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The Proceedings of the
69th Highway Geology Symposium
are dedicated to
Dave Bingham and Joe Gutierrez

Photo of Dave Bingham and Joe Gutierrez taken by Joe Jennings at the 1999 Southeastern
Transportation Geotechnical Engineering Conference (STGEC)



Joe Gutierrez
1926-2018

Joe Gutierrez was born on August 12, 1926, in in Lafayette, IN. He obtained his Bachelor of
Science in Geology from the University of North Carolina, Chapel Hill in1956. Joe proudly
served in the United States Army Air Force during WWII. He started his career working for the
North Carolina Department of Transportation in 1956 as a Highway Geologist, shortly after that
he went to work for W.E. Graham & Sons, which eventually became Vulcan Materials Mideast
Division, where he retired in 1992. Joe continued working for Vulcan as a temporary part-time
employee leading school groups through the Joseph Andres Gutierrez Earth Science Museum.
This museum is Joe’s legacy for teaching children that “Everything comes from the Earth, and if
you can’t grow it, you’ve got to mine it.”

Joe was always trying to advance the fields of Mining and Geology through outreach classes.
The Joseph Andres Gutierrez Earth Science Museum was opened and dedicated to Joe at his
retirement in 1992, due to his outreach programs. This museum has won numerous state and
national awards over many years and is still active. Joe taught children and adults about the
importance of mining with over 3000 students per year touring the facility and Vulcan’s North
Quarry. Joe was instrumental for thousands of scouts obtaining their geology badges. He was an
important part of Vulcan’s and the Nation Stone Association’s outreach program, which
developed nationwide into educating people about the importance for mining. This played a key
role in getting new properties rezoned and permitted for mining. Joe remained involved as a
temporary part-time employee at Vulcan Materials leading tours through the museum until 2013
at 86 years of age, which was 21 years after he retired. He became a Vulcan Mideast Division
icon and was loved by teachers from across NC, SC, and VA. Joe received the Non-School
Teachers Award in 1999 from the North Carolina Science Teachers Association (NCSTA).

Joe was a member of the HGS Steering Committee for approximately 30 years and served in
several officer positions during his attendance. He served as Secretary and Treasurer in the early
70’s for many years and Vice Chairman in late 70’s. He was a mentor to many younger



geologists that followed in his footsteps over the years and will always be remembered for his
generosity.

Joe enjoyed helping others. He will be remembered for his dedication to educating youth about
geology and his fun wit with such a positive attitude.

Dave Bingham
1932-2018

Dave Bingham was born on May 2, 1932 in Wake County, North Carolina. After graduating
from high school, he served in the U.S. Coast Guard from 1952 — 1956, then went on to earn his
Bachelor of Science degree in Geology from the University of North Carolina, Chapel Hill in
1959. Dave worked with the NC Department of Transportation as the State Geotechnical
Engineer. At one time or another, he worked in all four offices across the state, from coastal
plain to mountains. After retiring from the DOT in 1989, he worked at Law Engineering and
other geotechnical consulting firms. Dave was extremely active in the Highway Geology
Symposium. He was treasurer of the HGS from 1977 thru 1990, and took over that role from one
of the founding members, A. Carter Dodson. Dave encouraged as many employees as he could to
attend the HGS and other organizations as a means to staying abreast of new technologies and
products. He was a thoughtful manager, doing his best to look out for employees in tight times in
North Carolina. He loved hunting, being outdoors, and being a geologist. David was married to
Peggy Perry Haithcock for 62 years, and had two daughters, Lynnette and Dana, and four
grandchildren.



At a Glance Schedule of Events

69" Highway Geology Symposium
Portland, Maine
September 10-13, 2018

APPLIED
PTEppER 1913, 2

Monday, September 10

11:00 AM -5:00 PM
Highway Geology Symposium Registration Open in Hotel Lobby

1:00 PM -5:00 PM

Transportation Research Board Technical Session: “Geotechnical Asset
Management: Implementation of Programs and Advances in Technology”
Location: Massachusetts

5:00 PM - 8:30 PM
Highway Geology Symposium Exhibitor Area Open
Location: Vermont/Connecticut/Rhode Island

5:00 PM - 6:15 PM
HGS National Steering Committee Meeting
Location: New Hampshire

6:30 PM - 8:30 PM
Ice Breaker Social—Sponsored by BGC Engineering and Hager-Richter
Geoscience, Inc.

Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

Tuesday, September 11

6:30 AM -9:00 AM
Continental Breakfast —Sponsored by Terracon Consultants, Inc.

Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

6:30 AM - 5:00 PM
Highway Geology Symposium Registration Open in Hotel Lobby

8:00 AM -5:00 PM
Highway Geology Symposium Exhibitor Area Open



Tuesday, September 11(continued)

7:30 AM - 8:10 AM

Welcome and Opening Remarks

Krystle Pelham, HGS Organizing Committee Chair

Dedication of Proceedings - John Pilipchuk

Joyce Taylor, P.E., Chief Engineer, Maine Department of Transportation
Location: Massachusetts/New Hampshire

Highway Geology Symposium Guest Field Trip
“Experience Portland History”

9:30 AM - 2:00 PM
Guest Field trip Lunch sponsored by Atlas Pipe Piles
Pick-up Location: Hotel Front Lobby

Technical Session 1

Location: Massachusetts/New Hampshire
Chris Ruppen, Moderator

8:10 AM - 8:30 AM

Young Author Presentation: Assessment and Mitigation Process for Bridge Foundation
Reuse — Case Study

Authors: James Arthurs, Khamis Haramy

8:30 AM - 8:50 AM

Young Author Presentation: Combined Rock Slope Failure Mode Analysis and
Mitigation in Fairleee Vermont

Author: Erik Friede

8:50 AM - 9:10 AM

Young Author Presentation: Geotechnical Challenges for Bridge Foundation & Roadway
Embankment Design in Peats and Deep Glacial Lake Deposits

Author: Brian Felber

9:10 AM -9:30 AM

Young Author Presentation: Slope Stability Analysis for TH53 Relocation, Virginia, MN
Authors: Anya Brose, Gary Person, Lee Petersen, Andrew Shinnefield, Ryan Peterson, Luigi
Cotesta, Derrick Dasenbrock

9:30 AM - 9:50 AM

Young Author Presentation: Innovative Socketed Pile for

Accelerated Bridge Construction in Naples, Maine

Authors: Blaine Cardali, Andrew Blaisdell, Christopher Snow, Laura Krusinski, Garrett Gutafson

9:50 AM - 10:10 AM

Young Author Presentation: Design and Construction Considerations for Innovative
Rockfall Protection Systems

Authors: Robert Huber, Martin J. Woodward



Tuesday, September 11(continued)

10:10 AM - 10:40 AM
Morning Coffee Break—Sponsored by Haley and Aldrich, Inc.
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

10:40 AM - 11:00 AM

Young Author Presentation: Laboratory Investigations of the Oldest Concrete Pavement in
America — Applied Geology in Civil Engineering

Author: Blake Lemcke

11:00 AM - 11:20 AM

Young Author Presentation: From Field Data Collection to Soils Analysis in A Few Mouse
Clicks — Going (Even More) Digital at North Dakota DOT

Authors: Jesse Greenwald, Colter Schwagler

11:20 AM - 11:40 AM
PhotoMonitoring of Landslides
Authors: Paolo Caprossi, Paolo Mazzanti

11:40 PM - 1:00 PM
Lunch—Sponsored by Ameritech Slope Constructors, Inc.
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

Technical Session 2

Location: Massachusetts/New Hampshire
Pete Ingraham, Moderator

1:00 PM - 1:20 PM
Rattlesnake Hills Landslide: Overview and Monitoring
Authors: George Machan, Charlie Hammond

1:20 PM - 1:40 PM
Adding Another Dimension to Rock Cut Slope Evaluations: Looking Out as Well as Up
Authors: Chris, Ruppen, Don Gaffney, Joel Borrelli

1:40 PM - 2:00 PM

Practical Aspects of Using Structure from Motion Photogrammetry Techniques for
Characterizing and Monitoring of Rock Slopes

Authors: Randy Post, Roger Pihl, Alex Brown, Ty Ortiz

2:00 PM - 2:20 PM

The use of Google Earth/ Google Street View Combined with High Resolution
Digital Surface Models (DSMs) for Rockfall Hazard Rating

Author: Yonathan Admassu

2:20 PM - 2:40 PM
Application of High-Speed Photogrammetry for Rock Cut Assessment
Authors: Angus MacPhail, Dave Gauthier, D. Jean Hutchinson



Tuesday, September 11(continued)

2:40 PM - 3:00 PM
3-D Geo-View of Subsurface Conditions for Rapid Roadway Stability Assessment
Author: Joel Daniel

3:00 PM - 3:30 PM
Afternoon Break—Sponsored by Hager-Richter Geoscience, Inc. and Gilson Company, Inc.
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

Technical Session 3

Location: Massachusetts/New Hampshire
Bob Henthorne, Moderator

3:30 PM - 3:50 PM
What are the Benefits of Geotechnical Data Interchange?
Author: Scott L. Deaton

3:50 PM - 4:10 PM

Geotechnical Solutions for the 1-95 Betsy Ross Bridge Interchange Structure Alternatives
over Soft Soils in Spaghetti Junction

Authors: Sarah MclInnes, Geoff Stryker, John Pizzi

4:10 PM - 4:30 PM
Risk Assessment for Landslides on the Last Chance Grade, Crescent City, California
Authors: Scott Anderson, Cole Christiansen, Dave Gauthier, Sebastian Cohen

4:30 PM - 4:50 PM
Landslide Applications of the Geotechnical Observational Approach
Authors: George Machan, Wade Osborne, Chris Carpenter, Charles M. Hammond, Philip Wurst

4:50 PM -5:20 PM

Highway Geology Symposium Field Trip Preview
Presenter: Bob Marvinney

Location: Massachusetts/New Hampshire

Free evening to explore and dine in the Old Port



Wednesday, September 12

6:00 AM - 7:00 AM

To-Go Continental Breakfast—Sponsored by Maccaferri, Inc. and Precision Blasting
Services

Location: Highway Geology Symposium Registration Area

Highway Geology Symposium Field Trip

6:45 AM - 7:15 AM
Load buses for Field Trip
Pick-up Location: Meet in Hotel Front Lobby

7:15 AM - 5:00 PM

Field Trip

Lunch—Sponsored by Geobrugg

Afternoon Beverages—Sponsored by Golder Associates
(NO GLASS ALLOWED INSIDE BUSES)

5:30 PM - 6:30 PM
Highway Geology Symposium Social Hour—Sponsored by Access Limited Construction
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

Highway Geology Symposium Banquet Dinner

6:30 PM - 9:30 PM

Highway Geology Symposium Banquet Keynote Speaker —Sponsored by IDS GeoRadar
Entertainment by Tim Sample:

Location: Massachusetts/New Hampshire

Thursday, September 13

6:30 AM - 9:00 AM
Continental Breakfast—Sponsored by Scarptec, Inc. and Rocscience, Inc.
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

8:00 AM - 10:00 AM
Highway Geology Symposium Exhibitor Area Open
Exhibitors can break down after morning coffee break

Technical Session 4

Location: Massachusetts/New Hampshire
Steve Sweeney, Moderator

7:30 AM - 7:50 AM
Soil Mixing: An Innovative Solution for Resiliency in a Flood-Prone Canyon
Author: Todd Schlittenhart



Thursday, September 13 (continued)

7:50 AM - 8:10 AM

Innovative Use of Horizontal Directional Continuous Rock Coring For The Design of The
LSIORB East End Tunnels

Author: Craig S. Lee

8:10 AM - 8:30 AM
Geotechnical Seismic Design in New England
Author: Craig Coolidge

8:30 AM - 8:50 AM

Geotechnical risks from abandoned coal mines to transportation infrastructure and
mitigation — an overview

Authors: David Knott, Athena Livesey, Robert Kingsland, Thomas Lefchik, Elizabeth Dwyre

8:50 AM -9:10 AM

Icefall Hazard Predictive Indicators + Mitigation Techniques — Results Of A 3-YR.
Research Study In Alaska

Authors: David J. Scarpato, Matt Murphy

9:10 AM -9:30 AM
Rock Slope Scaling Investigative Approach and Volume Estimation Method
Author: John Duffy

9:30 AM - 10:00 AM
Morning Coffee Break—Sponsored by HI-TECH Rockfall Construction, Inc.
Location: Vermont/Connecticut/Rhode Island (Exhibitor Area)

10:00 AM - 10:20 AM
What Were We Thinking A case History of Extreme Slope Scaling in Washington
Authors: Marc Fish, Jim Struthers, Mike Mullhern

10:20 AM - 10:40 AM
Slope Access Safety Evaluation (SASE) Form
Author: William CB Gates

10:40 AM - 11:00 AM
Rockfall in New Jersey: A Proactive and Collaborative Approach
Authors: Amber B. Granger, John Jamerson, Scott J. Deeck, Edward M. Zamiskie Jr.

11:00 AM - 11:20 AM

Development of a Modular Rockfall Protection Wall to Mitigate Earthquake-Induced Slope
Hazards Along a Coastal Transportation Corridor

Authors: Rori Green, Cedric Lambert, Charlie Watts, Daniel Kennett, Eric Ewe, Emerson Ryder,
Michal Tutko

11:20 AM - 11:40 AM

Rock Slope Remediation at the Penobscot Narrows Bridge
Authors: Bryan C. Steinert, Amber Granger, Laura Krusinski, Wayne Chadbourne

10



Thursday, September 13 (continued)

11:40 AM - 12:00 PM

Advantages of Using A Downhole Optical Televiewer For Rock Cut Slope Design—An
Example In Central Pennsylvania

Authors: Jeremy Robinson, Andrew Smithmyer

12:00 PM - 12:20 PM
Design of Pinned Drapery Systems for Rockfall Protection
Author: Mike Koutsourais

12:20 PM
Closing Remarks and Adjournment

11



APPLIED "
FTEMgER 101320

SUBCOMMITTEE AFP00(1)

Symposium (HGS), Portland, Maine

Location: Massachusetts Room

GEOTECHNICAL ASSET MANAGEMENT (GAM)

2018 TRB Midyear Meeting at the 69" Highway Geology

Date: Monday, September 10, 2018, 12:30 PM - 5:00 PM

Session Theme: Geotechnical Asset Management: Implementation of Programs and Advances in
Technology

Time

12:30-12:35

12:35-12:50

Presentations
12:50-1:25

1:25-2:00

2:00-2:35

2:35-3:00
3:00-3:35

3:35-4:10

4:10-5:00

Topic
Welcome and Introductions

GAM Subcommittee Business

The Unstable Slope Management Program: A Tool for Federal Land
Management Agencies and Beyond

The Federal Highway Administration has completed an unstable slope
inventory and assessment tool for Federal Land Management
Agencies, including comprehensive rating criteria, digital applications,
and online mapping tools.

Montana’s Rock Slope Asset Management Program (RAMP)

MDT’s comprehensive RAMP Program combines TAM principles (i.e.
deterioration, Return-on-investment and other fiscal modeling) with
technical decision support tools to assist policy makers with setting
budgets, planners to group rock slope improvements with nearby
projects, and geotechnical personnel with reducing user and
Department risk due to rock slopes.

Applications of Remote Monitoring Technologies to GAM
A review of various remote sensing and monitoring methods and
techniques for managing geotechnical assets.

Break

Legislating Geotechnical Asset Management: Lessons Learned
An accounting of efforts to include management of geotechnical assets
into a Minnesota House of Representatives Bill and the lessons learned.

Update on the NCHRP GAM Implementation Manual

The implementation process in the manual is intended to be simple and
practical to enable broad adoption across the nation for all types of
geotechnical assets. The recommended GAM processes also were
developed to facilitate the integration of geotechnical assets into the
broader asset and performance management programs in a DOT. The
Manual includes a Microsoft Excel based tool, the GAM Planner, to
enable agencies to start GAM now without needing additional
specialized resources.

Discussion

12

Discussion
Lead/Presenter
Darren Beckstrand,
Landslide Technology
Scott Anderson, BGC
Engineering

Doug Anderson, Western
Federal Lands Division of
the Federal Highway
Administration

Jeff Jackson, Montana
Department of
Transportation

Jean Hutchinson, Univ. of
Queens

John Siekmeier,
Minnesota House of
Representatives

Mark Vessely, BGC
Engineering

Group



Highway Geology Symposium
History, Organization, and Function

Inaugural Meeting

Established to foster a better understanding and closer cooperation between geologists and civil
engineers in the highway industry, the Highway Geology Symposium (HGS) was organized and
held its first meeting on March 14, 1950, in Richmond Virginia. Attending the inaugural meeting
were representatives from state highway departments (as referred to at that time) from Georgia,
South Carolina, North Carolina, Virginia, Kentucky, West Virginia, Maryland, and
Pennsylvania. In addition, a number of federal agencies and universities were represented. A
total of nine technical papers were presented.

W.T. Parrott, an engineering geologist with the Virginia Department of Highways, chaired the first
meeting. It was Mr. Parrott who originated the Highway Geology Symposium.

It was at the 1956 meeting that future HGS leader, A.C. Dodson, began his active role in
participating in the Symposium. Mr. Dodson was the Chief Geologist for the North Carolina State
Highway and Public Works Commission, which sponsored the 7" HGS meeting.

Symposium Locations

Since the initial meeting, 69 consecutive annual meetings have been held in 33 different states.
Between 1950 and 1962, the meetings were east of the Mississippi River, with Virginia, West
Virginia, Ohio, Maryland, North Carolina, Pennsylvania, Georgia, Florida, and Tennessee serving
as host state.

