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List of Acronyms and Abbreviations

Acronym Definition

AEE Electric Power Authority (In Spanish, Autoridad de Energia Electrica)
AST Atlantic Standard Time

C Celsius

cm Centimeter

CNN Cable News Network

co Colorado

CRIM Centro de Recaudacion de Impuestos Municipales
DEM Digital Elevation Model

DTOP Puerto Rico Department of Transportation and Public Works
E East

EST Eastern Standard Time

F Fahrenheit

FEMA Federal Emergency Management Agency

ft Feet

GEER Geotechnical Extreme Events Reconnaissance

h Hour

hPa Hectopascal

in inch

km Kilometer

kPa Kilopascal

kW Kilowatt

LiDAR Light Detection And Ranging

LL Liquid limit

m Meter

MA Massachusetts

m/s Meters per second

m/year Meters per year

mi Mile

mm/h Millimeters per hour

mph Miles per hour

N North

NASA National Aeronautics and Space Administration
NBC National Broadcasting Corporation

NGVD National Geodetic Vertical Datum

NID National Inventory of Dams

NOAA National Oceanic and Atmospheric Administration
NSF National Science Foundation

NWS National Weather Service
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Acronym Definition

PRHTA Puerto Rico Highway and Transportation Authority
OH Ohio

Pl Plasticity Index

PL Plastic limit

PR Puerto Rico

PRASA Puerto Rico Aqueduct and Sewer Authority
PREPA Puerto Rico Electric Power Authority

S South

SC South Carolina

TLS Terrestrial Laser Scanning

UAV Unmanned Aerial Vehicle

UPRM University of Puerto Rico at Mayaguez

USA United States of America

USACE United States Army Corps of Engineers
USBR United States Bureau of Reclamation

USGS United States Geological Survey

uTC Coordinated Universal Time

VSABR Volcano Sedimentary Arc Basement Rocks
W West
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2. Slopes and embankments — The hurricane triggered a large number of landslides, over
2,000 by an early USGS count using satellite photographs. These landslides occurred
throughout the island and impacted roads, power transmission, water supply, sewer
systems, and housing. Three deaths were attributed directly to one of the landslides in
the town of Utuado. A common failure mode encountered by the team consisted of
erosion of highway embankments from overtopping water after debris plugged the
pipes and culverts design to allow the streams to flow underneath. This failure mode
involved both wind and water forces. Wind toppled trees and other vegetation creating
vast amounts of debris and water carried the debris to the upstream toe of the
embankment where it plugged the drainage facilities.

3. Coastal and River Erosion and Scour — Storm waves destroyed or damaged facilities
built near the shoreline, many of which were in close proximity to the waterline.
Flooded rivers damaged or destroyed bridges, bridge abutments and other constructed
facilities along the river bank.

4. Road and Bridge Failures — Many of the road and bridge failures were caused by the
mechanisms mentioned above, e.g., erosion and scour, landslides and debris flows
triggered by low effective stresses. Numerous landslides in the mountainous central
part of the island cut off terrestrial transportation for many residents. If the landslide
occurred above the road, covering the pavement with soil and rock, the remedy
consisted of partial or total removal of the landslide debris, a time consuming and costly
task but generally within the capabilities of the municipal governments. If the landslide
included the road, often the water, sewer, electricity, and telecommunications
infrastructure was destroyed along with the road. This situation presented a much
more complicated recovery challenge.

5. Foundations — Foundation failures observed by the team included those for lighting
towers, electrical transmission poles, and many road sign failures. Some of the road
signs simply rotated about the axis of their circular foundation while others rotated and
also experienced bearing capacity failures. Although some electrical transmission poles
failed from bearing capacity failures, the large number of reinforced concrete poles
snapped at mid height provided graphic evidence of the storm power.

Hurricane Maria overwhelmed the natural and constructed facilities in Puerto Rico with strong
winds and intense rainfall. Perhaps the best demonstration of its unstoppable destructive
power came when the National Oceanographic and Atmospheric Administration NEXRAD
Doppler radar, a structure designed to monitor — and thus presumably resist — extreme
weather events, failed shortly after Hurricane Maria made landfall in Puerto Rico.

