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Hart landfall in Florida only 16 days after Harvey vey, Irma, and Maria in Florida, Puerto Rico,
In Memoriam: Celebrating made landfall in Texas. Nate was a CategoryTexas, and the US Virgin Islands.
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took longer because Maria affected the islands and there
were logistics issues with the airport opening and finding
housing. Deployment to Puerto Rico was even further de-
layed after Maria for the same type of logistical issues
with housing, access to potable water, and lack of power.
But in spite of the logistical roadblocks, the various teams
and their sponsors continued to work to gain access and
make the deployments happen.

The Purpose of Visits

Visits to hurricane damage sites are important to the un-
derstanding of the wind effects on buildings, and build on
our efforts that have been conducted over many years to
understand how we might improve results from high winds
by changing our engineering standards (e.g. ASCE 7),
building codes (e.g. IBC and IRC), test standards and de-
sign guidelines. This hurricane season received a lot of
attention for two reasons in my opinion. The first is that
there had not been a strong landfalling hurricane in sever-
al years (last well known one was Hurricane Sandy in
2012) and researchers and wind engineers were interest-
ed in learning how more recently constructed buildings,
built under current building codes, fared in high wind
events. The second is that some of the storms had peak
gusts near the design wind speed for the area, and the
building performance at near design wind conditions can
often times provide valuable lessons in determining fur-
ther research needed and/or building code provisions to
recommend.

Hurricane Harvey created wind speeds over 130 mph
near Rockport, TX which was approximately a 39ear
Mean Recurrence Interval event. Hurricane Irma created
wind speeds in the USVI (St. Thomas specifically) near
155 mph which was also a 30Byear MRI event for that
location. Hurricane Maria expected wind speeds near 150
mph which is also a 300year MRI. While at each of these
locations, ASCE 16 design level wind speeds for Risk
Category |l structures were not quite attained, these
speeds were judged to be strong enough to test recently
built buildings and provide engineers with sufficient infor-
mation about engineering standard and building code
performance. The following are some details on three vis-
its for two of the storms.

Hurricane Harvey

The investigators who visited Texas after this hurricane
were primarily looking for wind performance in residential
and commercial buildings, and critical facilities. They did
find that those buildings built to current building codes

performed much better than older ones. The Texas De-
partment of Insurance (TDI) has requirements that follow
current building code requirements for counties along the
Texas coastline, and buildings built to their requirements
generally did perform well.

There are continuing issues with building envelope perfor- k

mance. There was evidence of extensive brick veneer fail-

H

ures on tall buildings and vinyl and fiber cement siding
losses on low rise buildings. There were roof top units that
were displaced on hospital and school roofs that allowed
water infiltration (Figure 2) and there was evidence of wa-
ter infiltration through windows and sliding glass doors.
Water infiltration due to wind driven rain was a problem in
some residential buildings where there was no damage to
the building envelope.

There was some investigation into winldorne debris dam-
age with the intent to determine if there were any changes
warranted in current ASCE 7 standard requirements. This
issue is continuing to be studied and will be until final re-
ports are released.

Hurricane Irmad Florida

The investigators visited both the Florida Keys and south
Florida near Miami and Naples. The primary study issues
were looking for wind performance in residential buildings,

critical facilities, and other engineered structures. The

purpose was to determine how buildings built to the Flori-
da Building Code performed, and as in Texas, they gener
ally found that those buildings built to the current code

performed well. Since the highest wind speed in the Keys
(120 mph) was well below design (180 mph), good perfor-
mance of those buildings built to current codes would be

expected. Maximum wind speeds near Miami and Naples
were less than the 25 year MRI wind speeds given in
ASCE 716.

There are issues with the building envelope such as soffits
and siding even in newer construction. Florida requires a
secondary water membrane on new or #@of steepslope
projects, and there was extensive evidence that these
secondary barriers were in place. Even at the 120 mph
wind speeds, there was significant windorne debris.
There was extensive use of impacesistant glazing
across the Keys, and there was broken outer panes of
glazing observed in several locations (the inner pane was
impactresistant). There was one catastrophic widdorne
debris failure discovered in the Keys (Figure 3). There
were a few examples of structural frame failures where a
lack of a continuous load path was evident.
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Hurricane Irmad USVI

The investigators study interest in St. Thomas included
residential performance, especially those buildings rebuilt
after Hurricane Marilyn that struck in 1995, engineered

structures, the influence of topography on wind pressures,
and the performance of rooimounted solar panels. There

was substantial evidence that the rebuilding program af-
ter Marilyn improved wind performance of residential

buildings. The island government adopted new building
codes after Marilyn and as part of enforcing that code
instituted a rebuilding program using wind design require-
ments available at that time. There was a significant pre-
scriptive design guide developed for use in that program.