In 1962, the symposium moved west for the first time to Phoenix, Arizona where the 13™ annual
HGS meeting was held. Since then it has alternated, for the most part, back and forth from the east
to the west. The Annual Symposium has moved to different location as shown on the next page.

Organization

Unlike most groups and organizations that meet on a regular basis, the Highway Geology
Symposium has no central headquarters, no annual dues and no formal membership requirements.
The governing body of the Symposium is a steering committee composed of approximately 20 - 25
engineering geologist and geotechnical engineers from state and federal agencies, colleges and
universities, as well as private service companies and consulting firms throughout the country.
Steering committee members are elected for three-year terms, with their elections and re-elections
being determined principally by their interests and participation in and contribution to the
Symposium. The officers include a chairman, vice chairman, secretary, and treasurer. all of whom
are elected for a two-year term. Officers, except for the treasurer, may only succeed themselves for
one additional term.

A number of three-member standing committees conduct the affairs of the organization. The lack
of rigid requirements, routing and relatively relaxed overall functioning of the organization is what
attracts many participants.

13



No.  Year
1% 1950
3¢ 1952
5" 1954
7™ 1956
o" 1958
11" 1960
13" 1962
15" 1964
17" 1966
19" 1968
21% 1970
23 1972
25" 1974
27" 1976
29" 1978
31% 1980
337 1982
35" 1984
37" 1986
39" 1988
41% 1990
43" 1992
45" 1994
47 1996
49" 1908
51% 2000
53 2002
55 2004
57" 2006
50" 2008
61 2010
63 2012
65" 2014
67" 2016
69" 2018

List of Highway Geology Symposium Meetings

HGS Location

Richmond, VA
Lexington, VA
Columbus, OH
Raleigh, NC
Charlottesville, VA
Tallahassee, FL
Phoenix, AZ

Rolla, MO

Ames, IA
Morgantown, WV
Lawrence, KS

Old Point Comfort, VA
Raleigh, NC
Orlando, FL
Annapolis, MD
Austin, TX

Vail, CO

San Jose, CA
Helena, MT

Park City, UT
Albuquerque, NM
Fayetteville AR
Portland, OR
Cody, WY
Prescott, AZ
Seattle, WA

San Luis Obispo, CA
Kansas City, MO
Breckinridge, CO
Santa Fe, NM
Oklahoma City, OK
Redding, CA
Laramie, WY
Colorado Springs
Portland, ME

No.

Year

1951
1953
1955
1957
1959
1961
1963
1965
1967
1969
1971
1973
1975
1977
1979
1981
1983
1985
1987
1989
1991
1993
1995
1997
1999
2001
2003
2005
2007
2009
2011
2013
2015
2017

HGS Location

Richmond, VA
Charleston, WV
Baltimore, MD
State College, PA
Atlanta, GA
Knoxville, TN
College Station, TX
Lexington, KY
Lafayette, IN
Urbana, IL
Norman, OK
Sheridan, WY
Coeur d'Alene, ID
Rapid City, SD
Portland, OR
Gatlinburg, TN
Stone Mountain, GA
Clarksville, TN
Pittsburg, PA
Birmingham, AL
Albany, NY
Tampa, FL
Charleston, WV
Knoxville, TN
Roanoke, VA
Cumberland, MD
Burlington, VT
Wilmington, NC
Pocono Manor, PA
Buffalo, NY
Lexington, KY
North Conway, NH
Sturbridge, MA
Marietta, GA

Meeting sites are chosen two to four years in advance and are selected by the Steering Committee
following presentations made by representatives of potential host states. These presentations are
usually made at the steering committee meeting, which is held during the Annual Symposium.
Upon selection, the state representative becomes the state chairman and a member of the Steering

Committee.
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HGS History, Organization, and Function (continued)

The symposia are generally scheduled for two and one-half days, with a day-and-a-half for
technical papers plus a full day for the field trip. The Symposium usually begins with a TRB
session and an evening Ice-Breaker the first day, a full day of technical presentations the second
day, a field trip on the third day followed by the annual banquet that evening, and a half day of
technical presentations on the final day.

The Field Trip

The field trip is the focus of the meeting. In most cases, the trips cover approximately 150 to 200
miles, provide for six to eight scheduled stops, and require about eight hours. Occasionally,
cultural stops are scheduled around geological and geotechnical points of interests. To cite a few
examples: in Wyoming (1973), the group viewed landslides in the Big Horn Mountains; Florida's
trip (1976) included a tour of Cape Canaveral and the NASA space installation; the Idaho and
South Dakota trips dealt principally with mining activities; North Carolina provided stops at a
quarry site, a dam construction site, and a nuclear generation site; in Maryland, the group visited
the Chesapeake Bay hydraulic model and the Goddard Space Center. The Oregon trip included
visits to the Columbia River Gorge and Mount Hood; the Central mine region was visited in
Texas; and the Tennessee meeting in 1981 provided stops at several repaired landslide in
Appalachia regions of East Tennessee.

In Utah (1988) the field trip visited sites in Provo Canyon and stopped at the famous Thistle
Landslide, while in New Mexico, in 1990, the emphasis was on rockfall treatments in the Rio
Grande River canyon and included a stop at the Brugg Wire Rope headquarters in Santa Fe.

Mount St, Helens was visited by the field trip in 1994 when the meeting was in Portland, Oregon,
while in 1995 the West Virginia meeting took us to the New River Gorge Bridge that has a deck
elevation of 876 feet above the water.

In Cody, Wyoming the 1996 field trip visited the Chief Joseph Scenic Highway and the Beartooth
Uplift in northwest Wyoming. In 1997 the meeting in Tennessee visited the newly constructed
future 1-26 highway in the Blue Ridge of East Tennessee. The Arizona meeting in 1998 visited the
Oak Creek Canyon near Sedona and a mining ghost town at Jerome, Arizona. The Virginia
meeting in 1999 visited the “Smart Road” Project that was under construction. This was a joint
research project of the Virginia Department of Transportation and Virginia Tech University. The
Seattle Washington meeting in 2000 visited an ancient lahar in the Mount Rainier area. A stop
during the Maryland meeting in 2001 was the Sideling Hill road cut for 1-68 which displayed a
tightly folded syncline in the Allegheny Mountains.

The California field trip in 2002 provided a field demonstration of the effectiveness of rock netting
against rock falls along the Pacific Coast Highway. The Kansas City meeting in 2004 visited the
Hunt Subtropolis which is said to be the “world’s largest underground business complex”. It was
created through the mining of limestone by way of the room and pillar method. The Rocky Point
Quarry provided an opportunity to search for fossils at the North Carolina meeting in 2005. The
group also visited the US-17 Wilmington Bypass Bridge which was under construction. Among
the stops at the Pennsylvania meeting were the Hickory Run Boulder Field, the No.9 Mine and
Wash Shanty Museum, and the Lehigh Tunnel.

15



HGS History, Organization, and Function (continued)

The New Mexico field trip in 2008 included stops at a soil nailed wall along US-285/84 north of
Santa Fe and a road cut through the Bandelier Tuff on highway 502 near Los Alamos where
rockfall mesh was used to protect against rockfalls. The New York field trip in 2009 included the
Niagara Falls Gorge and the Devil’s Hole Trail. The Oklahoma field trip in 2010 toured the
complex geology of the Arbuckle Mountains in the southern part of the state along with stops at
Tucker’s Tower and Turner Falls.

In the bluegrass state of Kentucky, the 2011 HGS field trip included stops at Camp Nelson which
is the site of the oldest exposed rocks in Kentucky near the Lexington and Kentucky River Fault
Zones. Additional stops at the Darby Dan Farm and the Woodford Reserve Distillery illustrated
how the local geology has played such a large part in the success of breeding prized Thoroughbred
horses and made Kentucky the “Birthplace of Bourbon”.

In Redding, California, the 2012 field trip included stops at the Whiskeytown Lake, which is one
in a series of lakes that provide water and power to northern California. Additional stops included
Rocky Point, a roadway construction site containing Naturally Occurring Asbestos (NOA), and
Oregon Mountain where the geology and high rainfall amounts have caused Hwy 299 to
experience local and global instabilities since first constructed in 1920.

The 2013 field trip of New Hampshire highlighted the topography and geologic remnants left by
the Pleistocene glaciation that fully retreated approximately 12,000 years ago. The field rip
included stops at various overlooks of glacially-carved valleys and ranges; the Old Man of the
Mountain Memorial Plaza, which is a tribute to the famous cantilevered rock mass in the
Franconia Notch that collapsed on May 3, 2003; the lacustrine deposits and features of the Glacial
Lake Ammonoosuc; views of the Presidential Range; bridges damaged during Tropical Storm
Irene in August 2011; and the Willey Slide, located in the Crawford Notch where all members of
the Willey family were buried by a landslide in 1826.

The 2014 field trip presented a breathtaking tour of the geology and history of southeast Wyoming,
ascending from the high plains surrounding Laramie at 7000 feet to the Medicine Bow Mountains
along the Snowy Range Scenic Byway. Visible along the way were a Precambrian shear zone, and
glacial deposits and features. From the glacially carved Mirror Lake and the Snowy Range Ski
Area, the path wound east to the Laramie Mountains and the Vedauwoo Recreational Area, a
popular rock climbing and hiking area before returning to Laramie.

In Sturbridge, MA, the 2015 field trip focused on the Connecticut Valley, a Mesozoic rift basin
that signaled the breakup of Pangea, and the Berkshires, which represents the collision and
amalgamation of an island arc system with the North American Laurentian margin.

The field trip in 2016 was an urban setting along the western edge of Colorado Springs and around
Manitou Springs. Stops included the Pikeview Quarry, Garden of the Gods Visitor Center, and
several other locations where rockfall and debris flow mitigation, post-flooding highway
embankment repair, and a nonconformity in the rock records that spans 1.3 billion years were
observed.

The 2017 field trip provided an opportunity to view the geology of northern Georgia. Stops
included the Bellwood Quarry, which, at one time was run by the City of Atlanta and also served
as a prison labor camp. It will eventually serve as a 2.4 billion-gallon water storage facility for the
City of Atlanta upon completion of a tunnel to connect the quarry to two water treatment plans and
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three pump stations. Additional stops included the Buzzi Unicem Cement Plant to get a close up
view of the Clairmont Melange, The Cooper Furnace near the Allatoona Dam, and the New
Riverside Ochre-Emerson Barite mine.

At the technical sessions, case histories and applied state-of-the-art papers are most common; with
highly theoretical papers the exception. The papers presented at the technical sessions are
published in the annual proceedings. All proceedings are available to download from
www.HighwayGeologySymposium.org.

Banquet speakers are also a highlight and have been varied through the years.

A Medallion Award was initiated in 1970 to honor those persons who have made significant
contributions to the Highway Geology Symposium. The selection was- and is currently made from
the members of the national steering committee of the HGS.

A number of past members of the national steering committee have been granted Emeritus status.
These individuals, usually retired, resigned from the HGS Steering Committee, or are deceased,
have made significant contributions to the Highway Geology Symposium. A total of 38 persons
have been granted Emeritus status.

Several Proceedings volumes have been dedicated to past HGS Steering Committee members who
have passed away. The 36™ HGS Proceedings were dedicated to David L. Royster (1931 - 1985,
Tennessee) at the Clarksville, Indiana Meeting in 1985. In 1991 the Proceedings of the 42" HGS
held in Albany, New York were dedicated to Burrell S. Whitlow (1929 - 1990, Virginia). The 64"
HGS Proceedings were dedicated to Earl Wright (1931 — 2012) at the North Conway, New
Hampshire meeting. The 65th proceedings were dedicated to Nicholas Priznar (1952 — 2014) at the
Laramie, Wyoming meeting. The 76th HGS held at Colorado Springs, Colorado dedicated the
proceedings to Vern McGuffy (1934 — 2016). The proceedings for the 68™ HGS held in Marietta,
Georgia were dedicated to Richard (Dick) Cross (1944 — 2016). The proceedings for the 69th HGS
are dedicated to Dave Bingham (1932-2018) and Joe Gutierrez (1926-2018).

Young Author Award Winners

2014 Simon Boone, “Performance of Flexible Debris Flow Barriers in a Narrow Canyon”

2015 Cory Rinehart, “High Quality H20: Utilizing Horizontal Drains for Landslide
Stabilization”

2016 Todd Hansen, “Geologic Exploration for Ground Classification: Widening of the 1-70
Veterans Memorial Tunnels”

2017 James Arthurs, “Construction of Transportation Infrastructure in Weathered Volcanic
Ash Soils”
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HGS Medallion Award Recipients

Hugh Chase

Tom Parrott

Paul Price

K.B. Woods

R.J. Edmondson
C.S. Mullin

A.C. Dodson
Burrell Whitlow
Bill Sherman
Virgil Burgat
Henry Mathis
David Royster
Terry West

Dave Bingham
Vernon Bump
C.W. "Bill" Lovell
Joseph A. Gutierrez
Willard McCasland
W.A. "Bill" Wisner

Emeritus Members of the Steering Committee

1970
1970
1970
1971
1972
1974
1975
1978
1980
1981
1982
1982
1983
1984
1986
1989
1990
1990
1991

David Mitchell
Harry Moore

Earl Wright
Russell Glass
Harry Ludowise
Sam Thornton
Bob Henthorne
Mike Hager
Joseph A. Fischer
Ken Ashton

A. David Martin
Michael Vierling
Dick Cross

John F. Szturo
Christopher Ruppen
Jeff Dean

John Pilipchuk
Peter Ingraham

1993
1996
1997
1998
2000
2000
2004
2005
2007
2008
2008
2009
2009
2010
2012
2012
2015
2016

Emeritus Status is granted by the Steering Committee

R.F. Baker
John Baldwin
David Bingham
Vernon Bump
Virgil E. Burgat

Robert G. Charboneau

Hugh Chase
Richard Cross
A.C. Dodson

Walter F. Fredericksen

Brandy Gilmore
Robert Goddard
Joseph Gutierrez

G. Michael Hager

Rich Humphries
Charles T. Janik
John Lemish
Bill Lovell

A. David Martin

Henry Mathis
Willard McCasland

George S. Meadors, Jr.

David Mitchell
Harry Moore
W.T. Parrot

Paul Price

Nick Priznar
David L. Royster
Mitchell Smith
Willard L. Sitz
Bill Sherman
Jim Stroud
Berke Thompson
Sam Thornton
Burrell Whitlow
W. A. “Bill” Wisner
Earl Wright

Ed J. Zeigler
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HGSNational Steering Committee Officers

Ken Ashton CHAIRMAN

West VA Geological Survey

1 Mont Chateau Road
Morgantown, WV 26508

Phone: (304) 594-2331

Cell: (304) 216-3025

Fax: (304) 594-2575

Email: ashton@geosrv.wvnet.edu

Bill Webster SECRETARY
CalTrans

5900 Folsom Blvd.

Sacramento, CA 95819

Phone: (916) 662-1183

Fax: (916) 227-1082

Email: bill_webster@dot.ca.gov

Krystle Pelham VICE-CHAIRMAN
New Hampshire Dept. of Transportation
PO Box 483

Concord, NH 03302

Phone: (603) 271-1657

Email: Krystle.Pelhnam@dot.nh.gov

John Pilipchuk TREASURER
NCDOT Geotechnical Engineering Unit
1020 Birch Ridge Drive

Raleigh, NC 27699-1589

Phone: (919) 707-6850

Fax: (919) 250-4237

Email: jpilipchuk@ncdot.gov

HGSNational Steering Committee Members

Vanessa Bateman

USACE

801 Broadway #A540

Nashville, TN 37202-1070

Phone: (615) 736-7906

Email: Vanessa.c.bateman@usace.army.mil

Jeff Dean

Terracon

4701 North Stiles Avenue
Oklahoma City, OK 73015
Phone:405 445-3280

Email: jeff.dean@terracon.com

Tom Eliassen

VT AOT (Retired)

15 CIiff Street, Apt. 2
Montpelier, VT 05602

Phone: (802) 498-4993

Email tomeli@myfairpoint.net

Jim Coffin

WYDOT (Retired)

7225 Heritage Drive

Cheyenne, WY 82009

Phone: (307) 214-7562

Email: jimcoffin0528@gmail.com

John D. Duffy

Caltrans (Retired)

128 Baker Ave.

Shell Beach, CA 93449

Phone: (805) 440-9062

Email: JohnDuffy@charter.net

Russell Glass

NCDOT (Retired)

100 Wolf Cove
Asheville, NC 28804
Phone: (828) 252-2260
Email: frgeol@aol.com
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HGSNational Steering Committee Members (continued)

Kyle Halverson

Chief Geologist

Kansas Department of Transportation
Bureau of Structures and Geotechnical
Services

700 SW Harrison St.

Topeka, KS 66603

Office: 785-291-3860

Cell: 785-845-4332

Email: kyle.halverson@ks.gov

Peter Ingraham

Golder Associates Inc.

670 North Commercial Street, Suite 103
Manchester, NH 03101-1146

Phone: (603) 668-0880

Fax: (603) 668-1199

Email peter_ingraham@golder.com

Sarah Mclnnes

PA DOT

District 6-0

7000 Geerdes Blvd.

King of Prussia, PA 19406
Phone: (610) 205-6544
FAX: (610) 205-6599
Email: smcinnes@pa.gov

Erik Rorem

Geobrugg North America, LLC
Phone: (505) 771-4080

Fax: (505) 771-4081

Email: erik.rorem@geobrugg.com

Stephen Senior

Ontario Min of Trans. (Retired)

11 Dewbourne Ave.

Richmond Hill, ON L4B 3G7 Canada
Phone: (416) 235-3734

Fax: (416) 235-4101

Email: sa.senior@rogers.com

Bob Henthorne
Mid-States Materials
1800 Brickyard Road
Topeka, KS 66618
Phone: (785) 640-2477
Email:

bhenthorne@midstatesmaterials.com

Richard Lane

NHDOT (Retired)

213 Pembroke Hill Rd.
Pembroke, NH 03275

Phone: (603) 485-3202

Email: lanetrisbr@hotmail.com

Victoria Porto

PA DOT (Retired)

10 Pine Lake Drive
Carlisle, PA 17015

Phone: (717) 805-5941
Email: vamporto@aol.com

Christopher A. Ruppen

Michael Baker Jr., Inc.