June 2018 Page xiv















Hurricane Maria

o0 1040

1020

B0 ———ind speed 1000

-'-I"T ?I:I G

-E - Pressure 980 o
(=
- 250 £
T 50 N, a0 ¥
=1 o |
a 40 920 @
c 30 P
= 900 o

= 20 B0

10 Ba0

0 Puerto Rico Landfall 240

2 3 =
e o
BB

] ‘_:-','.-_-,Q ;ﬁg@' '__:.g":;? "-:i-':'q ;.«'-E-'Q
K o e Ao

. = ] A .
N R R o 3
S B - " L o B B R

Date
Figure 1-4: Wind speed of Maria at Landfall in Puerto Rico (data from NOAA Report AL152017, 2018).

This report summarizes the event timeline and the geotechnical impacts of Maria’s path across
Puerto Rico. The impacts of Hurricane Maria on infrastructure and geomorphology are
documented through the data and observations of the engineers and geologists that
participated as members of the Geotechnical Extreme Events Reconnaissance (GEER) team. The
main component of the reconnaissance mission took place between October 25 and November
6, 2017, a second component involving an unmanned aerial vehicle (UAV) and LiDAR scanning
took place from January 8-11, 2018. Observations of geotechnical impacts such as the
Guajataca Dam spillway failure; coastal erosion events, including foundation failures due to
coastal erosion in Corcega, Rincdn; bridge abutment scour failures; over 2,000 landslides along
the PR highway system (e.g., along the PR-10, region of Lares, Barranquitas and Utuado);
foundation failures; and other failures related to this destructive hurricane were also
investigated.

Rainfall-induced landslides in Puerto Rico have been a serious recurring problem (e.g., Jibson,
1987; Larsen and Simon, 1993; Larsen and Santiago-Roman, 2001; Pando et al., 2005) and have
been observed in the different physiographic regions of the island as result of Maria and other
hurricanes such as Hortense (September 10, 1996), Georges (September 21-22, 1998), and
Debby (August 22, 1999). Hurricane Maria triggered thousands of landslides as discussed in
Section 2. The most common type of failure mode consisted of shallow debris flows, but many
deeper-seated failures were also observed, typically at sites with road fill and blocked drainage
culverts. The geotechnical failures presented in this report provide insight to help identify
typical failure modes and help the engineering community adapt and improve design and
construction practices to increase the resiliency of our infrastructure and lifelines.
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By the time the team leaders arrived on the island, conditions in Puerto Rico had improved
somewhat during the four weeks since the hurricane made landfall, but still remained very
difficult. Most of the island lacked electricity or potable water; team members were advised to
bring enough drinking water for the duration as well as provisions for meals while traveling),
traffic in the urban areas without traffic signals moved slowly, and telephone communications
proved difficult and unreliable. Team members Luis and Carlos Garcia offered the use of their
company office as base of operations. The office had an emergency power generator, fully
functioning internet service, and air conditioning, among other amenities.

On Thursday and Friday October 26 and 27, reconnaissance was performed throughout the
island to investigate the numerous geotechnical failures that had occurred. Through Luis and
Carlos Garcia’s personal contacts, the team was able to meet with Puerto Rico’s Secretary of
Transportation and Public Works and his engineering advisors to go over the main landslide
locations identified by this agency that affected road infrastructure. During that meeting, the
team learned that more than 2,000 landslides had been recorded to that point. Through team
collaborator, Puerto Rico’s Dam Safety Official José Miguel Bermudez, we were able to arrange
for escorted visits to Guajataca Dam, the site of a well-documented spillway failure, as well as
several other affected dams. Concurrent with Miguel and Francisco’s meetings in San Juan, Drs.
Hughes and Morales-Velez were developing possible reconnaissance routes for the team based
on intelligence obtained from their Mayagtiez base and making final transportation
arrangements.
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Table 1-1: Summarizes the GEER team composition