The good performance of hip roofs was clearly evident and
is illustrated in Figure 4 taken in St
Thomas.

damage similar to that evident in thg
other 2017 investigations o building

equipment displaced by wind that a
lowed water infiltration, wineborne &=
debris including some that penetrateq
walls and roofs, and rocfop solar pan-
els that became disengaged from th

topographical
speeds of buildings that are located o
hills, ridges and escarpments. The
issues are continuing to be studied
and will be until final reports are re
leased. '
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Next Steps

Each of the investigative teams still has to write a final
report that summarizes their observations and provides
their recommendations. Each investigation sponsor must
then discuss and decide how those recommendations
should be pursued. Some will likely get produced into de-
sign guidance or in modifying existing guidance. Some
may be significant enough to suggest that building code
change proposals should be prepared and presented to
the ICC for consideration as a building code change. Un-
doubtedly much of it will be converted into outreach mate-
rials for a variety of audiences including engineering and
architectural continuing education, development of best
practice guidance, and readyo-use fact sheets for home
builders and home owners to use in the #ouilding pro-
cess.
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Introduction Background

The realworld relationship between wind speed and infra-  Hurricane Harvey was the first of three major hurricanes
structure damage is rife with complexities and uncertain- to make landfall in the US in 2017, coming ashore near

ties stemming from meteorological (e.g., mesovortices), Rockport, TX as a Category 4 hurricane on 25 August
environmental (e.g., terrain), structural (e.g., rotd-wall 2017. Figure 1 shows smoothed contours of the estimat-
connection) and societal factors (e.g., building code en- ed gust wind speeds at 10 m height above ground level
forcement). Extreme wind events therefore provide an (AGL) in open exposure, developed by Applied Research
important, albeit tragic, window of opportunity to capture  Associates (Vickery et al., 2017) using observations from

a holistic view of these factors and their contributions to  mobile networks including the Texas Tech University (TTU)
infrastructure performance during extreme wind events.  Sticknets (Weiss and Schroeder, 2008) and the University

Thi s article describes t he of&laridehForda GoaswlVgnitarimydrogramgBaldesasna s s -
ments of building performance in the aftermath of Hurri- et al., 2011). In addition, surge heights of 2.1 meters AGL

cane Harvey, the first major landalling hurricane in the were observed along with rainfall totals nearing 15.8 cm

US since 2005, and highlights the broader impacts such in and around Rockport, making Hurricane Harvey a true
engineering assessments can have, through multi multi-hazard event for portions of the Texas coast.

disciplinary collaboration, towards improving societal resil-

ience to extreme wind events. 6/ 2yaydSRO 2y LI
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Reconnaissance Efforts

The team performed field assessments between
8/27/2017 o 8/31/2017 and between 9/28/2017 &
10/5/2017 sponsored by a National Science Foundation
(NSF) Rapid Response Research (RAPID) grant 1759996.
The focus of the engineering assessments was primarily
on capturing the performance of singiéamily residences
and documenting hazard intensity indicators, such as
road sign damage and high water marks. A total of 1,253
assessments have been logged in a smartphone applica-
tion called Fulcrum, which combined geotagged photo-
graphs with usersupplied information including building
attributes, structural details, and damage extents in a
single geolocated, digital assessment form created by the
authors. The raw assessment forms were immediately
archived to the Natural Hazards Engineering Research
Infrastructure (NHERI) DesignSafe Cyber Infrastructure
(CI), prior to being passed through a rigorous quality con-
trol process that is currently ongoing. The assessment
form used in the field is illustrated in Figure 2.