100 Airside Drive

Moon Township, PA 15108
Phone: (724) 495-4079

Cell: (412) 848-2305

Fax: (724) 495-4017

Email: cruppen@mbakerintl.com

Deana Sneyd

Petrologic Solutions, Inc.
3997 Oak Hill Road
Douglasville, GA 30135
Phone: (678) 313-4147
Email: dsneyd@gmail.com
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HGSNational Steering Committee Members (continued)

Steven Sweeney

NY Thruway (Retired)

105 Albert Rd.

Delanson, NY 12053

Email: 2ssweeney@gmail.com

Michael P. Vierling

NY Thruway (Retired)

323 Boght Road

Watervliet, NY 12189-1106
Phone: (518) 233-1197

Email: rocdoc1956@gmail.com

Richard Wilson

S&ME, Inc.

2020 Liberty Road, Suite 105
Lexington, KY 40505

Phone: (859) 293-5518

Cell: (502) 682-1203

Email: rwilson@smeinc.com

John F. Szturo

HNTB Corporation

715 Kirk Drive

Kansas City, MO 64105

Phone: (816) 527-2275 (Direct Line)
Cell: (913) 530-2579

Fax: (816) 472-5013

Email: jszturo@hntb.com

Terry West

Earth and Atmospheric Science Dept.
Purdue University

West Lafayette, IN 47907-1297 Phone:
(765) 494-3296

Fax: (765)496-1210

Email: trwest@purdue.edu

HIGHWAY GEOLOGY SYMPOSIUM
Past, Present, and Future Symposium Contact List

603-271-1657
307-777-4205

Krystle.Pelham@dot.state.nh.us
Jim.coffin@wyo.gov

2013  New Hampshire Krystle Pelham
2014  Wyoming Jim Coffin
2015 Massachusetts  Peter Ingraham
2016  Colorado Ty Ortiz

2017  Georgia Deana Sneyd
2018 Maine Krystle Pelham
2019  Oregon Scott Burns

603-688-0880
303-921-2634
678-313-4147
603-271-1657
503-725-3389
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69" ANNUAL
HIGHWAY GEOLOGY
SYMPOSIUM

Sponsors

The following companies have graciously contributed toward the sponsorship of the
Symposium. The HGS relies on sponsor contributions for refreshment breaks, field trip lunches
and other activities. We gratefully appreciate the contributions made by these sponsors.

Platinum Sponsors

Geobrugg North America, LLC.
22 Centro Algodones

Algod . N Mexico 87001
GEOBRUGG A\  rweosimition
w Fax: (505) 771 4081

Www.geobrugg.com

Geobrugg supplies safety nets and meshes of high-tensile steel wire. Many years of experience
and a global network with branches and partners in over 50 countries ensures fast, thorough,
and cost-effective solutions for customer requirements. We are partners, consultants,
developers, and project managers for our customers.

: Ameritech Slope Constructors, Inc
Ameritech PO Box 2702

Asheville, North Carolina 28802
Slope P: 828-633-6352

Constructors Www.ameritech.pro

Geotechnical Contractors

Ameritech Slope Constructors, Inc. is a specialty contracting company specializing in
Civil/Geotechnical Construction projects, including rock and soil slope stabilization, rock
scaling, rock bolting, high strength steel mesh drapes and barriers as well as dry mix shotcrete.
We also drill and break large boulders and overhanding ledges using nonexplosive rock
removal methods and mechanical rock splitters.

22



69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Gold Sponsors

BGC Engineering, Inc.
Suite 211
701 - 12th Street

‘B‘Glc BGC ENGINEERING INC. Golden, Colorado

AN APPLIED EARTH SCIENCES COMPANY USA, 80401
P: (720)-598-5982

info@bgcengineering.ca

BGC Engineering Inc. is an international applied earth science consulting firm of over 400
engineers, geoscientists, technicians and computer scientists. Our strength is in developing
new solutions, and informing and communicating risk-based decisions in complex
environments.

Terracon Consultants, Inc.
77 Sundial Avenue, Suite 401W

Manchester, New Hampshire 031031
P: (603) 647-9700

www.terracon.com

Terracon is a national, 100 percent employee-owned, consulting engineering firm
providing quality services to clients. Since 1965, Terracon has evolved into a successful

multi-discipline firm specializing in:
* Environmental
* Facilities
« Geotechnical
» Materials
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Silver Sponsors

Access Limited Construction
1102 Pike Lane
Oceano, California 93445

=N !
ACCESS LIMITED ' "e P: (805)-592-2230
CONSTRUCTION www.accesslimitedconstruction.com

Access Limited Construction is a General Contractor located in San Luis Obispo,
California. An industry leader, we provide rockfall mitigation, slope stabilization, and
difficult drilling services for transportation, energy, mining and private sector clients. With
our fleet of Spyder Excavators, we can access steep terrain and hard to reach projects
throughout the United States from the East Coast to Hawaii.

Haley & Aldrich, Inc.
75 Washington Avenue, Suite 1A
' Portland, Maine 04101
ICH P: 207-482-4607

www.haleyaldrich.com

The first geotechnical engineering firm in New England, Haley & Aldrich, Inc. has been
working on transportation projects for more than 60 years. We are familiar with the unique
subsurface conditions and environmental concerns of the region and we have worked with
the region's many transportation agencies.
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Silver Sponsors (continued)

I D S IDS GeoRadar
14828 w. 6th Avenue, Unit 12-B
Golden, Colorado 80401
G eo R a d ar P: (303)-726-6024

Www.idsgeoradar.com
NORTH AMERICA

IDS GeoRadar manufactures, sells, and services radar instruments. IBIS mine and
geohazard monitors, and GPR tools, lead the sector in features, affordability and utility.

Bronze Sponsors

Atlas Pipe Piles

- - 1855 East 122nd Street

‘ AtlaS Plpe Pl |eS Chicago, Illinois 60633
P: (312)-275-1608

www.atlaspipepiles.com

Atlas Pipe Piles manufactures new ERW straight seam steel pipe piling up to 20” diameter
and .750” wall that can be found in multiple projects.
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69th ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Bronze Sponsors (continued)

GeoStabilization International
543 31 Road
Grand Junction, Colorado 81504
P: (855)-579-0536
www.geostabilization.com

GeoStabilization International®

GeoStabilization International® is the leading geohazard mitigation firm operating
throughout the United States and Canada. Our passion is to develop and install innovative
solutions that protect people and infrastructure from the dangers of geohazards. We
specialize in emergency landslide repairs, rockfall mitigation, and grouting using
design/build and design/build/warranty contracting. GeoStabilization’s team includes some
of the brightest and most dedicated professionals in the geohazard mitigation industry.
Our expertise, proprietary tools, and worldwide partnerships allow us to repair virtually
any slope stability or foundation problem in any geologic setting

Golder Associates
670 North Commercial Street, Suite 103
Manchester, New Hampshire 03101-1146
Phone: (603) 668-0880
Fax: (603) 668-1199

GOLDER www.golder.com

Golder is respected across the globe for providing consulting, design and construction
services in our specialist areas of earth and environment. Our highly skilled engineers,
scientists, project managers and other technical specialists are committed to helping clients
achieve project success on projects around the globe.
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Bronze Sponsors (continued)

Gilson Company, Inc.
PO Box 200

7975 N Central Drive
_/ @”J Lewis Center, Ohio 43035
P: (800)-444-1508
www.globalgilson.com

COMPAN Y INC.

In 1939, Gilson introduced our Testing Screen in response to Mining and Highway
Construction industry demands for greater control of material quality. The Testing Screen
is still a center piece in most modern aggregate labs, but Gilson has not been standing still.
As the company has grown, so has our reputation for superior expertise, innovation, and
development of particle size analysis and sample dividing equipment.

Hager-Richte_r Geoscience, Inc.
HAGER-RICHTER O
GEOSCIENGCE, INC. v hager-rchter o

HAGER-RICHTER GEOSCIENCE, INC. is a well-established small business that
specializes in Surface and Borehole Geophysics for Engineering applications. The firm has
been in business since 1984, has earned a national reputation, and has a nationwide
practice. Hager-Richter is headquartered in Salem, New Hampshire and has had a fully
staffed and equipped New York/New Jersey Regional Office in New Jersey since 2001.
Hager-Richter has extensive experience in providing high resolution geophysical services
to support transportation infrastructure projects in the Northeastern, Southeastern, and
Midwestern sections of the U.S.
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Bronze Sponsors (continued)

HI-TECH Rockfall Construction, Inc.
PO Box 674
Forest Grove, Oregon 97116
P: (503)-357-6508
www.hitechrockfall.com

HI-TECH Rockfall is a General Contractor that specializes in Rockfall Mitigation and has
been in the industry for over 22 years.

Maccaferri Inc
9210 Corporate Blvd., Suite 220

MACCAFERRI e e

www.maccaferri.com/us

With over 60 years’ experience in rockfall and geohazard mitigation, Maccaferri offers a
wide range of systems to stabilize rock faces, soil slopes, shallow landslides and debris
flow, reducing risk to people, buildings, and infrastructure. We offer a range of engineered
systems, certified and tested by leading institutes in accordance with the latest standards.
Maccaferri solutions are designed using state-of-the-art modeling software and techniques.
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Bronze Sponsors (continued)

Precision Blasting Services
6990 Summers Road
Montville, Ohio 44064
P: (440)-823-2263
www.AcademyBlasting.com

Precision Blasting Services is a rock blasting and overbreak control consulting firm,
specification writing, and training provider for DOTSs, consulting firms, and drill and blast

companies.

Rocscience Inc
54 St. Patrick Street
Toronto, Ontario M5T 1V1

| rocsclence

WwWw.rocscience.com

Rocscience is a world leader in developing 2D & 3D software for civil, mining, and
geotechnical engineers. For over 20 years, we’ve used leading-edge research to build
geotechnical tools used by over 7,000 engineers around the world for slope stability,

excavation design, and geotechnical analysis.
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69" ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
Bronze Sponsors (continued)

Scarptec, Inc.
PO Box 326
Monument Beach, Massachusetts 02553
Z P: (603)-361-0397
e www.scarptec.com

ROCK ENGINEERING SOLUTIONS

Scarptec, Inc. provides geological engineering and design solutions for challenging site
conditions, with a laser-sharp focus on constructability. Whether it’s a deep excavation or
falling rock, ice, snow, and soil, Scarptec works collaboratively with our clients and other
stakeholders to help mitigate the forces of Mother Nature.
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GEOBRUGG‘A\

Safety is our nature

Rock

Shallow landslide barriers

Geobrugg North America, LLC

22 Centro Algodones

Algodones, NM 87001 USA

P 505 7714080 | F 505 771 4081
www.geobrugg.com | info@geobrugg.com

Your local Geobrugg specialist: A company of the BRUGG Group
UEE.CO LaCt 1SO 9001 certified
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Ameritech
Slope
_ Constructors

=

Provides:

Rock Scaling,

Slope Stabilization Using
Soil Nails and High
Strength Mesh, Rock
Bolting, Rockfall Drape
and Barriers, Rock
Drains, and Shotcrete.

Office Address:
21 Overland Blvd.
Asheville, NC 28806 -
Mai!iné Address:
P.O. Box 2702
Asheville, NC 28802
" Phone: 828-633-6352
" Fax:828-633-6353
; Website: www.amer{tech.pro




esponswe

Resourceful
Reliable

For more than 50 years, Terracon Consultants, Inc. has been providing

a full range of proven geotechnical and geological services to state 1rerracan

and local transpartation department clients nationwide. {603} 647 9700
terracon.com/manchester

Environmental i Geotechnical Materials

hgcengineering.com

Vancouver | Kamloops | Calgary | Edmonton | Toronto | Halifax | Fredericton | Denver | Montrose | Santiago
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- (805) 592-2230

Pike Lane, Oceaad, Calilornia §2445
e dnfedacceselimiedooasucion g

ROCKFALL MITIGATION
SLOPE STABILIZATION
_ DIFFICULT DRILLING

www.AccessLimitedConstruction.com

GeoHazard Mitigation Experts

» Grouting & Foundation Repairs
» Landslide Remediation

» Rockfall Mitigation

...and more! )

Senvice across the
United States & Canoda

0536

. Atlas Plpe Piles

Makers of Stralght Seam
ERW Pipe Piles
Chicago, IL
Blytheville, AR
Sizes up to 20" x .750"
Booth # 3

AMERICAN

\ -ﬁ.."/‘r-
>

7

COMPANY, INC.

THEIIEADE RINIMATERIALY
TESTINGIEQUIPMENT;

Hesidual Shear
Machine

HM350A Triaxial Panel

Load Frame

800.444.1508. 740.548.7298
www.globalgilson.com
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Applying the latest technologies
to arrive at down-to-earth solutions

for over 57 years.

We thrive
on challenges

goldercom GOLDER

——— : 3 T
HI-TECH Rockfall Canstruction is a General - L 2
Contractor that specializes in Rockfall & Matural - ”
Hazard Mitigation. Established in 19968 we have
been an industry leader for over 20 years, Qur

Highly Trained & Skilled Employees provide one
of the Highest Safety Record in the Industry

T M
Industries Serviced Include:
Government & Military  Highways
Mines & Quarries Railroads
Commercial & Residential Utilities

Products and Services include:

Rock Scaling

Rockfall Barriers

Wire Mesh & Cable Net Drapery
Rock Bolts & Dowels

Anchor Mesh

Debris Flow Barriers

Shotcrete

Avalanche Protection / Snow Nets
Instrumentation Installation
Rope Access Work

Design & Construction Consulting

P T T T T SR Y

Office: (503) 357-6508
www.hitechrockfall.com

HI-TECH Rockfall Construction, In¢.
P.O. Box 674, Forest Grove, OR 87116
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Novel approaches

for a better result.
That's the Haley & Aldrich way.

We bring advocacy and ingenuity to our Transpor tation
teaming par thers so they can do more with less,

Our nationwide staff of engineers, scientists, and
constructors look for ways to do things better

and more efficiently, no matter how seemingly
straightforward or complex your challenge.

For more information, contact:

Ed Zamiskie
Government Infrastructure | Market Segment Leader
ezamiskie@haleyaldrich.com | (973) 658.3909

HAtBAicH

haleyaldrich.com

IDS
GeoRadar
[aa————

7\

Critical Slope Monitoring

a\

IDSNA Geomatics Services Group
Contact our team for Critical Slope Monitoring
and Risk Reduction Monitaring deployments.

IDSNA Inc.

14828 W. 6th Ave., Ste. 12-B
Golden, CO., 80401, United States
Tel: +1 303-232-3047 Ext. 121

EM: idsna.geo@idsgeoradar.com

IDS

GeoRadar

ey gl



Precision Blasting Services

Blast Consultants
Precision Blasting Services is the world leading in rock blasting

] RD CH FALL pRDTECT | DN and overbreak control consulting. Our capabilities for
kﬂ SN OW BAR RI E RS construction blasting projects include specification writing,

vibration control and prediction, air overpressure prediction,
| rock blasting consulting. presplitting and Pre
Presplitting consulting, and legal

MACCAFERRI

sion

WHY MACCAFERRI ROCHS!
STRENGTH « PERFORMANCE » DURABILITY
PROVEN = QUALITY

Want More Information? Email

Anthony@idce-pbs.com

HAGER-RICHTER | :tanessmes™
. ‘ k suite of slope stability tools.

Gaaphrﬁcsi;orrhe Engineering C:;mmunifF . o [_ i L..J [ | I:ﬁ

~ Salem,NH  Fords, NJ \ .

rocsclence.com
’ Try the full version of any
b Rocscience software for free.
y www. hager-richter.com " rocscience
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SYMPOSIUM

Exhibitor Display Locations

Rhode Island

g

Access  sunbelt
= 0lson | imited Rentals
Construction

= Kane

.. Summit
 Geoeng

|5 Scarptec
Dataforensics

& Terracon

SIMCO  TenCate

-

Geobrugg  Hayward

AmeriTech

!L_I

Maccaferri
Hi-Tech  precision '
Rockfall Bla§tlng ,
Canary Jewell
Systems
s Williams-|
GeoRader  ‘Form (0
Engineering
Hager

Richter

AN

Rocscience

1

Golder GeoKon Atlas
Assoc. Pipe Piles

e

Geo
Instruments

GeoStabilization

Haley
Aldrich Gilson

»

Vermont

Connecticut

38

31

32Juniper

33NHAZCA

Pacific
Blasting
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Exhibitors

Thank you to all participating exhibitors. The exhibit booths are in the
Vermont/Connecticut/Rhode Island rooms.

Access LiMITED

CONSTRUCTI

Ameritech
Slope
Constructorll%

Geotechnical Contractors

. Atlas Pipe Piles

‘B|G‘c BGC ENGINEERING INC.