First Last

Team

Organization Expertise
Geotechnical
Francisco Silva-Tulla Leader* Consulting Civil Engineer engineering, earth MA
structures
. University of North Geotechnical
M | A. Pand Co-Leader* NC
'sue ando o-Leader Carolina (NC), Charlotte engineering
Tiffany Adams Member* AECOM Geo'techr'ncal co
engineering
. . . Geotechnical
JuanR. Bernal Vera | Member* University of PR, Mayagliez . . PR
engineering
Luis Oscar Garcia Member GeoCim Geo'techr'ncal PR
engineering
Carlos Garcia , Member GeoCim Geo'techr.ncal PR
Echevarria engineering
Geology of PR,
Stephen Hughes Member* University of PR, Mayagiiez | unmanned aerial PR
vehicle (UAV)
Federal Emergency Civil engineer, FEMA .
Gokhan Inci Member* Management Agency National Dam Safety Washington,
DC
(FEMA) Program
Geometry
Robert Kayen Member* USGS determination, UAV, CA
LiDAR
Algs§ndra Morales Member* University of PR, Mayagiiez Geo'techr.ncal PR
Cristina Velez engineering
" . . Geotechnical
Youngjin Park Member* University of NC, Charlotte . . NC
engineering
. . . . Geotechnical
Daniel Pradel Member* The Ohio State University . . OH
engineering
. . Geotechnical
Inthuorn Sasanakul Member* Unlve-r5|ty of South engineering, erosion SC
Carolina (SC)
and scour
Alex Soto Member* GeoCim Geology of PR, PR
landslides
Puerto Rico Electric Power
José PR State D Safet
o_se Bermudez Collaborator i Authority (PREPA), Dams ) _a ¢ Lam oatety PR
Miguel L L Official
and Irrigation Division
Ruben Estremera Collaborator | PRASA Dam safety PR
Jaime Lopez Collaborator | PRASA Dam Safety PR
Aurelio m::f:o_ Collaborator | University of PR, Mayagiliez { Oceanography PR

* Indicates report co-author
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Figure 1-5: Daily reconnaissance tracks of GEER mission and location of LiDAR scans.
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Note: plot includes only hurricanes with sustained wind speeds above 26 m/s
Figure 1-11: Seasonal Distribution of Hurricanes for Puerto Rico (Period 1508 to 1997) (from Boose et al. 2004).
The mean annual temperatures vary with the elevation and range from 23° to 27° Celsius (C)

(74° to 81° Fahrenheit [F]) in the foothills and along the coastal plains, and 19° to 23° C (66° to
74° F) in the mountains and highest peaks (Deere, 1955; Calvesbert, 1970).
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Note: Notice a new primitive access road that has been developed by local residents with 4-wheel drive vehicles.
Other detours around the site add an additional half hour to a normally 15-minute drive to essential services
available in the small city of Lares. Notice the toe of the debris flow that has re-routed the flow of the Rio Blanco

River.

Figure 2-12: Photo taken by GEER team in January 2018 of the PR-4131 debris flow site (Lat: +18.247885, Lon: -
66.882794).
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A) PR-4131 debris flow site before Hurricane Maria. B) PR-4131 debris flow site on October 12, 2017. C) Shad
relief map of the same area created with classified ground point data from a 2016 airborne LiDAR survey.

D) Digital surface model of the site created with data from Terrestrial LiDAR Scan survey in January 2018. Compare
the footprint of the model with the position of the scanner shown in Figure 2-13. E) One-meter resolution change
raster from 2016 to January 2018; blue areas indicate volume loss, red areas indicate volume addition, and beige
areas show no major change. Point clouds were aligned using Cloud Compare software. F) Ten-centimeter
resolution change raster for the same time span. Key features to note are the loss primarily in the head scarp, a
small zone of loss in the center-west of the site that reflects a house that was destroyed by the debris flow, a scour
channel in the lower center of the site, a toe area of large boulders, and a zone of loss on the southern bank of the
river, likely the result of a forced shift in the river’s course around the toe.

ed

Figure 2-14: Images from LiDAR PR-4131 debris flow site.
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Figure 2-18: Photo of Toe of PR-9 landslide in January 2018 (Lat: +18.033145, Lon: -66.67579).
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Figure 3-3: Cross-section of Guajataca Dam from the 1920’s (date of drawing is unknown).
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Figure 3-4: Landslide and outlet map from 1983.
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