Preliminary Findings and Observations

e Structural damage was extensive near the eyewall of
the hurricane in coastal areas including Port Aransas,
Rockport, Fulton, and Holiday Beach. Only minor dam-
age was observed in outer regions such as Corpus
Christie, Gregory, Portland and Refugio.

e Damage levels to adjacent singlamily residences
were often drastically different (e.g., Figure 3). Col-
lapsed houses were found next to houses with very

Damage Inspectors Docu...
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little to no evidence of structural damage. Anecdotal-
ly, this was sometimes the case with olddooking
houses next to newer houses, but in other areas there
appeared to be streaks of damage that may be relat-
ed to mesovortices and/or boundary layer streaks in
the flow field.

Most residences in the coastal areas (Port Aransas,
Key Allegro, Holiday Beach, etc.) used hurricane clips
or straps instead of, or in addition to, to@ails in the
roofto-wall connections. Yet, in multiple houses the
roof still failed, either shearing the hurricane straps,
splitting the wood, or separating the top plates from
the rest of the wall system.

In inland areas of Rockport (with ASCEID design
wind speeds of 146150 mph), increased surface
roughness tended to prevent significant structural
damage from occurring. Based on ASCE18, adjust-
ing the standardized wind speed estimates from ARA
over that region (130 mph 3sec gust at 10 m height
in open exposure) to a localized wind speed at mean
roof height in suburban terrain gives an estimated-3
second gust wind speed of 102 mph, which explains
the lack of significant structural damage.

Evidence of significant storm surge was primarily ob-
served in Port Aransas, Holiday Beach and Port Lava-
ca. Water heights were measured at approximately 2
meters AGL in Port Aransas, Holiday Beach, and Port
Lavaca.

0/ 2yaydsSiRO 2y
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Collaboration Efforts and Data Sharing

Throughout the data collection and processing stage, eve-
ry effort was made to coordinate field survey locations and
standardize data collection efforts with other teams in the
field, including other NSFRAPID sponsored teams and
teams from the Insurance Institute for Business and
Home Safety (IBHS), ARA, the U.S. Federal Emergency
Management Agency (FEMA), Simpson Strefig, and
more. The successful coordination was imperative to max-
imizing the coverage and uniformity of the various post
disaster field assessments. Preliminary data from the NSF
-RAPID sponsored teams is publicly available through
http://www.eng.auburn.edu/users/dbr0011/
Harvey2017, and will be published through the NHERI
DesignSafe platform upon completion of the quality con-
trol efforts.

Future Work

Leveraging the building performance dataset described
above, collaborative research efforts are ongoing in the
following areas:

e Finescale comparison between wind speeds and
damage using radar observations from the Center for
Severe Weather Research (CSWR) Doppler on Wheels
(Kosiba and Wurman, 2014), irsitu measurements
from the TTU and FCMP observation networks and
groundbased hazard intensity indicators. Specifically,
coupled analysis of the available hazard intensity and
wind damage data will be used to assess the pres-
ence, characteristics and impacts of mesovortices
and streaks within the hurricane boundary layer wind
field.

o Development of empirical fragility functions to assess

o® S5AAAAYAEFNI RFYF3IS Ay YSeé
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the wind speedto-damage relationship demarcated
by terrain, building features, building code of record
at construction, and presence of storm surge.

e Validation of storm surge water levels using publicly
available photography and video imagery.

Ultimately, the collaborative research efforts will compile a
detailed, holistic dataset of hazard intensity estimates,
building attributes, and building performance, hosted
through the NSF NHERI DesignSafe ClI facility, that can be
leveraged in innovative, multdisciplinary research pro-
jects.
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Introduction

Puerto Rico is an island located in the Caribbean r¢ s O
gion, between the Caribbean Sea and the North Atlar s ) \’a\

tic Ocean, east of the Dominican Republic. Its geq 00
graphic coordinates are:
land is rectangular shaped, 100x35 miles, with a total
area of 3,508 sq mi. The population is 3,578,056
(2016 est.), and its population density is among the
largest in the Americas, 1,163 persons per sq m
(2009 est.), according to the World Factbook (2014).
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On September 20t h, 20174
landfall over southeastern Puerto Rico (Yabucoa mu-
nicipality) as a nearly category 5 hurricane, with sus-
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tained winds of 155 mph (and a pressure of 917 milli-
bars), and left the island as a category 4 hurricane
with sustained winds of 145 mph (Rosario, 2017),
following the trajectory depicted in Figure 1. While hur
ricane force winds lasted for more than 12 hours over
the island, strong winds and heavy rain began in the
afternoon of September 19th, and tropical storm force
winds continued well into the early morning hours of
September 21st across mainland Puerto Rico (USb(Q,,.
NOAANWS, 2017). Figure 2 presents a satellite image
of the hurricane leaving PR, demonstrating the exten
of the hurricane relative to the size of the island

100% of the island was impacted by high winds and
heavy rains.