AN APPLIED EARTH SCIENCES COMPANY
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Access Limited Construction
1102 Pike Lane
Oceano, California 93445
P: (805)-592-2230
www.accesslimitedconstruction.com

Ameritech Slope Constructors, Inc.
PO Box 2702
Asheville NC 28802
P: (828) 633-6352
Fax: (828) 398-2041
www.ameritech.pro

Atlas Pipe Piles
1855 East 122nd Street
Chicago, Illinois 60633

P: (312)-275-1608
www.atlaspipepiles.com

BGC Engineering, Inc.
Suite 211
701 - 12th Street
Golden, Colorado
USA, 80401
Tel: (720)-598-5982
info@bgcengineering.ca

Canary Systems, Inc.
5 Gould Road
New London, New Hampshire 03257
P: 603-526-9800
WWW.canarysystems.com
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Exhibitors
o o Dataforensics
0 2310 Parklake Drive, Suite 525
39D Atlanta, Georgia 30345
° P: 678-406-0106
Dataferensics -

www.dataforensics.net

GEOBRUGG A\  “ivire e
w Algodones, New Mexico 87001

Safety | ¢ P: (505) 771 4080
arety Is our nature Fax: (505) 771 4081

WWWw.geobrugg.com

E GEO Geo—lnstr_umen_ts
24B Celestial Drive
GEO INSTRUMENTS Narragansett, Rhode Island 02882
A DIVISION OF GETEC P: 800-477-2506

Www.geo-instruments.com

GeoKon, Inc.

48 Speicer Street
G E 0 I(o N Lebanon, New Hampshire 03766
® P: 603-448-3216

Www.geokon.com

GeoStabilization International
543 31 Road
Grand Junction, Colorado 81504
P: (855)-579-0536
www.geostabilization.com

GeoStabilization International®

Gilson Company, Inc.

PO Box 200
IL/SJ ” 7975 N Central Drive
y —/—/ Lewis Center, Ohio 43035
. P: (800)-444-1508

www.globalgilson.com
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Exhibitors

>

GOLDER

HAGER-RICHTER

GEOSCIENCE, INC.

"ALBRicH

) HAYWARD
BAKER

A KELLER COMPANY

IDS

GeoRadar

Golder Associates
670 North Commercial Street, Suite 103
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ABSTRACT

Aging bridges and transportation infrastructure in the U.S. present a challenge to Federal and
State DOTs, local governments, and other transportation agencies. Reuse of bridge foundations
is a viable option for bridge replacement and rehabilitation efforts. Foundation reuse may be a
practical technique to reduce project costs, schedule, and environmental and mobility impacts;
however, this is not without challenges, including uncertainties in existing foundation geometry
and conditions, remaining service life of the substructure elements, and load carrying capacity.
These challenges can be managed with appropriate investigations and mitigative efforts.

The Willow Valley Creek Bridge located on County Road 209, southeast of Flagstaff in
Coconino County, New Mexico was investigated, designed and constructed with reused
foundations. The bridge, constructed in 1934 and widened in 1964, was a 104-foot long, 34-foot
wide, 3-span structure supported on mortared cut-stone masonry abutments and piers founded on
shallow foundations. Original bridge and as-built plans of the widening project are available.
Core sampling of the structure supporting elements and foundation strata, and comprehensive
non-destructive borehole and surface geophysical testing was conducted to evaluate the
foundation system for reuse. Investigations indicated the bridge was founded on limestone
bedrock; areas of potential voids or weak material were noted in the substructure supporting
elements. To address concerns about these deficiencies, a grouting program was implemented to
improve the strength of the bridge substructure. Grouting was monitored during construction to
ensure the quality of the construction.

This manuscript discusses the foundation assessment, mitigation plan, and construction methods
employed to meet design requirements for reuse.
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INTRODUCTION

Bridge infrastructure in the United States is gradually deteriorating, prompting a high demand for
bridge replacement while total transportation funding is limited. Bridge substructure and
foundation elements typically comprise a significant fraction of bridge construction costs (7).
Therefore, the potential for reusing bridge foundation elements will substantially reduce costs
relative to a conventional bridge replacement project.

The key factors influencing the decision to reuse bridge foundations are economics,
environment, and construction schedule. Specifically, reuse of bridge foundation elements can
reduce project costs, environmental impacts, and road closures, and can expedite construction.
However, certain conditions must be met prior to implementing foundation reuse. Existing
foundations must provide sufficient capacity to resist applied bridge loads. Determining the load
carrying capacity of an existing bridge typically requires access to the original bridge plans,
geotechnical and structural design calculations, subsurface information, and as-built construction
drawings. Also, the proposed bridge deck geometry must be relatively similar to the original
bridge. Finally, the existing condition and remaining service life of the bridge components to be
reused must meet the AASHTO LRFD requirements and design life of the replacement bridge.
Availability of bridge inspection reports and detailed assessment of the bridge structure also
helps during the evaluation process.

For many Federal Lands Highway projects, full road closures to replace bridges are not typically
feasible. Many of these roads represent a single access route to an area and occasionally no
detour is available or if available could be very long. In both cases, requirements for public and
emergency vehicle access may dictate that temporary crossings and detours be constructed to
provide continuous access during construction. Construction of temporary detours is costly, both
in economic and environmental terms. Reuse of bridge foundations reduces road closure times
and requirements for temporary detours.

Willow Valley Creek Bridge
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purpose of the bridge rehabilitation was to widen the roadway and bridge to provide 5-foot
shoulders along each side to improve the entire corridor for multimodal use, which may create an
opportunity for the route to become a world-class training and event course. The rehabilitation
plan also emphasized retaining the existing stone masonry piers and abutments and provide a
steel girder superstructure that retains the same visual appearance as the existing bridge, blending
well within the forest environment of the project site.

The 3-span bridge, constructed in 1934 and later widened in 1964, is 104-feet long by 34-feet
wide providing a total 31-foot clear width. The bearing-to-bearing distances for the center and
exterior spans are 50 feet and 25 feet, respectively. Constructed as near vertical gravity walls of
cut-stone masonry, the two bridge piers and abutments are founded on spread footings bearing
on bedrock. The wing-walls extend about 10 feet at 45 degrees from the abutment walls. Pier
height ranged from 14 to 19 feet and abutments between 13 and 24 feet (Figure 2).

The plans depict approximately 4 feet of soil above bedrock at the bridge piers and 15 feet of soil
above rock at the abutments. Due to variance in overburden/rock interface and scour depth, the
actual embedded depths of each pier and abutment also varied along the lengths.

Figure 2 —Willow Valley Creek Bridge (left) and close up photo of bridge pier (right); note
the near vertical joint near middle of photo separating the original bridge structure on the
right from the 1964 widening on the left.

Geological Setting

The Willow Valley Creek Bridge is located southeast of Flagstaff, Arizona, within the Mormon
Lake Area of the Mongollon Slope Section, Colorado Plateau Province (2). The site is mapped as
underlain by recent alluvial soils and Permian Kaibab Formation which includes silty to sandy
dolomite, limestone, and fine-grained sandstone (3). Tertiary basaltic rocks are also mapped as
outcropping near the project area. The project site is located near the Mormon Mountain
Anticline, a broad regional structure whose east flank is characterized by low northeasterly dips.

As described in the “Evaluation” section below, the bridge site is underlain by sandy clay with
local gravel and cobble residual and alluvial soils. These soils are typically medium stiff, moist,
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and moderately plastic. Underlying these surficial soils are interbedded limestone and calcareous
shale bedrock, interpreted to belong to the Kaibab Formation.

PROPOSED REHABILITATION

This project proposed bridge widening with additional 5-foot wide shoulders on each side of the
bridge for pedestrian and cyclist use. Widening across the bridge would therefore include
complete replacement of the superstructure. The proposed replacement consists of an
approximately 107-foot long, 37-foot wide new bridge structure. This would provide a clear
width of 34 feet with two 12-foot lanes, each with 5-foot paved shoulders.

Due to the relatively limited widening required and desire to reduce the bridge closure time,
foundation reuse was proposed for this project. To verify that the bridge substructure and
foundations have sufficient capacity to support the added superstructure loads, a detailed
conventional boring and nondestructive investigation program was deployed to evaluate the
condition of the existing structure and the soil and rock supporting it. The investigations and
evaluation are presented below.

FIELD INVESTIGATIONS
Conventional Geotechnical Methods

To ensure a stable and safe structural design and to characterize the integrity of the bridge
substructure walls and foundations for reuse, the existing foundation was investigated by
advancing ten boreholes within or near the existing bridge structure. Two boreholes were
advanced in the roadway behind the bridge abutments using a combination of augur drilling and
HQ-wireline coring. The other eight boreholes (Bl through B8) shown in Figure 3 were
advanced from the bridge deck with two borings at each foundation element at locations where
gaps between the girders exist and into the supporting geological strata using HQ-wireline
coring.
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Continuous concrete and rock core samples of the bridge sub-structural elements and bedrock
were collected and characterized by visual classification in the field. Percent core recovery and
Rock Quality Designation (RQD) were determined in the field for each core run.

Unconfined compressive strength (UCS) tests were conducted on select core samples retrieved
from the limestone, concrete, and masonry materials obtained from the boreholes.

Non-destructive Geophysical Methods

Various nondestructive testing methods including borehole-geophysical logging, three-
dimensional seismic tomography, and ground penetrating radar surveys were used to image the
interior of the substructure. Boreholes through the existing pier and abutment cut-stone masonry
walls and the foundation bedrock (B1 through B8) were logged with various downhole
geophysical methods (4). Specifically, the purpose of the downhole geophysical logging is to
characterize the masonry and concrete integrity near the drill hole walls by detecting fractures,
cracks, and defects within the walls and foundation elements, as well as to investigate the
limestone bedrock density and competency. Downhole methods included caliper, compensated
density, electric log, natural gamma, optical televiewer, full waveform sonic, and velocity
(compression and shear) measurements.

Other nondestructive testing techniques conducted through the sub-structural elements were also
used to characterize the bridge structural elements and provide additional information about the
condition of the foundation materials (5, 6, 7). These techniques included sonic echo/impulse
response, ultra-seismic, spectral analysis of surface waves, multichannel reflection survey,
impact echo, ground penetrating radar (GPR), sonic pulse velocity, electrical resistivity imaging,
seismic refraction tomography, and multichannel analysis of surface wave (MASW). Three-
dimensional tomographic imaging using direct and reflected seismic waves was completed to
evaluate foundation element integrity and determine the volume of areas that will require
grouting at both abutments and piers of the bridge.



69" HGS 2018 6

FINDINGS

Boreholes advanced behind the bridge abutments, encountered fill and natural sandy clay soils.
These soils were generally medium stiff, moist, and medium plastic. Gravel, cobble, and
boulders were encountered locally. The soils were underlain by limestone and calcareous shale
bedrock extending to the maximum depths explored. The bedrock is medium strong to strong,
based on uniaxial compressive strength laboratory testing. Core recovered from the bedrock
indicated rock quality designation (RQD) values between 80 and 100, and unconfined
compressive strength (UCS) between 5,400 and 9,200 pounds per square inch (psi). Based on
these measurements, and information collected from the as-built plans, the geotechnical capacity
of the foundation was deemed to be sufficient to support the proposed bridge loads.

Boreholes advanced through the bridge structure encountered asphalt pavement, concrete, and
stone masonry of the existing bridge structure, deck, and pavement. These artificial materials
were underlain by similar limestone and shale bedrock, confirming that the bridge structure is
supported by spread footings bearing on bedrock. Core recovered from the stone masonry had
RQD values between 16 and 100, with lower values generally encountered in the original portion
of the structure. UCS testing on stone/mortar samples indicated intact strengths between 4,300
and 7,900 psi. Various anomalies, interpreted to be either weak masonry/mortar or void space,
were identified in the bridge abutments and piers from the 3-D geophysical data. Void space was
also recorded using the optical televiewer (Figure 4). These voids were interpreted to be related
to the original construction methods. Results of the borehole geophysics were used to inform and
calibrate the 3-D tomography and set the velocity threshold for void areas. In general, the
borehole geophysics indicated that the masonry and concrete within the newer bridge section is
more competent with less voids than that in the older section. Both compressional and shear
waves measured higher velocities within the newer section, also indicating more competent
materials.
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Figure 4 — Example downhole image showing void space within the mortared cut-stone
masonry B3-B4-B5-B6. Old section (B3 and BS) versus newer section (B4 and B6).
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The ground penetrating radar test method was used on the lower sides of both piers and both
abutments, testing horizontally into the structures to look for unusual features. There was also a
single GPR scan taken vertically into the soil next to Pier 1, as well as two vertical scans from
the roadway deck top taken along the centerlines of Piers 1 and 2. All GPR scans were done with
a 400 MHz antenna to allow for penetration through the entire horizontal width of the piers and
abutments coupled with relatively good resolution of features. A distinct change in the
reflections from the interior of the pier at about 22 feet from the start of the scan was observed in
the data. This change occurred where the original pier meets the newer portion of the pier and is
likely representative of the various stone and mortar interfaces in the pier. Although GPR
surveys were used at this site this type of data was not useful in determining bridge subsurface
element integrity and in developing a plan for improving the structural integrity of the bridge
elements.

The 3-D volumetric distribution of seismic velocity within each foundation element,
reconstructed through 3-D tomographic inversion contours using the measured travel times and
distances between sources and receivers. Figure 5 shows an example of an isometric projection
of generated velocity contours at a cross-section (tomogram) at the center-line through a
reconstructed velocity distribution image for Abutment 1.



69" HGS 2018 8

New structure  APProx. joint 0Old structure
N wingwall B3 / £ane Concrete bench anomaly B-5

S wingwall

Ground
surface
line

I
Possibly non-uniform
concrete pedestal
| WA

|

|

KEY:
& Spurce point on masonry wall
® Accelerometer on masonry wall
& Hydrophone in corehole
——.Contours of masonry structure
U Perimeter of coverage for velocity
tomography

480

40 ==— Local X, feet 30

Figure S — Tomograph combined with the volumetric contour image of velocity distribution
reconstructed along Abutment 1.

The color velocity distribution was obtained from measurements at a series of acoustic
transmitters and receivers placed along the vertical walls of the structures above the ground
level. In Figure 5, cooler colors (i.e. purple/blue) indicate areas with lower velocities, interpreted
as areas of weak/voided space within the structural elements and were utilized to guide the
development of the foundation repair plan. Note that as shown on Figure 5, limitations in the
tomography method controlled which portions of the foundation elements were imaged.

Based on all geophysical investigation and conventional coring results, a velocity below 3,000
feet per second (ft/s) was considered as a general indicator of deficiency for structural integrity.
Figure 6 shows plan and profile views of the deficient zones (velocity < 3,000 ft/s) and their
approximate volume. The total volume for Pier 1 was estimated at 292 cubic feet (cu ft)
significantly larger than Pier 2 which was estimated at 68.9 cu ft. While significantly smaller
than for Pier 1, the anomalies at Pier 2 still tend to occupy the central part of the Pier profile,
with much larger anomalies in the old structure, and with the largest anomaly near the top of the
structure expanding toward the west wall. Abutments 1 and 2 indicated much smaller volume of
deficient masonry with about 40 and 11 cu ft, respectively. Due to both the original construction
methods and the limitations of the investigation methods, the contrast in velocity between parts
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of the structure, rather than the absolute value of velocity, were emphasized in assessments of
structural integrity.
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Figure 6 — Tomographic representation of possible compromised structural integrity
volumes for Abutment 1 (upper left), Pier 1 (upper right), Pier 2 (lower left) and Abutment
2 (lower right)

STRUCTURAL REPAIR

Analysis of geotechnical investigations and the three-dimensional seismic tomographic imaging
of the foundation elements indicated that the masonry structures are in generally good condition
for substructure elements/foundation reuse and should be able to support the higher live loads as
required by AASHTO with minor improvements through grouting. Caliper data from downhole
geophysics generally indicated higher estimated grout volume than the three dimensional
tomographic images. This data represents more accurate spot location estimates of volume, but it
is projected across a significantly larger area without consideration of lateral or vertical
variability in the concrete. Therefore, relying on caliper data alone may result in an
unrealistically high estimation of the required grout volume compared to the total percent of
concrete in each abutment or pier.
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Grouting Plan

Due to weak areas and void space identified by the geotechnical and geophysical methods, a
grouting mitigation program was developed and incorporated into the project plans to improve
the overall integrity and stability of the bridge substructure. The grout volume required was
calculated based on the aforementioned results of the 3-D tomography survey (Figure 6). Grout
injection holes were strategically located at asymmetrical intervals along the abutments and piers
to maximize potential for grout to penetrate the interpreted weak/void spaces. An example
injection hole layout for Abutment 1 is illustrated in Figure 8. The grouting program was
recommended under the assumption that the bridge deck and girders would be removed prior to
grout placement.

Construction specifications required the contractor to monitor and record drilling conditions and
grout injection volumes per hole. Refusal criteria for grout injection was included in the contract
documents and specified maximum values for: grout returned to surface, displacement of bridge
structure facing, injection pressure, and grout volume. The contractor was required to evaluate
these criteria at each stage of grout injection. It was critical that the injection was pumped at low
pressure to avoid deflection of the substructure elements. Displacement monitoring was essential
to assure stability of the grouted substructure elements.

Execution

The contractor elected to perform grouting
operations prior to removal of the existing
bridge deck and super structure elements
as shown in Figure 7. The original
injection hole layout only considered how
to best fill the potential voids with grout
and did not consider the location of
various superstructure members with
respect to hole location. Therefore, many ==&
of the injection points required adjustment
during construction. Hole relocations were
kept to the minimum feasible to avoid the

ffeti

steel girders of the bridge structure. Figure 7 — Injection grouting at Abutment 1.

Initial injection points had very high grout

takes, with injection typically being terminated by reaching the specified maximum volume
criteria. This raised concerns for the contractor and the FHWA construction staff that the actual
quantity placed would be considerably higher than the estimated bid quantity. As the grout
injection progressed, the volume of grout injected at subsequent, adjacent injection points was
lower than the anticipated values. This was interpreted to be related to communication of grout
between the injection points.
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Figure 8 — Abutment 1 (East) grouting plan.

