speed and wave height

Spectral Analysis

To create the frequency spectrum of the hurricane wind time histories, Welch method
with hamming windows was employed. The spectrum response was compared with other
researchers (Yu et al., 2008) and Schroeder et al., 2002) for correctness of the wind time histories
data. The wind tunnel test had a sampling frequency of 500 samples per second, which was
converted into equivalent full model sampling rate of 22 samples per second. The power axis of
the spectrum was normalized by the frequency and variance of data. While, the frequency axis
was normalized by the mean of data. The frequency spectrum is shown below in figure 20. It was

observed that the dominant frequency were lower than that recorded during hurricane event (Yu

et al., 2008)
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Figure 20 Power spectrum of recorded wind speed data at edge column

After comparing the spectral response to Yu et al (2008), it was established that the shape
of normalized spectra of wind tunnel time histories was same as hurricane wind spectra. The
dominant frequency of the wind tunnel spectra were slightly higher but less energy than that of
hurricane wind spectra. The variation in spectral properties could be attributed to the difference
in normalization factor used. These time histories were then used to perform structural analysis

without any modification.

Auto and cross correlation of the time histories were analyzed to find spatial and
temporal correlation of pressure time histories. It was observed that wind speeds were not

periodic in nature (Figure 21) and there was only one dominant wind frequency.

56



1r r r T r r r r
level 3-3
i level 3-2
Al level 3-1
= 05 i il
Q [ 1]
Q
©
o I
S \ ) FaN
A A A4 VAVELYAVAVA
8 \J
g -
o)
© 05
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Lag(0.045 sec)

Figure 21 Variation of auto and cross correlation with time lag of 0.045sec on windward
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Figure 22 Variation of auto and cross correlation with time lag of 0.045sec on windward
and leeward side

57



Furthermore, it was observed that time histories on windward and leeward sides of the structure
were negatively correlated (Figure 22), whereas time histories of wind on windward side were

positively correlated. The magnitude of cross correlation was same in both cases.

There were four wave time histories (A, B, C and D) available for spectral analysis.
Wave time histories A and B were generated by simulation and C and D were generated in the
Lab basin test. The key parameters of the seed wave were same for both simulation and basin
test. The input to the seed wave of simulation consisted of JONSWAP spectrum with a wave
height of .12m and period of 1.8 sec. Before using these time histories for structural analysis,
spectral analysis of wave time history was carried out. The dominant frequencies and their
energy were compared with the sea wave spectrum for worse sea scenario (Fernandes et al,
2008). It was determined that the frequency (Figure 23 and Figure 24) and power of the spectrum

were same as worse case scenario of sea wave.
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Auto and cross correlation analysis results of the wave time histories were significantly
different from that of the wind. The wave data was highly correlated in the time domain as
expected. The correlation coefficient between the two different wave time histories (C& D) were

positive in time domain (Figure 25), but was very low compared to the auto correlation

coefficient
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Figure 25 Variation of auto and cross correlation of wave data with time lag of 0.75sec
for lab test C and D

Structural Analysis

The results of linear static analysis were used as an estimate for the response of the time
history analysis. These results were then compared with the linear and nonlinear dynamic
responses to find amplification and de-amplification appearing in the time histories analysis. It
was observed that in all the cases of static and dynamic analysis, the responses from dynamic

analysis were greater than static analysis cases.
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In the push over analysis, the structure was pushed laterally up to 10% of drift and
response was measured. The moment curvature plot of response for three levels of floor columns
is shown below. Push over analysis showed that the bottom column begins to yield first as
expected. No yielding happened at the second and third floor for 10% drift. This plot was used in

the nonlinear dynamic analysis for determining the yielding point.
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Figure 26 Moment Curvature at the bottom of column for three directional coordinates of
building on windward side
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Figure 27 Total base Shear Vs Displacement at node 52 in X direction