68°W

NPP VIIRS Natural-Color 2017/09/20 17:18:11Z NRL-Monterey
66°W 6a°W

6a'w 62°W

The intensity and duration of rainfall resulted in some
40 inches in 48 hours (Figure 3). The maximum regis-
tered rainfall was 37.9 inches in Caguas Municipality
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and the minimum registered was 6.31 inches in Nagu-
abo municipality (Rosario, 2017). The rainfall triggered
severe flooding in many areas of the island which wa:
further aggravated near the shoreline due to storm
surge. The storm also triggered a massive amount @
landslides, with a major concentration in the central
part of the island where the topography presents the
higher elevations, as depicted in Figure 4 and Figure ¢
(Breslin, 2017).

The estimate of damages due to Hurricane Marig
range from USD94/®Bekl| i @
USD102 Billion (Masters, 2017). In terms of infrastruc-
ture, the storm knocked out power to all of Puerto Ri;
co, destroyed its weathemonitoring systems, and the
communication services (see Figure 6).

As of writing this article, there is not a detailed report

f‘“““%% Hurricane Maria Estimated Rainfall ~ «:20%,
5 3 National Weather Service WFO San Juan = 4
g H Data Source: USGS, COOP, RAWS o =
%,q‘ /o 48-hr Total SeFt. 19 to Sept. 21, 2017 v ‘;

A"”‘umwd’# Data is Preliminary Cwwl Y
*Many of our stations were not able to report due to the damages sustained by Hurricane Maria
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of damage produced by the hurricane. Due to damage
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= = to the infrastructure, there is uncertainty around some of
ZUSGS Map showing concentration of landslides caused by Hurricane Maria, _\L
Puerto Rico

the preliminary estimates on the extent and impact of the
hurricane. The maximum wind gusts measured in main
land were 120 mph (Figure 7), but most of the weather
stations failed during the storm and did not capture the
maximum winds. Much of the observed structural damage
suggests stronger winds. More gravely, the likely death toll
due to Maria is greater than official statistics. The official
death toll i s 64, but studi e
rates for the same period suggest the number could be
close to 1,000, as presented in Figure 8.

ennson Description of Damages to Structures and Infrastructure
Legal Municipalities
Landslide Density . . H
[~ r— In this section, general observations are made about the
e T e S o o o o [ . damages caused by the hurricane to several structures

R o
005 11020 lomaers ey T e T o I e 25 s

—— - = and infrastructural components. It should be noted that
CAIdNBEY @®Y(iNI a2y 2F [ YyRat A Rgodffidhdasa idrdadily azhibble Ot abdut tife lextidhdive
Y1 {Bh!-bh2{ZX HAMTO ness of the damage. For example, we know that many

structures supporting signs, traffic signals and luminaires

failed, but the exact number has not been officially report-

ed. Therefore, most of the information presented here is
based on the observations of the authors.
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Energy Infrastructure

There were widespread failures of all types of structures
supporting power lines including lattice towers (Figure 9)
and reinforced concrete, prestressed concrete, wood and
steel poles. The high number of failures suggests that a
code revision for this type of structure is necessary.

Puerto Rico has two wind farms. One of the sites ap-
peared to sustain no damage, but some the turbines lo-

CA3IdzNBE mno 51 Yl 3Sa
Ydzy AOA LIt AGE 2F bl 3d

cated in the municipality of Naguabo sustained heavy
damages (Figure 10). Likewise, widespread damage wa
observed in several solar farms (Figure 11). Most of pow

er consumed in Puerto Rico is produced by fossil fuels.

The damages to wind and solar farms suggest that stricte
structural design is needed for Puerto Rico to move tc
renewable energy.
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Highway Signs

For highway signs, the most common damage observed
was to cantilever supporting structures (Figure 12). The
twisting pattern in the anchor rods suggests that the con-
crete pedestal could not sustain the torsional load trans-

mitted to the foundation. In some cases, it was observed
that the anchor rods where not contained within the ties

in the concrete (Figure 13).