Three example grout injection logs are presented in Figure 9. These logs represent grout
injection at three holes located on along the Abutment 1 substructure element. Of these three
points, A1-D was injected first, followed by Al-F, and then A1-G. Note that as injection
proceeded to subsequent points, the total injection quantity decreased. This indicates substantial
interconnectedness between the voids in the abutment. Communication between grout injection
points was not anticipated by FHWA, and concerns were raised that grout was potentially
migrating out of the bridge structure, either through the face of the walls, into the abutment fill,
or into the foundation strata, raising a concern about contract grout quantity overruns. The
contractor continued to place grout and monitor the bridge structure for movement and any signs
of seepage. No seepage of grout was noted in the wall face or in the ground near the bridge. For
the first several holes, the maximum grout volume was the limiting refusal criteria. After several
holes in Abutment 2 were grouted in this manner, the following holes took considerably less
grout. For these injection points, maximum pressure was the limiting refusal criteria. Figure 10
shows the estimated and actual total volume of grout placed at each injection point in Abutment
1. Although a large discrepancy between the estimated and actual grout volumes existed at each
point, the total estimated and actual grout volumes for Abutment 1 are almost identical: 266
cubic feet and 264 cubic feet, respectively. A similar pattern continued for the other structural
elements. The total project grout volumes were 657 cubic feet (approximately 25 cubic yards)
estimated and 560 cubic feet (approximately 21 cubic yards) placed mostly attributed to
interconnectivity of the void spaces within each structural element.
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Example Grout Results - Willow Valley Creek Bridge
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Figure 9 — Example grouting logs from Abutment 1. Grouting proceeded from Hole A1-D,

then A1-F, and last, A1-G. Note that total grout volume decreases as the program
progresses.
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Figure 10 — Total volumes of grout placed at each injection point in Abutment 1.
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Once the grouting was successfully completed and cured, the bridge deck was removed and new
caps were installed on top of the existing abutment and pier walls. Steel girders were installed
and deck was placed as shown in Figure 11. Staged construction was used to maintain public
access across the bridge during the deck replacement rather than temporary detours or alternate
routes.

Figure 11 — Bridge construction photos.

SUMMARY AND CONCLUSIONS

The bridge foundations were investigated for reuse and deemed sufficient to safely support the
proposed structure loads in accordance with the AASHTO guidelines with minor repairs. By
reusing the existing foundations an approximate savings of 25 to 30 percent of the total actual
construction cost was achieved. In addition, indirect costs by reducing the construction duration,
improving traffic control, preserving historic cut masonry stone walls, and improving
productivity were also realized. This project was deemed successful.

Three distinct methods of investigation, namely, rock coring, downhole geophysics, and 3-D
seismic tomography of the existing bridge structure were particularly useful in guiding decision
making for foundation reuse and developing a mitigation program. The combination of these
methods provided the most reliable indication of void space within the bridge substructure. Rock
coring and downhole geophysics provided information useful to selecting an appropriate critical
velocity for interpretation of the tomography data. Developing estimated grout volumes from
these exploration results was challenging, requiring multiple iterations and input from several
geotechnical professionals within FHWA. In the end, the estimated contract quantity of 25 cubic
yards was only 4 cubic yards greater than the placed grout volume.

Logs of the grouting operation were essential to evaluate the efficacy of the grouting program.
Records of the grouting operation included drilling logs, which were useful for identifying actual
void areas encountered, and grouting logs, which recorded grout take at each interval and
identified where grout was placed. The grouting logs indicated significant connectivity between
the injection points that was not originally anticipated in the design. During placement of grout
in the first few injection points, FHWA field personnel were concerned that the contract quantity
may have been significantly underestimated. As previously discussed, grout take at subsequent
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injection points was considerably lower, with total volumes at each structure element relatively
close to the contract amount.
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ABSTRACT

In May 2017, the Vermont Agency of Transportation (VTrans) asked GZA GeoEnvironmental,
Inc. (GZA) to assess a recent rockfall that had left a mass of failed material above Interstate
Route 91 (I-91) in Fairlee, Vermont. VTrans’ initial assessment identified the risk that release of
the failed material could overwhelm the existing catchment and impact the interstate highway.

GZA developed a comprehensive assessment that included LiDAR survey and hand
measurements to characterize the failure area. The LiDAR data allowed characterization of the
scarp behind and the base plane beneath the failed material while avoiding direct access on or
beneath the unstable mass. Split-FX® software was used to create a mesh from the point cloud,
assess bedrock structure and dimensions of key features, and develop detailed cross-sections.
Most significantly, the Split-FX® mesh helped reveal the location and orientation of the scarp for
use in kinematic analyses.

Evaluations confirmed toppling instability as the predominant failure mode, and the orientation
of the base plane indicated a combined sliding and toppling instability mode was the likely cause
of instability of the Displaced Mass. GZA recommended scaling to remove the failed material,
combined with passive dowels to stabilize the remaining scarp face against continued toppling.
Catchment performance was evaluated for the proposed scaling, and for the proposed final slope
configuration, using RocFall® software. LiDAR data was used extensively in these evaluations,
as input to Split-FX® which was used to evaluate the geometry of the failed rock mass, thickness
of individual blocks, and cross-section dimensions for rockfall evaluations. The value of LIDAR
for rock slope mapping was illustrated throughout the course of the project.



69" HGS 2018: Friede, Blaisdell and Snow 4

INTRODUCTION

On May 8, 2017, a rockfall event occurred, originating from the toe of a potentially unstable rock
mass (herein referred to as “the Displaced Mass”), located along the southbound lanes of
Interstate Route 91 (I-91 SB) near Fairlee, Vermont. The small rockslide that occurred in May
2017 did not enter the travelway. However, the Vermont Agency of Transportation (VTrans)
observed a scarp behind the Displaced Mass, and a wide tension crack between the scarp and the
Displaced Mass as shown in Figure 1. The toe of the Displaced Mass was observed to be
approximately 30 feet above pavement grade, and the overall Rock Mass is approximately 25
feet high and 240 feet wide. Therefore, despite the presence of a catchment ditch greater than 25
feet in width, concern was expressed regarding the potential for the ditch capacity to be exceeded
if the entire Rock Mass were to release at once, allowing rockfall to enter the travelway.

Exposed Scarp

Toe of the Displaced Mass

it

Figure 1 — Photographs of the Displaced Mass, Front (Left) and Side showing Tension
Crack and Scarp (Right)

The following sections of this paper address pertinent aspects of the geologic setting, field
investigation, and rock slope engineering. The benefits of utilizing LiDAR data to assess the
stability and mitigation of the Displaced Mass, as well as the stability of toppling and sliding
modes from the cut slope, are highlighted throughout the following sections.

PROJECT AREA

[-91 serves as a major artery providing north-south access through the heart of New England. 1-91
generally follows the Vermont-New Hampshire border and extends north into Canada and south
through Massachusetts and Connecticut (/). The site is located along [-91 SB at mile marker 94.5,
near the base of Sawyer Mountain, and about 1 mile north of Lake Morey, as shown on Figure 2.
The overall length of the rock slope along the east side of the SB barrel is approximately 0.3 miles.

The area of investigation was approximately 240 feet long, extending roughly 100 feet north and
south of the Displaced Mass. GZA established a baseline with stationing to identify measurement
locations and features along the slope, shown on Figure 2.
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E 'Subrjeét Rock ASiérgre

Approximate
Location of the
| Displaced Mass

Figure 2 — Project Location on Aerial Photograph (left) and Project Area with GZA
Baseline (right)

This rock slope was previously identified and characterized as part of VTrans’ Rockfall Hazard
Rating System (RHRS). The slope held a ‘B’ rating, which corresponds to the third-from-
highest risk level in the VTrans system and therefore would not typically be programmed for
mitigation. The scarp existed in a condition similar to the current condition in 2012, at the time
of the last rating, and the relatively low hazard rating was attributed primarily to a catchment
width greater than 20 feet. However, concern that a much larger volume of the Displaced Mass
could become destabilized and fail at one time was the driver for this assessment.

OBJECTIVES AND APPROACH

The primary objectives of the project were to characterize the bedrock structure, provide
geological engineering recommendations to stabilize the Displaced Mass, and mitigate future
rockfall risk to the travelling public. The challenge was to gather field data to characterize the
Displaced Mass and the nearby rock slope, while avoiding direct access above or beneath
potentially loose, unstable material.

To accomplish this, GZA proceeded with a multi-phased approach that included a field mapping
program to characterize the primary structure of the Displaced Mass using hand measurements
and a terrestrial LIDAR survey. GZA utilized Split-FX® analytical software, developed by Split
Engineering, LLC, to create a model from the LiDAR survey and extract joint orientation and
slope geometric measurements from the point cloud. The data collected from the field mapping
and LiDAR survey were used to conduct our analyses and develop recommendations to stabilize
the Displaced Mass.

After the primary structures were characterized, GZA evaluated the performance of the existing
catchment using RocFall® software, developed by Rocscience, Inc. Catchment performance
was evaluated for two conditions: during scaling of the existing loose material and for the
proposed final configuration.
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GEOLOGIC CONDITIONS

Available bedrock mapping published by the U.S. Geological Survey indicates the bedrock at the
site is part of the Sawyer Mountain Formation (2). Mapped rocks of this unit are described as
greenish gray to dark gray, pyritic locally calcareous phyllite and light gray, locally pyritic and
calcareous, fine- to medium-grained, feldspar-rich metasandstone. The site is also mapped
between two northeast-southwest trending thrust faults. The mapped bedrock geology in the site
vicinity is shown in Figure 3.

A% TE FNY A P

| Site Location | /| ‘[4

Figure 3 — Bedrock Geology

Field observations by GZA and VTrans geologists were generally consistent with the bedrock
mapping in the project area. The rock exposed in the existing slope was interpreted to consist of
medium hard, dark gray (where fresh) to light gray and rusty brown (where weathered), fine- to
medium-grained, Phyllite. Distinct fault zones or planes were not observed in the study area.
Typically, rock fragments could be removed from the rock slope by hand with little effort where
they could be reached near the base of the slope.

The overall cut sloped down to the west and the cut slope aspect was slightly north of due west.
The average cut slope inclination is approximately 60 degrees. The typical rock slope height is
approximately 90 feet. The catchment distance between the toe of the rock slope and edge of
paved shoulder is approximately 28 feet, and the bottom of the catchment ditch is approximately
4 feet below the adjacent roadway elevation. The slope contained sparse vegetation growing on
lower angle areas.

An apparent continuous, approximately 65-foot-long scarp had formed along the steeply dipping
foliation over the full length of the back of the Displaced Mass, and a apparent displacement was
observed between the Displaced Mass and scarp with a maximum open width of approximately
11 feet. The foliation within the Displaced Mass had rotated approximately 50 degrees out of the
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slope, returning to the foliation orientation of the intact rock at the apparent bottom of the scarp.
Therefore, the entire Displaced Mass appeared to have translated and rotated-out away from the
scarp, consistent with toppling instability. The bottom and top of the Displaced Mass were
approximately 21 and 55 feet above pavement level, respectively.

FIELD INVESTIGATIONS
Hand Measurements and Visual Observations

Field measurements were made by hand and with laser scanning on June 22, 2017. The hand
measurements were made with a Brunton® compass, and the GeolD mobile application. Ropes
access techniques were not used to map this slope in consideration of the unstable nature of the
Displaced Mass and the ability to obtain the desired data using LiDAR scanning. A total of 22
features were hand-mapped using the GeolD V1.8 application, and approximately 40 percent of
these readings were field-checked for accuracy against readings taken with a Brunton® compass.
Field mapping performed by GZA included a visual assessment of general rock type and
measurements of joint characteristics including dip, dip direction, spacing, continuity, roughness,
aperture, filling, and seepage.

Terrestrial LIDAR Scanning

GZA subcontracted Doucet Survey, Inc. (Doucet) of Newmarket, New Hampshire to conduct the
LiDAR scanning. A Leica C10 High Definition Laser Scanner was used at three scan locations.
Traditional survey techniques were used to set permanent control points along the west side of
the SB barrel using a 3-second Trimble Robotic Total Station and Automatic Level.

The LiDAR data set consisted of a point cloud with a typical spacing of /2 to 1 inch between
survey points, each with unique x, y, and z coordinates and intensity. The individual scans were
registered to form a continuous point cloud model covering the study area and portions of the
catchment and roadway below. Target locations were georeferenced to a 6-millimeter (mm)
accuracy based on least squares analysis. Doucet provided a raw point cloud of the registered
and georeferenced data in *.PTS format. An image of the point cloud is presented in Figure 4.
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Limits of the
Displaced Mass

3

Figure 4 — LIDAR Point Cloud Image of the Displaced Mass
Point Cloud Data Interpretation

The method used by Split-FX® to assess structural geology involves creating a “mesh” and
“patches” based on the point cloud data. A mesh is a polygonal surface model generated using
the point cloud data, and it represents a reconstruction of the surface geometry from the
densely-sampled points. The mesh is created based on an average number of points per triangle,
or by defining a uniform triangle size. A comparison of the point cloud and the generated mesh
in the vicinity of the Displaced Mass is shown in Figure 5.

Figure 5 — Images of Point Cloud (a) and the Generated Mesh (b)

After the mesh was created, patches were created. Patches are planes fitted to real discontinuity
surfaces present in a cloud. Patches are created by grouping adjacent mesh triangles based on
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similarity of the orientation. The pole (i.e., dip and dip direction) of a patch is developed using
least squares to fit a plane through the points bounded by the grouped triangles (not the mesh
triangles themselves). The orientation of a patch developed in Split-FX® is comparable to a
hand-measurement taken with a Brunton® compass or GeolD. Patches can either be found
automatically, based on user-selected values of variation in orientation between adjacent
triangles and minimum patch size, or they can be selected for a specific set of mesh triangles.

The mesh was also utilized for creation of cross-sections. A cross-section line can be selected at
any location and orientation within the rock slope, and the cross-section is developed as a series
of segments corresponding to the coordinates of each mesh triangle that is crossed by the section
line. At locations where the LiDAR line of sight is “shadowed” and there is a hole in the mesh,
the cross-section line will show a gap. Cross-section coordinates can be inputted directly into
rockfall catchment modeling software.

Split-FX® also allows measurement of joint spacing and continuity within the point cloud. The
point cloud is oriented so that the desired measurement is normal to the screen for the
measurement. Measurement units correspond to the units embedded in the point cloud data, in
this case, feet (3).

Comparison of Brunton® Compass Measurements, GeolD Measurements,
and Split-FX® Results

During field mapping, some of the discontinuities of interest were out of reach to allow
measurement with the Brunton® compass, and/or were on surfaces small enough that use of the
Brunton® would be difficult. Therefore, we utilized the GeolD application on an iPhone to
collect strike and dip readings; this method was shown to be within 1 degree of a Brunton
compass measurement for half of the readings taken with GeolD and the Brunton® compass,
with a maximum variation of 6 and 10 degrees for dip and dip direction, respectively. Given the
good agreement, GeolD was considered to be validated for discontinuity measurements.

We used the discontinuity measurements collected with the GeolD to compare dip and dip
direction to the patches created from the mesh generated in Split-FX®. Due to the clarity of the
LiDAR scan, GZA was able to directly compare hand readings to individual patches at the same
location by locating the spray-painted points within the cloud, an example of which is shown in
Figure 6.
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Figure 6 — Comparison of Patches to Known Hand-Reading Locations

The results indicated that the average absolute values of variation in dip angle and dip direction
between the hand readings and Split-FX® measurements were 2.3 degrees and 7.3 degrees,
respectively. These variations were considered within the margin of variation that would be
typical for a Brunton® compass, and the overall range of variation in dip direction would not
significantly alter the interpreted bedrock structure as it relates to kinematic analyses. The
comparison did not show a significant directional trend to the variations for either dip or dip
direction. Therefore, the Split-FX® mesh and the patches were considered to be validated, and
suitable for use in our kinematic analyses.

The largest variations in dip direction were on planes that are orthogonal to the face, which were
typically stepped and variable over small distances, and the orientation also made them the most
likely to be shadowed from the scan. Typically, planes with a dip direction perpendicular to the
scan direction are the most difficult to interpret in Split-FX®. However, this shortcoming of
LiDAR point cloud interpretation was anticipated, and the orientation of these planes was
characterized adequately by hand readings.
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ROCK SLOPE STABILITY
Bedrock Structure

We developed a lower-hemisphere pole plot from hand measurements collected along the base of
the cut and developed a pole concentration contour plot to develop four preliminary joint set
groupings. The automatically-generated patch data from Split-FX® were also plotted and
evaluated to assess consistency with the hand measurements. The automatically-generated poles
from Split-FX® patches were generally consistent with the hand measurements. However, a fifth
joint set was recognized in the patch data that was found to be persistent at higher elevations in
slope, as shown in Figure 7.

- =

031

Figure 7 — Joint Set Groupings: Poles of Hand Measurements (left) and Poles of Split-FX®
Patches (right)

A total of thirty (30) joint observations were used in our kinematic evaluations, including 22
hand measurements taken near the base of the slope of JS1 through JS4 and 8 Split-FX® patches
on planes with varying orientation higher on the slope, including JS5 and the scarp orientation.
The engineering analysis was based on representative rock structure orientations consisting of 5
joint sets (Figure 8).
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Figure 8 — Pole Plot of Final Joint Set Groupings

The structure was observed to be relatively consistent across the study area, except for the
rotated material within the Displaced Mass. JS1 is the foliation set that is sub-parallel to the rock
slope and the highway, and JS2 is the near-vertical set that is orthogonal to the foliation set. JS3,
JS4 and JSS are moderately dipping sets that dip out of the slope. The orientations of these sets
have similarities, and they may be local variations of the same overall structural feature, but they
were treated separately for kinematic analyses. JS3, JS4 and JS5 were frequently stepped
between JS1 planes.