Not all 322 cases of dynamic analysis are listed in the result section, but the trends in
responses are presented in detail. Results of parametric study are discussed in three subsets. In
the first subset, the variable parameter was mean wind speed and preset parameters were surge
and wave heights. The general trend of displacement responses are presented followed by the
plot of base shear vs. displacement. The responses were further analyzed by power spectrum of
the response time histories. In all the cases, the comparison between linear and nonlinear
material model is made. In next sub set, the surge height varies while mean wind speed and wave
height remain constant. Results are presented in same order as that of the first subset. In the third
and last sub set, both the mean wind speed and surge height are constant and the wave height is a

variable parameter.
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The entire dynamic analysis results are identified by a case numbers. Each case number
has seven digits preceded by the material model label LN or NL, which stands for linear and
nonlinear model respectively. The first three digits of case number indicate the mean wind speed.
The following two digits specify surge height and the last two digits denote wave height. For
example, LN1000805 means linear model with mean wind speed of 100 mph, surge height of 8 ft
and wave height of 0.5 ft. Due to the presence of steel reinforcement the nonlinear model is
slightly stiffer then linear model. Hence, as long as nonlinear model section is not yielding, the
response from it will be less than linear model. All the results presented have their nonlinear

material model yielded.

Table 7 Load case used in the analysis

Case Number Legend Explanation

NL1000805 LN(linear dynamic), NL(nonlinear dynamic), LS(linear | Material model

static),NS(nonlinear static)

NL1000805 080, 100, 120, 140, and 160 mph Wind speed
NL1000805 02, 04, 06, 08, and 10(ft) Surge height
NL1000805 05, 10, 15, 20, and 25 (ft/10) Wave height

Before investigating the responses, comparison of linear vs. static was done to see
evidence of amplification in dynamic analysis. Two cases NL0800805 and NL1600805 are
presented as Figure 28 Nonlinear Dynamic response Vs linear static response case
NL0800805and Figure 29. It appears the there is no major dynamic amplification measured due
to increasing the magnitude of force time history. The average dynamic difference factor of

approximately 0.3-1.4 was observed in all the cases of linear and nonlinear dynamic analysis
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(Figure 30 and Figure 31). The increase in the displacement response value was attributed to the
yielding of structure and not because of dynamic amplification. Comparison between linear static
and nonlinear dynamic was done to see the change in response due to the material model. It was
observed that most of increase in response was due to material model yielding (figure 28 and
Figure 29). Cases were the material model did not yielded the static responses was grater then

dynamic response and vice versa.
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Figure 28 Nonlinear Dynamic response Vs linear static response case NL0800805
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Figure 29 Nonlinear Dynamic response Vs linear static response case NL16000805
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Figure 31 Dynamic amplification factor for load case NL1600805

For first subset, mean wind speeds of 80, 100, 120, 140, and 160 (mph) are applied to the
model with a constant surge/wave of 8.5 ft in all the cases. As seen in Figure 32 Displacement
trend for variable mean wind speeds and constant surge and wave height.the mean and maximum
displacement of nonlinear dynamic analysis are always higher than that of linear dynamic
response. As seen from the trend the maximum responses are varying almost exponentially with
increase of mean wind speed. In comparison to the mean displacement response are varying

linearly with increase of mean wind speed.
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Figure 32 Displacement trend for variable mean wind speeds and constant surge and
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Figure 33 Base shear Vs Displacement for load case LN0800805

67



Total Base Shear in X direction(kip)

20+

Total Base Shear in X direction(kip)

o

-0.5 0 0.5 1 1.5 2 2.5

Displacement recorded at node 52 in X direction(inch)

Figure 34 Base shear Vs Displacement for load case NL0800805
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Figure 35 Base shear Vs Displacement for load case LN1600805
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Figure 36 Base shear Vs Displacement for load case NL1600805

Base shear vs. displacement shows the occurrence of yielding in the model. In the event
whereby yielding does not occur the base shear plot is same for linear as well as nonlinear
material as observed in figure 33-36 for analysis case NL0O800805. Ideally, the base shear vs.
displacement for linear material should be a straight line, but the inertia of a structure introduces
noise in the response plot. For the case NL1600805, there are three clear loops showing that the

material has yielded at least twice.

Dynamic response spectrum of a structure consists of two components, background
response and resonance response. Background responses are lower frequency content of power
spectrum compared to natural frequency system. They have been disregarded in this discussion.
Normally, dynamic resonance response of low-rise structure is insignificant, but for this study, it

was significantly high. This could be attributed to the fact that the natural frequency of the
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structure is close to 1 Hz, hence it is behaving like a flexible building. Usually the dominant
frequency of wind is less than the lowest natural frequency of structure. However, in this study
the dominant frequency of wind and natural frequency of structure are very close. In the response
spectrum (Figure 37, Figure 38 and Figure 39), it was observed that structure is responding only

at its first natural frequency
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Figure 37 Power spectrum of linear material model response for variable wind speed and
constant surge and wave height
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