Traffic Signals

In Puerto Rico, traffic signals are most commonly support-
ed by cantilever structures. There were few cases of fail-
ure of the cantilever structure, but the most common type

of damage was to the signals themselves, where in many
cases were blown off the structure. This was most com-
monly true to signals located at the end of the cantilever,

which in some cases has only one connection to the mast
arm (Figure 14).
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Luminaires
Most of the failed luminaires poles were made of rein
forced concrete and had a hexagonal tapered cross sec
tion. Interestingly, the failures occurred typically at 8 ft or
more from the ground and the poles had no reinforcing
ties confining the concrete (Figure 15).
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Roofed Basketball Courts
Many neighborhoods in Puerto Rico have basket
ball courts that were originally open air, but that
were later covered with a roof. Two systems wers
commonly used for the roof: (1) streel frames
covered at the top with corrugated metal sheets
or (2) a cylindrical steel shell roof supported byg
steel columns. Several of these roofs failed dur-8
ing the hurricane. For the steel frame system,
most failures were due to the lack of adequate
lateral support (Figure 16). Meanwhile, the fail-
ures on the other system were mostly due to the_.
shell itself not being able to sustain the wind
loads, experiencing buckling failures and detach
ment from anchorage supports (Figure 17).

Wood Houses
It is estimated by the government of Puerto Rico
that, before Hurricane Maria, there over 75,000
houses that were constructed without permits,
meaning that they werenq
neer (Alvarado Le-n 2017
es were made of wood with corrugated metal
sheets roofs. Several of these houses had thei
roof partly or totally blown off, while others were
completely demolished by the winds (Figure 18).

Reinforced Concrete Houses y
For the most part, reinforced concrete houses’ | |
sustained hurricane winds very well. It was ve :
common for these houses not to experience any
damages. When they had damages, it was to thei
non-concrete elements, such as paint, windows,
doors, or wooden attachments, but these damag
es were still scarce. An exception is a reinforced
concrete house located on the side of a hill, nea
the coastline in the municipality of Yabucoa,
which had part of it reinforced concrete roof blow
off (Figure 19 and Figure 20). This house will be
the subject of further studies.

Multistory Buildings
Multistory buildings in Puerto Rico are mostl
made of reinforced concrete. No multistory struc
ture collapsed due to hurricane winds. Still, most
of these building sustained different levels of &=
damages to their building envelope, including
windows, doors, parapets, and wall panels,
among others (Figure 21 and Figure 22).

Scours and Landslides
The hurricane caused an extensive number of
scouring and landslides in Puerto Rico, as report
ed in Figure 4 for landslides. Many of these cases
led to the collapse of houses and roads (Figureg
23 and Figure 24).
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Bridges

There were reports of several bridges that collapsed.
These collapses appear to have been caused by the scour
produced by the increase in river flow caused by the rain
that brought the hurricane (Figure 25). No bridge ap-
peared to have collapsed due to wind loads.

Closing Remarks

In the past 30 years, three hurricanes have landed in

Puerto Rico (Hugo in 1989, category 3 mainland and 4 in
Vieques island; Georges in 1998, category 2; and Maria in
2017, category 4), each one causing billions of dollars in

damages. With over $90 billion in damages, Hurricane
Maria ranks as the third costliest hurricane in U.S. history,
even when adjusting for inflation (NOAA, 2018). On top of
this, there were other hurricanes that tracked close to the

island and caused damage. For example, hurricane Irma
passed north of the island and still caused over $1 billion

in damages.

The current Building Code of Puerto Rico was adopted in
2011. This code refers to ASCE-@5 for the computation

of structural loads. ASCE 05 assigns to Puerto Rico a 3
second gust wind speed of 145 mph. This corresponds to
a Category 3 hurricane (ASCE, 2005). Given the propensi-
ty of Puerto Rico to be affected by hurricanes, it is im-
portant to update building codes to require a higher wind
speed. Recent history of hurricane impact to the island,
and the intensity of the
that adopting a gust corresponding to strong category 4
hurricane would be reasonable (around 190 mph).

Still, many of the damages could have been prevented
with proper design and construction. Proof of this are the
many structures that were able to sustain the hurricane.
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