Kinematic Stability Assessment

Based on observation of the foliation orientation and slope performance, toppling was confirmed
as the most apparent instability mode. Toppling instability can occur where elongated blocks
form along near-vertical discontinuities that dip into the slope (4). The toppling conditions for
the Displaced Mass includes two intersecting joint sets with a near-vertical intersection line
dipping into the slope, which forms the sides of discrete toppling blocks. This condition is
represented on the stereonet by two great circles intersecting in Zone 1, 2, or 3, as shown on
Figure 9. The second condition is represented by third joint set with poles in Zone 1 that acts as
a release plane or sliding plane, allowing the blocks to topple (5). The limits of these zones are
defined by the orientation and slope of the rock cut and the estimated friction angle along the
base plane, which was assumed to be 30 degrees for this analysis.

JS1 and JS2 intersected in Zone 2, indicating the first condition for toppling is met. Poles in the
JS4 set and some poles in the JS3 set fell in Zones 2 and 3, and poles in the JS5 set and some
poles in the JS3 set fell in Zone 1. Two planes exposed beneath the Displaced Mass were
mapped in JS3 and JS4, which possibly allowed the initial blocks to be released by sliding along
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these planes. These conditions resulted in a combined sliding and toppling mode. The stepped
and/or discontinuous nature of the release planes was concluded to increase the effective friction
angle of the material at the base of the Displaced Mass, providing the resistance that resulted in
the observed rotation of the blocks about the base, and preventing the release of the entire
unstable Rock Mass.
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Figure 9 — Toppling Instability Evaluation
EVALUATION OF TOPPLING MITIGATION

The stepped nature of the release planes at the bottom of the toppled blocks was a likely source
of sliding resistance for the Displaced Mass, but water pressure and/or ice-jacking were
anticipated to force the failed mass to slide in the future. Therefore, we concluded the Displaced
Mass should be removed by scaling to expose the intact rock mass believed to form the bottom
and back of the Displaced Mass.

After scaling back to the face, the exposed scarp is expected to be 15 feet high and is considered
susceptible to future toppling. The areas shown in pink in Figure 10 are interpreted to represent
the likely base of the Displaced Mass. In order to limit the risk of future toppling, we evaluated
mechanical stabilization of the near-vertical foliation plane to be exposed after scaling.
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JS1 Plane forming the back
of the Displaced Mass

Base planes below the
Displaced Mass

Figure 10 — Patches (Pink) Representing Base Planes in Beneath the Displaced Mass
The geometric parameters required to analyze toppling included:

The height and angle of the slope face
The anticipated base inclination

The block base angle

The upper slope angle

The bench width

These parameters were estimated using the orientation of patches and the measurement tool in
Split-FX®. The overall base inclination was taken as the line of intersection of two planes
underlying the Displaced Mass and below the scarp, and the inclination of the toppling blocks to
be stabilized was taken as the dip of the foliation plane at the back of the tension crack, 77
degrees. The upper slope angle, bench length, and final slope height were interpreted using
measurements in Split-FX®. The typical block width JS1 joint spacing estimated using Split-
FX®. A representative spacing of 1 foot was selected.

RocTopple was used to evaluate the factor of safety against toppling and to design the
reinforcement necessary to achieve suitable safety factors. The toppling analysis in RocTopple
is conducted using a two-dimensional model based on the analytical method of Goodman and
Bray (5). An overhanging face geometry cannot be modeled in RocTopple; therefore, the face
slope angle was modeled as 89 degrees, understanding that the front few blocks modeled in
RocTopple were previously released during the initial rockfall event in May 2017. The factor of
safety against toppling instability, assuming the joints are 50 percent filled with water, was
calculated for the scaled slope configuration, without reinforcement, to be approximately 0.3.

Given that toppling has not yet occurred above the scarp, the results indicate that the modelled
conditions were more conservative than the field conditions. The differences are believed to be
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that the foliation planes are not as closely spaced or continuous as assumed, or that the rock mass
has not sustained the assumed hydrostatic pressure.

Having shown the model to be conservative, GZA evaluated the scarp stabilization using this
base model and a design factor of safety of 1.5. Reinforcement was added in the model to
achieve the desired factor of safety. The results of the RocTopple evaluation show that two rows
of rock dowels, spaced at 6 feet on center along the length of the final exposed face, provided a
factor of safety greater than 1.5 for the 50 percent pressure condition, selected as the design
basis, and greater than 1.0 for the 80 percent pressure condition, selected to represent an extreme
event. Results for the reinforced slope in the 50 percent pressure condition are shown in

Figure 11.
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Figure 11 — 50 Percent Water Pressure Model Evaluated in RocTopple with Reinforcement

A dowel capacity of 30 kips was required to achieve stability for this dowel configuration, which
was to be developed in the portion of the dowels behind the base failure plane. Based on the
geometry and the use of 75 ksi No. 8 bars installed in a 3-inch-diameter hole, the minimum
required bond length was 6 feet, and the minimum required dowel lengths were 16 and 9 feet for
the top and bottom row of dowels, respectively, as shown on Figure 11.

EVALUATION OF CATCHMENT PERFORMANCE

We evaluated rockfall catchment in the vicinity of the Displaced Mass considering two
scenarios. The first scenario was during scaling, at which time the Displaced Mass would be
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removed, and we expected that large volumes of rock could be released concurrently. This
scenario was developed to evaluate the safety of the travelling public during scaling, attempting
to show that one lane of traffic could safely remain open during construction, while the
remainder of the east side of the SB barrel and shoulder would be closed. The second scenario
evaluated the final slope configuration after completion of scaling and stabilization based on the
existing catchment geometry. This condition considered the top of the existing rock slope
extending above the near-vertical stabilized face and the moderately-dipping plane anticipated to
be exposed after scaling is completed. Smaller blocks released along the upper slope will have
the potential to fall a relatively long distance, impact the exposed plane, and be launched toward
the SB barrel in a way that is not feasible for the existing slope.

Computer-based catchment evaluations were conducted using the analytical software RocFall by
Rocscience to analyze the scaling scenario and the final condition described above. RocFall
employs user-defined slope and catchment geometries and a series of input parameters to
simulate the rockfall behavior for a given slope. Rockfall parameters include:

The size and shape of the rocks that compose a rockfall event
The surface roughness

The coefficient of friction of the slope

The coefficients of restitution of the slope and catchment

The restitution coefficients have a significant impact on rockfall modelling. Three surface
materials were modeled, include the rock slope, the catchment area and the pavement.
Considering the moderately hard rock at the site and the likelihood of falling rocks to fracture
upon impact with the rock surface, restitution coefficients selected for rock were in the lower to
middle range of values reported in the references. The surface roughness for bedrock was
modeled with an average height of 6 inches and an average spacing of 1 foot. These parameters
were selected based on the spacing and continuity of observed joint sets, and visual observation
of the asperity of the surfaces developed in individual rockfall animations that appeared to be
consistent with field conditions. The catchment area was modeled as a talus cover, with
properties consistent with rock fill or hard soil.

The output from the RocFall analysis includes the stopping point of each block dropped. The
typical criterion for acceptable rockfall catchment design used by VTrans is that at least 95
percent of the modeled rockfall is contained in the catchment, in this case, the outside edge of the
paved shoulder.

Slope geometry was based on a representative cross-section through the highest portion of the
scarp developed using Split-FX®. For both analysis scenarios, we assumed that the critical
geometry for rockfall catchment would be the final slope geometry, with rocks falling either
from the back of the Displaced Mass, just below the scarp for the scaling analysis, or from above
the scarp for the final configuration analysis. Therefore, the section exported from Split-FX®
was modified by removing the displaced material, leaving the anticipated final geometry, shown
in Figure 12.
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Figure 12 — Final Slope Configuration for Catchment Performance Evaluation

Based on the bedrock structure and observations of past rockfall, we anticipated that individual
falling rocks would initially have an elongated shape. RocFall allows the user to select the rock
shape from several standard shapes and aspect ratios to best represent the actual mode of rolling,
which is an advantage over the modeling ability of the Colorado Rockfall Simulation Program
(CRSP), which only allows selection of spherical or square rocks. A super ellipse shape with an
aspect ratio of 1:2 was selected, as this is the most elongated rock type with the sharpest corners
available in the program.

Scaling Scenario

We recommended that loose soil and rock currently in the ditch be moved from the base and be
placed along the pavement side of the catchment to create a temporary berm to enhance the
effectiveness of the catchment during scaling. The temporary berm was modeled in RocFall
with 1H:1V side slopes, approximately 2 feet above the roadway. The slope and catchment
geometry used as the basis for rockfall evaluations during scaling can be seen in Figure 13.
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Figure 13 — Initial Slope Configuration for Rockfall Evaluation During Scaling

A combination of measurements of loose blocks observed in the Displaced Mass and an
assumption of potential larger intact rocks that could fall during scaling were used as a basis for
the modeled block sizes for this evaluation. Blocks were typically observed to be elongated
slabs, and the spacing of the JS1 foliation joints in the displaced zone was typically less than 2
feet. A summary of the modeled block sizes is shown in the table below. The block dimensions
below were inputted to RocFall, where they were used to determine the block weight using a
rock unit weight of approximately 170 pounds per cubic foot, and the calculated weight was then
used to create a “Super Ellipse” shape in RocFall with the same weight.

Table 1 — Catchment Evaluation Block Dimensions

Block Designation Block Dimensions (ft x ft x ft)
Large 10x10x2
Medium 4x4x2
Small 2x1.5x1

Three seeder lines were used as source locations for the falling rocks. The seeder line lengths
were selected to model each rock size falling from a range of heights varying from a rock falling
from the finish slope surface up to a rock falling from the top of the displaced zone. 1,000
blocks of each size were modeled, resulting in a total of 3,000 blocks modeled for the scaling
scenario. The rocks were modeled with an initial velocity of 7 feet per second to account for the
effort required to remove the blocks from the slope.

Two catchment conditions were modeled for the scaling scenario. The first consisted of an
empty catchment (Figure 13), assuming the condition was the same as that created immediately
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prior to scaling. For the second condition, we assumed that a large volume of rock would be
released simultaneously, resulting in about 4 feet of rock filling the entire catchment, followed
immediately by release of the design block sizes from the back of the Displaced Mass before the
catchment could be cleared of rockfall debris. The considered cross-section and the
RocFall-generated block paths are shown as Figure 14.
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Figure 14 — Filled Catchment Configuration and Rock Paths

The percent retained in the catchment for both scenarios is plotted on Figure 15. The results
indicate that greater than 95 percent of the falling blocks would be retained inside of the
temporary berm if the catchment remained empty for the duration of the scaling efforts. The
percent retained behind the berm for the partially-filled catchment case was 91 percent, and 95
percent retention was achieved about 4 feet into the pavement, which was anticipated to be well
within the proposed lane closure during scaling.
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Plot of Percent Rocks Retained in Catchment during Scaling
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Figure 15 — Catchment Performance Results for Both Scaling Scenarios

Based on these results, we concluded that scaling could be controlled such that the rockfall
retention within the enhanced catchment and the closed lane met VTrans catchment criteria of at
least 95 percent retained, promoting safety for passing vehicles.

Final Slope Geometry

Previously-fallen blocks in the catchment, observed during the field visit, were used as a basis
for the modeled block sizes for the final slope evaluation. Block dimensions of 2 by 2 by 0.5
feet and 1 by 1 by 0.1 feet were used to model anticipated “medium” and “small” blocks,
respectively. These block sizes were used to account for the fracturing of falling rock fragments
into smaller pieces.

It is anticipated that rocks of this dimension will be loosened over time by environmental factors,
such as frost-jacking or hydrostatic pressure, and the source location could be anywhere between
the top of the rock slope, about 90 feet above the road, to just above the stabilized scarp face,
approximately 50 feet above the road. Therefore, the seeder line extended over most of the rock
slope above the stabilized area, modeling rocks to be released with an equal distribution from the
area above the face. 1,000 blocks were modeled of each size, resulting in a total of 2,000 blocks
modeled for this scenario.

Our analysis assumed that all fallen rock from the scaling activities would be removed. The
results indicate that approximately 89 percent of the assumed blocks falling from above the crest
of the stabilized face would be retained in the catchment, which did not meet the 95 percent
catchment criteria.
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GZA plotted the bounce height of rocks at the edge of the paved shoulder, as shown in

Figure 16. This function is not available in CRSP, and it allows the user to assess the number of
rocks passing a point that would impact a barrier of a given height. The results indicated that
approximately 72 percent of the rocks passing this location were predicted to be at or below

2 feet from the ground. Therefore, the addition of a 2-foot-high barrier was recommended to
provide rockfall retention to greater than 95 percent.
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Figure 16 — Summary of Bounce Height for Blocks Entering Roadway
DISCUSSION AND CONCLUSIONS

VTrans approached GZA with a request for a rock slope assessment with a number of
challenges, including a potentially hazardous work environment with difficult access to the
primary area of concern. Terrestrial LIDAR, processed using Split-FX® in conjunction with a
targeted hand-mapping program, was identified as an excellent solution to these challenges.
Data generated using Split-FX® was used directly in a suite of engineering software packages
developed by RocScience, Inc., including Dips®, RocFall® and RocTopple. These programs
were used to evaluate the conditions driving the observed failure, and to assist in GZA’s design
remediation to limit future rockfall during and post-construction from impacting the travelway.
GZA recommended that a combination of slope clearing, scaling, mechanical stabilization and
potential catchment enhancement be completed for the project.

Some of the advantages gained from using the LiDAR survey in comparison to conventional
hand-readings and survey include the following:
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e The use of LIDAR survey allowed evaluation of the unstable mass to be completed with
minimal risk to GZA and VTrans engineers, geologists, subcontractors, and the travelling
public. Direct access above and beneath the Displaced Mass would have been required if
hand measurements and traditional survey were used, and this access could have jeopardized
stability of the Displaced Mass.

e The use of LIDAR survey allowed for detailed measurements of the Displaced Mass to be
collected from the point cloud, which would not have been possible using traditional survey.
The ability to rotate the point cloud in space and take a variety of accurate measurements of
the Displaced Mass allowed GZA to develop a detailed characterization for development of
design recommendations for scaling and stabilization. Having the ability to complete
additional detailed measurements as engineering evaluations develop is a unique advantage
of using LiDAR, and it was shown to be an invaluable tool for the project.

e Split-FX®-generated discontinuity data developed in the study area gave insight into
localized variations in bedrock structure that were not prevalent along the base of the cut.
Identifying this subtle variation may have been more difficult using the smaller data set
typically attainable via hand measurements.

e Highly-detailed rock slope sections were extracted from the Split-FX®-generated mesh.
These sections are more accurate representations of the critical slope areas than sections
derived from typical roadway survey or by collecting limited optical survey points along a
section. Consequently, the reliability of the catchment evaluation was enhanced using the
LiDAR-based data.

e Doucet established permanent control points at the site. These can be used for future scans to
assess changes in the slope. VTrans will have the ability to monitor the slope going forward
and 1dentify the nature and magnitude of displacements.

The next phase of the project is planned for summer 2019 and will consist of scaling and
stabilization of the rock slope. The remediation process is expected to include removal of
additional vegetation that could worsen stability, scaling of the Displaced Mass remaining on the
slope, and placement of rock dowels to limit the potential for large rock releases.
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ABSTRACT

Design of bridge foundations and roadway embankments in the NJ Hackensack
Meadowlands is complicated by low strength compressible organic silts and clays, peats, and
glacial lake clays, which result in low lateral resistances, global stability concerns, and
significant consolidation and secondary settlements. This paper will describe experiences from
five projects in this region, but mainly the most recent, design of a roughly $300 million two-
mile long new highway, in this challenging setting.

This paper will include description of the estimation of soil properties for peats and
glacial lake clays in this region and the benefits that Cone Penetration Testing with pore water
dissipation testing and shear wave velocity testing can provide in similar deposits. A discussion
is also provided of ground improvement alternatives considered and those selected for roadway
embankment, including lightweight soil aggregate, expanded polystyrene (EPS), cellular
concrete, surcharge with prefabricated vertical drains (PVD), and timber pile supported
embankment relief platforms. Accelerated Bridge Construction (ABC) techniques were used to
replace two 100+ year-old rail bridges with limited track outage time using tied back micropile
and lagging walls and temporary jump span bridges. This paper will also describe on the benefits
of vibration and displacement monitoring to reduce risks associated with impacting adjacent
facilities.



69" HGS 2018: Felber 4

INTRODUCTION

This paper describes challenges and solutions considered for bridge foundation and
roadway embankment design in the NJ Hackensack Meadowlands region. Geotechnical design in
this region is complicated by low strength compressible organic silts and clays, peats, and glacial
lake clays, which result in low lateral resistances, global stability concerns, and significant
consolidation and secondary settlements.

The Hackensack Meadowlands is located in northeastern New Jersey flanking both sides
of the Hackensack River, and surrounding the Passaic River at Newark Bay. The Hackensack
Meadowlands generally includes undeveloped natural wetlands, rail, highway, and utilities
infrastructure, landfills, superfund sites, and industrial land uses, as well as the Meadowlands
Sports Complex (Met Life Stadium).

This paper describes experiences from design of a roughly $300 million two-mile long
new highway, in this challenging setting, which crosses facilities for three railroads and a major
United States Postal Service (USPS) distribution hub, and is also based on four other significant
transportation infrastructure projects in the region with similar lithology.

Numerous project constraints influenced the selection of the preferred alternative for the
example project:

e Low undrained shear strengths in the peat and to a lesser extent in the glacial lake
clays, resulting in low lateral resistance and global stability concerns

e Susceptibility of peat and glacial lake clays to significant time dependent
consolidation and secondary settlement

e Depth to rock greater than 150 feet for portions of the alignment

e Shallow groundwater and the need to dewater, and also the and risk that treatment
of groundwater may be required

e Extremely aggressive corrosion rate inferred from electrochemical testing

¢ Right of entry agreements prohibited environmental testing prior to the property
acquisition, which introduces risk given the past land use and known
contaminated sites within the region

e Protection of existing utilities, including twin 72-inch water aqueducts, which
have been in service for more than 100 years and are the primary water supply for
a major city, several sewer force mains as large as 54-inch in diameter, two sewer
screening facilities, electrical duct banks from an adjacent power plant, and a
petroleum pipeline

e Protection of existing structures, including nine passenger rail bridge abutments
and two roadway bridge piers, with the rail bridges more than 100 years old

e Limited footprint available for embankment and foundations due to three existing
railroads including one freight transfer yard facility

e Right-of-way limited to minimize loss of USPS parking spaces

Objective
The objective of this paper is to provide practical observations related to the following:



69" HGS 2018: Felber 5

e Estimation of soil properties for peat and glaciolacustrian varved clay, which may be
useful given that correlations and typical properties of peats are less readily available

e Benefits of including Cone Penetration Testing (CPT) with pore water pressure
dissipation testing and shear wave velocity tests as part of a subsurface exploration

e Comparison of ground improvement alternatives considered, including lightweight
soil aggregate, expanded polystyrene (EPS), cellular (foamed) concrete, surcharge
with prefabricated vertical drains (PVD), and timber pile column supported
embankment, as they relate to settlement, stability, constructability, and cost

e Accelerated Bridge Construction (ABC) techniques proposed to replace two over
100+ year-old rail bridges with limited track outage time using tied back micropile
and lagging walls and jump spans

e Aggressive corrosion mitigation strategy

e Benefits of vibration and displacement monitoring to reduce risk to existing
foundations and utilities

GEOLOGY

The Hackensack Meadowlands and example project sites are situated in the Piedmont
Physiographic Province. Surficial geology and geomorphology of the region have been
dominated by a series of glacial advances and retreats over northern New Jersey during three
glaciations, the pre-Illinoian, Illinoian, and late Wisconsinan, listed from oldest to youngest, with
the most recent occurring approximately 12,000 years ago.

Figure 2. Composite diagram showing the depositional setting
of glacial sediments. Key: 1) basal till, 2) fMowtill, 3) planar
beds of gravel and sand, 4) inclined beds of sand
and some gravel, and 5) laminated beds
of silt, clay, and very fine sand

Sussex . Passalc |

Warren ™ Marris : - Bergen

of detail vertical exag. = 20 x

Figure 1. Limits of glaciations in New Jersey and nearby
New York. The trace of the IW limit generally marks the
position of the Terminal Moraine. Key: [W - lae
Wisconsinan, { - Illinoian, and p/f - pre-Tllinoian

Figure 1 — Limits of NJ Glaciation and Composite Diagram of Glacial Sediment Deposition
(Ref. 17)

The Palisades Sill is the dominant geologic feature located to the east of the site. The
Palisades were formed from an intrusion of magma, which cooled to form diabase bedrock when
the North American and African Plates began to separate, roughly 200 million years ago in the
Jurassic Period. Subsequent glacial and erosional processes along the Hudson River have
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exposed the outcrop as a north to south feature, which projects as much as 500 feet above the
river level.

Bedrock geology of the Hackensack Meadowlands to the west of the sill is dominated by
sedimentary rocks of the Passaic Formation, Newark Supergroup, generally siltstone and shale.
Bedrock of the Lockatong Formation, generally including arkosic sandstone, siltstone, mudstone,
argillite, and hornfels are common in the region. It is common to encounter bedrock influenced
by contact metamorphism from the diabase intrusion. Bedrock is generally deeper than 90 feet
below the ground surface through the alignment of the example project, and is deeper than 150
feet for portions of the example project alignment. Decomposed rock is present above the
competent bedrock in isolated locations, generally less than ten feet in thickness.

Figure 2 — Bedrock and Surficial Geology Maps
Left-Bedrock, Jd = Palisade Diabase, TRI, TRla, & TRpg = Lockatong Formation (Ref. 15)
Right—Surficial, Qm = Tidal Marsh and Estuarine Deposits (Meadow Mat) (Ref. 19)

As the glaciers advanced and subsequently retreated they left in their path ice and debris
creating a dam which formed Glacial Lakes Hackensack and Bayonne, which once encompassed
the area. Over time the lakes were filled as slow-moving waters deposited their sediment loads of
fine silts and clays eventually filling in the lake. At some point, the terminal moraine “dam”
broke and Glacial Lakes Hackensack and Bayonne emptied, at which time deltaic deposits, were
deposited along the example project alignment at its southern extents. Sea level rose as water
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once trapped in the glacial ice melted and returned to the ocean, and the region gradually became
the estuarine tidal meadows that exists today.

Overburden soil deposits within former Glacial Lake Hackensack, which encompassed
much of the alignment, are associated with these glacial events. Beginning with the deepest
materials above the bedrock are ablation glacial till composed of very dense sands and gravels.
These granular deposits are overlain by discontinuous ridges of lacustrian fan deposits, primarily
consisting of sand with varying and lesser amounts of silt. The lacustrian fan deposits and till are
overlain by glaciolacustrian varved silt and clay, which can be as thick as 200 feet. Situated
above the soft and compressible glaciolacustrian materials are more recent alluvial sands and
outwash deposits. This veneer of granular soils was laid down by meandering streams on the
lowlands and in fan deposits associated with upland waterways. The final natural deposits are
organic materials, including peat and organic silts, also known as meadow mat; these highly
compressible materials are often unstable when subjected to loading. Certain portions of the
alignment have been reclaimed as usable land; various thicknesses of manmade fill are nearly
continuous throughout the region.

maximum extent
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Figure 3 — Extents of Glacial Lakes Hackensack (Hk) and liésfonne (Bn) (Ref. 18 and 21)

SUBSURFACE EXPLORATION

Existing soil boring data taken between 1975 and 1999 for past projects adjacent to the
example project’s proposed alignment were available, including 56 Standard Penetration Test
(SPT) soil borings. Multiple phases of subsurface exploration were performed for this project
between November 2013 and September 2017, with a total of 96 SPT borings.
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Soils were classified in accordance with the Burmister Soil Classification System, a
system commonly used locally in the NY metropolitan region (Ref. 4). Standard Penetration
Testing (SPT) was performed at each boring, in general accordance with ASTM D1586. Soil
samples were retrieved using a 24-inch-long split-spoon sampler (2-inch O.D., 1-1.375-inch
I.D.), driven by a 140-1b hammer free falling 30 inches. Groundwater levels were recorded when
encountered. Thin walled tube undisturbed samples were advanced in general accordance with
ASTM D1587, in the organics and lake bottom deposits.

The subsurface exploration also included 45 Piezocone Penetration Test (CPTu or CPT)
and Seismic Piezocone Penetration Test (SCPTu or SCPT) soundings, advanced in general
accordance with ASTM D5778. The penetrometers featured equal end area friction sleeves (i.e.
not tapered), a net end area ratio of 0.8, and cone tips with a 60-degree apex angle. The pore
pressure filter was located directly behind the cone tip in the “U2” position, and was 6-
millimeter-thick made of porous polyethylene with an average pore size of 125 microns. The
filter was saturated with silicon oil or glycerin under vacuum pressure before being used. The
CPTu was conducted at a constant rate of 2 centimeter per second and rod inclination was
measured. Tip and Sleeve offset were accounted for in the results. Pore pressure dissipation
tests, hold periods to determine the time required for pore water to return to its equilibrium
pressure, were performed to aid in the estimation of consolidation parameters. Seismic testing
was performed to aid in establishing shear wave velocity and maximum shear modulus values for
design.

Multi-channel Analysis of Surface Waves (MASW) and Ground Penetrating Radar
(GPR) geophysical testing were performed at select locations adjacent the existing railroad
bridges to verify that the location and limits of existing foundations were consistent with the as-
built plans. MASW uses shear wave velocity to identify relative stiffness of subsurface materials,
with high shear wave velocity indicative of dense materials. MASW was conducted using a
Geometrics Stratavisor 24-channel seismograph and 4.5 Hz vertical geophones spaced 2 feet
apart. Seismic surface waves were generated by striking an aluminum plate on the ground
surface with a twelve-pound hammer. High shear wave velocities identified from the shear wave
profile were inferred to be concrete from the existing shallow foundation.

Upon completion of the subsurface exploration, a laboratory testing program was
performed to verify the visual-manual field classifications and to aid in determination of the
engineering soil properties. Laboratory testing included water content, Atterberg limits, grain
size analysis, percent passing no. 200 sieve, unit weight determination, organic content by
ignition, direct shear testing, undrained unconsolidated (UU) triaxial testing, isotopically
consolidated and undrained (CIU) triaxial testing, compressive strength and elastic moduli of
intact rock, pH, resistivity, sulfate ion concentration, and chloride ion concentration.

SPT N1 values per stratum vs. elevation and equivalent SPT N1 values correlated
from Cone Penetrations Testing per stratum vs. elevation are presented on Figure 4 below. This
yielded the following correlation, which shows reasonably close agreement;

SPT Nlgo=Cp (qe/ pa) / [8.5 (1 - (I / 4.6))], where

C, 1s the overburden correction factor, q. is the measured cone tip resistance in kips per
square foot (ksf), p, is atmospheric pressure in ksf, and I, is the CPT material index. The close
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interval continuous data collection of the CPT results in a significantly greater data set than the
SPT test.

87 SPT soil borings taken as part of this project yielded 1471 SPT N values as a result
of the sampling interval. This data was obtained at a cost of approximately $382,523 (in addition
to drilling and sampling this cost includes mobilization, Shelby tubes, well, etc.). This
corresponds to $260 per SPT N¢o value. 45 CPT’s taken as part of this project yielded 17,672
equivalent SPT N values. This data was obtained at a cost of $144,517 (in addition to pushing
the CPT, this cost includes mobilization, shear wave velocity tests, pore water pressure
dissipation tests, etc.). This results in $8 per equivalent SPT Ng value.
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This example illustrates the economy and benefit of improved data resolution by using
CPT’s, as shown in Fig. 4. The author is not recommending SPT borings be entirely replaced, as
the ability to collect physical samples for laboratory testing to calibrate CPT’s results is essential.
Even greater benefits are realized when the additional information obtained from the porewater
pressure dissipation test data and shear wave velocity test data are considered, and the ability to

reliably correlate to virtually all soil parameters.

SUBSURFACE CONDITIONS

Seismicity

CPT shear wave velocity test data was used to determine site class. The Peak Ground

Acceleration for the site is 0.100g, and the site is Seismic Site Class E, which results in a site
adjusted peak ground acceleration of 0.249g. The southern portion of the alignment, including

the two southern most proposed rail bridges, is Seismic Site Class D, resulting in an adjusted
peak ground acceleration of 0.159g. Tolerable factors of safety against liquefaction were
calculated using the Boulanger and Idriss (2006) Method (Ref. 3).

Lithology

Much of the example project alignment is underlain by fill, organic soils, alluvium, lake

bottom deposits, and lacustrian fan deposits overlying till, which is common throughout the
Hackensack Meadowlands region, as shown in Figure 5, below.
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Fill

Fill was generally granular in nature and comprised of varying proportions of sand,
gravel, and fines. At some locations, brick, glass, coal, porcelain, wood, and cinders were also
encountered in the fill. The thickness of the unit ranged between 0 and 20 feet thick, but was
generally less than ten feet thick. The fill’s relative density ranged between very loose and very
dense, with SPT N values ranging from one and refusal, with an average of 21 blows per foot

(bpf).

Organics

Underlying the fill, and nearly continuously present throughout the site, exists dark
brown to black organic soils, deposited post glacially in tidal marshes and brackish estuaries. The
organics were generally amorphous or fibrous peat, however, organic clays and silts, and varying
amounts of sand may be intermittent throughout this layer, which is known locally as Meadow
Mat. Fibrous peat is most commonly identified in the stratum. The SPT Ng values generally
ranged between weight of rods and 10, with an average of 3 bpf and median of 1 bpf, which
corresponds to a consistency of very soft to soft. This material is highly compressible, and
susceptible to consolidation and secondary settlements when loaded. This stratum varied in
thickness from 0 to 10 feet, with an average of 6.5 feet. Plasticity index ranged from 2 to 564
with an average of 166. Natural moisture content ranged from 11% to 742% with an average of
271%. Typical sample photos are shown below in Figure 6.

Alluvium

Deposited by post glacial streams, the Holocene age alluvial deposits of the Hackensack
Meadowlands generally consist of sand with varying amounts of silt and clay or low plasticity
fines. Alluvium was encountered between the organics and lake bottom deposits. The thickness
of this stratum varied from 0 to 8 feet, with an average of 4 feet, where present. SPT Ny, values
ranged from 3 to 31 bpf, with an average of 12 bpf, corresponding to a relative density of
medium dense.

Lake Bottom

Glaciolacustrian brown and red cohesive fine-grained soils generally with '/ to ¥4 inch
thick varves of sand and silt were encountered throughout much of the alignment. This stratum
ranges from 10 to greater than 60 feet thick, when present. SPT Ng¢o values generally ranged from
weight of rods to generally less than 13 bpf and an average of 1 bpf, with several outliers
excluded. It is not uncommon for 30 feet in this material to consecutively have less than or equal
to one blow per foot. This stratum is believed to be combination of Glacial Lake Hackensack
deposits underlain by Glacial Lake Bayonne deposits, both of the late Wisconsinan stage of the
Pleistocene Epoch. Plasticity index ranged from 3 to 30 with an average of 17. Natural moisture
content ranged from 17% to 62% with an average of 37%. Typical sample photos are shown
below in Figure 6.

Lacustrian Fan

Lake bottom deposits were underlain by lacustrian fan deposits, which generally varied
from 5to 65 feet thick. SPT Ngo values generally ranged between 3 bpf and refusal, with an
average of 32 bpf, which corresponded to a relative density of dense. The gradation primarily
consisted of sand with varying amounts of gravel and silt.
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Figure 6 — Typical Split Spoon Samples
Left - Fibrous and Amorphous Peat (Meadow Mat)
Right - Varved Glaciolacustrian Silty Clay (Lake Bottom)

Glacial Till

Rahway till was deposited as the glaciers advanced and retreated, and scraped away rock
more susceptible to erosion, creating a well sorted, very dense stratum. SPT Ngj values generally
ranged from 20 bpf to refusal, with an average of 82 bpf. Till may be 40 feet thick or more, but
many borings were terminated after several consecutive refusal samples in till.

Decomposed Rock

Decomposed rock was encountered in several borings. The thickness of decomposed rock
ranged from 0 to 15 feet thick. SPT testing consistently encountered refusal in this material,
which generally consists of brown, red, and white silt, with varying amount of gravel and sand.
The soil particles were cemented and exhibited rock like structure.

Bedrock

Bedrock was only encountered in several of the soil boring, with top of bedrock
encountered between elevation -85 feet and elevation -125 feet. Hornfels and Diabase bedrock
were encountered. Given the depth of rock, it is out of the zone of interest for this project, as
driven piles could achieve the required resistance in the overlying till.

Groundwater

Groundwater observation wells were installed in 21 soil borings, upon completion of
drilling. The wells were constructed of 2 inches or 4-inch nominal diameter PVC casing with a 5
or 10-foot perforated screen. The wells were equipped with Onset HOBO® MX2001water level
data loggers to record drilling to monitor groundwater elevations over time, which was useful for
obtaining seasonal and tidal fluctuations, as well as artesian conditions. Groundwater is
commonly at or shallowly below the ground surface in this region.
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SOIL PROPERTIES

The geotechnical analysis was most sensitive to the properties of the peat (organics) and
the varved glacial lake clay (lake bottom deposits). This section describes the multifaceted
approach to estimate critical parameters in these two strata and along with the various methods
used to estimate these parameters. Soil properties were determined by comparison and
interpretation of SPT and CPT in-situ test results, laboratory test results, published correlations,
and typical values. This section also discusses the corrosion testing results.

Undrained Shear Strength

Two common published correlations for undrained shear strength, Stroud and Butler
1974 (Ref. 9) and Sowers 1979 (Ref. 22), were used to estimate the undrained shear strength of
the lake bottom deposits based on SPT Ny and plasticity index. SPT Ngj correlation to undrained
shear strength was relied upon for the selection of undrained shear strength as the results did not
correlate well to the laboratory measured undrained shear strength.

Laboratory measurement of undrained shear strength from unconsolidated undrained
(UU) triaxial tests were performed on undisturbed samples in accordance with ASTM D2850.
These test results were weighted most heavily in selection of undrained shear strength as they are
direct measurements. Care was taken to minimize sample disturbance and properly saturated
samples before running the test. The data sample included:
e 50 UU triaxial tests on organics
e 137 UU triaxial tests on lake bottom deposits

Undrained shear strength was correlated from in-situ CPT results. The following two
CPT correlations were also used to estimate undrained shear strength:

1) Total cone tip resistance, total stress, and bearing factor = (q; - Gyo)/Nki, where Ny, = 15

2) Porewater pressure = (u; - up) / Npy, where Np, = 10

The variation of Ny and Np, from within the recommended range of these parameters results in a
range of undrained shear strengths. Selection of Ny, and Np, from within the recommended range
was based on correlation to UU triaxial test results.

For the peat, a correlation to effective stress based on data published for peats from Holland
(Ref. 5) was also found to yield similar results to the UU triaxial tests:

Su=2.1+0.62 Gy,
where S, is the undrained shear strength in kpa and c’y, is the vertical effective stress in kpa.
Being the peat is normally consolidated, this results in high ¢/p ratios, which is supported by
research for peats from Holland, which suggest the c/p ratio for peat may be 0.62 for slightly
overconsolidated peats (Ref. 6).

For the lake bottom deposits, the undrained shear strength UU triaxial test results were
comparable to 0.22 Pc, where Pc is the preconsolidation pressure.
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For organic soils encountered on the project site, strength parameters were based on
statistical evaluation of laboratory testing results, as correlations for highly variable materials
like peat are less reliable. Based on these findings an undrained shear strength of 250 psf was
estimated for the organics. For the lake bottom deposits, statistical evaluation of UU triaxial test
results, the CPT porewater pressure correlation, and the 0.22 Pc correlation were found to be in
close agreement, and an undrained shear strength of 500 psf was estimated.

Internal Effective Drained Friction Angle

Internal effective drained friction angles for the organics and lake bottom deposits were
estimated based on laboratory direct shear tests performed in accordance with ASTM D3080 and
laboratory isotopically consolidated and undrained (CIU) triaxial testing performed in
accordance with ASTM D4767. The data sample included:

e 6 Direct Shear Tests in Organics
e 8 Direct Shear Tests in Lake Bottom Deposits
e 15 CIU Triaxial Tests in Lake Bottom Deposits

These results were compared to a CPT correlation for internal effective drained friction
angle = 29.5 B, 012110.256 + 0.336 B, + log Q], where Bq is the normalized pore water pressure
= (u2-u9)/(qt-0vo), and Q is a stress normalized CPT parameter to account for depth = (q;-
Gv0)/G'vo.

These results were compared to the following published correlations of internal effective
drained friction angle of clays to plasticity index:

1) Adapted from Terzaghi et.al. 1996 (Ref. 9, Figure 7-45)

2) Bjerrum and Simons 1960 (Ref. 7, Page 74, Table 5.16)

3) Louisiana Alluvial Clays (Ref. 7, Figure 5.44)

The CIU triaxial tests, direct shear tests, and CPT correlation resulted in considerably
greater friction angles for the organics than the correlations to plasticity index. It is believed the
fibrous nature of the peat contribute to the high strength parameter. This notion is supported by
data from peats in Holland (Ref. 6), which documents internal effective drained friction angles in
organic soils and peats ranging from 35 to 83 degrees and attributes these high values to fibers.

The CIU triaxial tests, direct shear tests, and CPT correlations resulted in slightly greater
friction angles than the correlations to plasticity index. It is believed the presence of silt and sand
varves in the lake bottom deposits contributed to the high friction angles measured.

Internal effective drained frictions angles of 33 and 26 degrees, were assigned for the
organics and lake bottom deposits, respectively.

Consolidation Parameters & CPT Porewater Pressure Dissipation Tests
Laboratory incremental consolidation tests were conducted in accordance with ASTM

D2435, and they served as the primary method to determine the compression index, Cc,
recompression index, Cr, secondary compression index, Ca, initial void ratio e,
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preconsolidation pressure, Pc, and the vertical coefficient of consolidation, ¢,. The data sample
included:

e 19 consolidation tests in the organics

e 42 consolidation tests in the lake bottom deposits

These values were compared with published correlations to moisture content and
Atterberg limits, and typical values published for similar materials, but the laboratory test results
were weighted most heavily in the selection of the consolidation parameters.

Both the organics and lake bottom deposits were evaluated as normally consolidated soils
(OCR = 1), although some OCR’s were greater than 1.0 based on unit weight assumptions and
estimated preconsolidation pressures, both of which influence OCR.

Based on statistical considerations of the lab test data per stratum, the following
properties were estimated:

Table 1 — Consolidation Properties of Hackensack Meadowlands Data Set
iy Coefficient of
Initial . . .
Stratum Void Compression | Recompression Vertical
Ratio. Index, Cc Index, Cr Consolidation, C,
Organics 6.5 4.0 0.55 30
Lake Bottom 1.08 0.3 0.03 175

The compression index values fall within the wide range of typical values for organic
soils provided by Holtz and Kovacs (Ref. 12) of 1.5 to 15.

Mesri and Godlewski 1977 (Ref. 9) found the ratio of the secondary compression index
to the consolidation index (Co/Cc) to typically be 0.05+0.01 for organic clays and silts and
0.075+1 for peats. Consolidation tests from the Hackensack Meadowland data set, suggest the
Co/Cc ratio may be considerably lower. It is recommended site-specific consolidation testing be
performed or test embankments instrumented and monitored to better estimate the secondary
settlement index.

Cone Penetrating Testing porewater pressure dissipation tests were conducted to obtain
the horizontal coefficient of consolidation, to aid in estimating time rate of consolidation
settlement. The coefficient of horizontal consolidation, cy, in the organics varied from 380 ft*/yr
to 25,700 ft2/yr, with an average of 7,400 ftz/yr. The coefficient of horizontal consolidation in the
lake bottom deposits varied from 480 ft*/yr to 29,600 ft*/yr with an average of 7,000 ft*/year.
Typically, the ratio of cy/cy is 1.2 to 1.5 for clays and 2 to 10 for varved clays (Ref. 11). The
coefficients of vertical consolidation were estimated using the minimum coefficients of
horizontal coefficient divided by the cy/cy ratio. These in-situ test results were supported by the
coefficient of vertical consolidation from laboratory consolidation tests, however, the resulting
coefficient of vertical consolidation was greater than typical values from Holtz and Kovacs (Ref.
12). Elias et. al. reports, “even with proper laboratory techniques and high-quality samples the
designer is fortunate to be within 50 percent of the actual coefficient of consolidation” (Ref. 11).
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Although the results were highly variable, the CPT’s porewater dissipation tests are beneficial in
providing in-situ properties to better estimate the time rate of settlement, especially in varved
soils such as the lake bottom, but also in fibrous peats given the high void ratio and horizontal
drainage.

Shear Wave Velocity and Elastic Modulus

Shear wave velocity tests from the seismic CPT’s were used to evaluate the seismic site
class and liquefaction potential. Shear wave velocity was also used to estimate maximum shear
modulus, using the following equation:

Go=p Vsz, where

Gy 1s maximum shear modulus,
p is soil density,
Vs 1s shear wave velocity

This allowed shear modulus to be calculated using a published shear modulus reduction
curves for sand as a function of shear strain (Ref. 8, Figures 4-14 and 4-15), and elastic modulus
to be estimate based using the following equation:

E =G 2(1+v), where

E is the elastic modulus,
G 1is the shear modulus,
v is the Poisson’s ratio

The resulting elastic modulus values were considerably higher than those estimated using
SPT correlations, and allowed for refined elastic settlement magnitudes in cohesionless soils.

Corrosion

Laboratory testing, included pH (ASTM G51), resistivity (ASTM GS57), sulfate content
(ASTM C1580), chloride content (ASTM D4237), and organic content (ASTM D2974), was
performed to assess the aggressive nature of the soil and groundwater found on-site to aid in
estimating the corrosion rate, service life of steel elements, and mitigation strategies. The
electrochemical testing results document the site is an aggressive corrosive environment. Due to
the laboratory testing results and the historic land uses of the Hackensack Meadowlands, the
consultant has assumed 0.003 inches of corrosion loss will occur per year which is based on the
FHWA’s GEC No. 12 - Design and Construction of Driven Piles (Ref. 10).

The following results are based on approximately 25 suites of electrochemical testing:
Resistivity (ohm-cm) 149 to 10,200, with an average of 2129 and median of 1300

pH 4.8 to 10.0, with an average of 6.9 and median of 6.8

Sulfates (ppm) 30 to 7,268, with an average of 911 and median of 242

Chlorides (ppm) 181 to 1293, with an average of 737 and median of 737

Organic Content (%) 0 to 72, with an average of 11 and median of 5
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Aggressive thresholds based on AASHTO LRFD Bridge Design Specifications (Ref. 1,
10.7.5) are less than 2,000 ohm-cm resistivity, greater than 1,000 ppm sulfates, greater than
1,000 ppm chlorides, or pH less than 5.5 or between 5.5 and 8.5 with a high organic content.

To mitigate this risk the consultant minimized the use of steel foundation elements, and
employed mitigative measures using multiple levels of corrosion protection ASTM A690 Marine
Grade Steel, inorganic zinc primer, and coal tar epoxy coatings.

ALTERNATIVES AND RECOMMENDATIONS
Roadway Embankment Alternatives

Construction of roadway embankment was influenced by right-of-way, global stability,
settlement, protection of adjacent structures and utilities, desired construction duration, and cost.
Alternatives considered included surcharged embankment with wick drains, lightweight
embankment using expanded polystyrene (EPS), cellular (foamed) concrete, or lightweight soil
aggregate, anchored sheetpile supported embankment, and column supported embankment with
prefabricated modular walls.

The surcharged embankment alternative included installing prefabricated vertical wick
drains for consolidation acceleration, installing settlement platforms and vibrating wire
piezometers, constructing embankment with sloped sides, and placing temporary surcharge. For
this approach, settlement platform and vibrating wire piezometer data would be monitored and
used to establish the completion of consolidation settlement, at which time settlement platforms
will reach a plateau and increased porewater pressure, associated with the added embankment
stress, which will dissipate to an equilibrium condition. This solution is preferred where
sufficient right-of-way exists given its simplicity and lower cost. This alternative posed a risk to
existing structures and utilities at some locations and would have required multiple stages in
coordination with utilities relocation. Time available for surcharging is also a key factor in the
desirability of this alternative.

The lightweight embankment alternative consisted of over excavating and replacing
existing soils with lightweight materials such as expanded polystyrene (EPS), cellular (foamed)
concrete, or lightweight soils aggregates. The intent of this alternative is to yield no net stress
increase to prevent global stability issues and minimize settlement. This alternative was
generally not desirable because much of the alignment had limited proposed fill heights to
balance buoyant forces on EPS and because existing soils being over excavated would be mainly
the organics, which have a low unit weight of 65 pcf. Additional concerns with this approach are
potential degradation of EPS from petroleum products and other potential chemical attack. This
alternative would also require excavation and disposal in environmentally regulated soils,
potential dewatering, and potential treatment of groundwater removed. This alternative is
desirable as it may eliminate time for surcharging.

The anchored sheetpile supported embankment alternative included installation of two
parallel rows of permanent steel sheetpiles, installation of settlement platforms and vibrating
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wire piezometers, placement of proposed fill between the two sheetpile walls, installation of
walers, installation of encapsulated threaded bar tie rods between the two walls within an
isolation casing, additional placement of proposed fill and surcharge. For this approach,
settlement platform and vibrating wire piezometer data would be monitored and used to
document the completion of consolidation settlement, at which time settlement platforms will
reach a plateau and increased porewater pressure, associated with the added embankment stress,
will dissipate to an equilibrium condition. After the completion of settlement, the surcharge
would be removed and excavation would be performed to install proposed drainage pipes.
Isolation of the tie rods from large magnitudes and excavation for the drainage complicate this
alternative and make it labor intensive. Corrosion mitigation also increased the cost of this
alternative, as well as needs to install facing for esthetics.

The column supported embankment and prefabricated modular wall alternative consisted
of installing timber pile or continuous modulus columns, placing a load transfer platform
consisting of aggregate and geogrid, constructing prefabricated modular walls and filling
between the walls. This alternative did not require a surcharge. Pile were proposed to be driven
to dense underlying granular soils. This alternative was implemented through a performance
based specification, to allow the Contractor’s engineer to optimize column materials, column
spacing, and load transfer platform design to achieve tolerable factors of safety against global
stability and tolerable settlement.

Table 2 — Roadway Embankment Alternatives
Nearby
. Global e Construction
Alternative o Settlement | Utilities or . Cost
of-way | Stability Duration
Structures
rchar Inadequate for Risk Takes .
Sure ged Inadequate Maximum Longer Than Problernat@ at Moderate
Embankment Height - Select Locations
Lishtweight Still Susceptible
ghtweig Inadequate to Secondary Moderate
Embankment Settlements
Anchor h il Risk Tie Rods
chored S eetp © Requires will be Stressed Requires
Supported Anchored if Magnitude is Multiple Stages
Embankment Larger than and Relocation
Estimated
lumn rt
Colu Suppo ed Restricts Access
Embankment & Requiring Moderate
Prefabricated ities
elocation
Modular Wall

Green cells are desirable, yellow cells are neutral, and red cells are undesirable
Roadway Embankment and Retaining Wall Design

Limit equilibrium global stability analysis for the alternatives listed above was performed using
Geo-Slope Geostudio 2016 Slope W software. Stability was analyzed for the undrained condition
and drained (effective stress) condition. The undrained shear strength of the peat layer was
controlling the design, and resulted in lower factors of safety for stability than the drained
analysis, because of the high friction angle used for peat. Rocscience’s Settle 3D software and
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hand calculations were used to estimate the magnitude of settlement, the time rate of settlement,
the time rate of settlement for the proposed surcharge height and wick drain spacing.

Geotechnical and structural axial resistances for timber piles were calculated, and pile group
settlement was check and required piles be driven to underlying dense granular soils. The load
transfer platform was designed using the beam method (Ref. #) and geogrid properties were
adjusted by a creep reduction factor, installation damage reduction factor, deterioration reduction
factor, and an overall factor of safety of 2. A combination of uniaxial and biaxial geogrids was
utilized. The cost of timber piles is anticipated to range between $20 and $25 per liner foot for
furnishing and driving, which is believed to be cheaper than alternative

Jump Span Design

Accelerated Bridge Construction techniques are proposed for the replacement of two100+
year-old rail bridges due to limited track outage time. To install a full height cast in place
concrete abutment founded on micropiles below an existing 3 track rail embankment, while
maintaining rail service, tied back micropile and lagging walls and temporary jump span bridges
are proposed. This work includes installing two rows of nine 12.75-inch OD x 0.5-inch wall
micropiles from top of rail tracks during limited nighttime track closures. Upon completion of
the micropile installation, during a weekend track outage, a temporary jump span and cap will be
set on the micropiles. While trains remain in service, excavation will occur sequentially below
the embankment and as lagging is placed between the micropiles and tiebacks and struts will be
installed. This work is proposed to be performed near several existing shallow foundation rail
abutments. The temporary jump span wall micropiles are proposed to be ASTM A252 Grade 3
steel to allow them to be weldable to install channels to hold the lagging. Upon completion of the
micropile and lagging walls and excavation, 13.375-inch OD x 0.514-inch walls will be installed
for the permanent abutment below the active tracks. The system was designed for apparent earth
pressure and cooper E-80 live load surcharge. Tension load testing will be performed on a
sacrificial micropile and a sacrificial tie back to determine the nominal unit grout-to-ground bond
resistance. All tiebacks will be load testing.

CONCLUSIONS

Conclusions from this project include:

e CPT’s add value - low cost greater resolution of data and ability to obtain many parameters

e CPT porewater dissipation testing is valuable in estimating the time rate of settlement,
particularly in varved clays, as they yield the horizontal coefficient of consolidation.

e CPT shear wave velocity tests aid in evaluating site class, liquefaction, and maximum shear
modulus, which may be beneficial in estimating refined elastic settlement magnitudes.

e SPT borings to obtain undisturbed samples for UU triaxial testing should be performed in
conjunction with CPT’s to aid in fitting Ny and Np, factors for estimating undrained shear
strength, as well as more accurate estimates of total unit weight from lab measurement.

e The relationship between undrained shear strength of peat and vertical effective stress from
the data in Holland closely matched the NJ Meadowlands peat undrained shear strengths

e The measured drained friction angle for organics from CIU triaxial and CPT correlation was
surprisingly high, likely due to the fibrous nature.
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The measured drained friction angle from CIU triaxial and CPT correlation for the lake
bottom deposits was slightly higher than published correlations and typical values.

Timber piles may be more economical than other types of column to support embankment.
Obtain enough right-of-way to construct sloped embankments with surcharge, which will be
considerably cheaper than retaining wall supported embankment.

Wick drains are relatively inexpensive and may be beneficial to include to reduce risk of
delay of construction claims given the uncertainty in estimating the time rate of settlement.
Robust pre- and post-construction inspection of existing structures, vibration monitoring, and
tilt monitoring are valuable in reducing risk to the Contractor and Owner.

Highly aggressive electrochemical properties should be anticipated
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ABSTRACT

In September 2017, the Minnesota Department of Transportation (MnDOT) completed
the relocation of a portion of T.H. 53 between Eveleth and Virginia, MN. The relocation project
included the construction of a 1,100-foot bridge crossing the existing Rouchleau iron ore pit. The
relocation of T.H. 53, plus subsequent mining, will eventually create a so-called isthmus that
carries the roadway from the current alignment to the east end of the bridge. Once mining occurs,
the isthmus cross-section will be a trapezoid 300 ft wide at the top, with downslopes of 53
degrees, and up to about 500 ft deep. Information regarding rock bedding, jointing, and faulting
was collected using three methods: down-the-hole televiewer logging; photogrammetry; and
geomechanical core logging.

The presence of subvertical joints indicated the possibility of flexural toppling along the
isthmus slope. Using the collected discontinuity data, a kinematic analysis was performed and
the resulting factor of safety was found acceptable. In addition to a kinematic analysis, multiple
two-dimensional stability analyses were performed using UDEC, a discrete element modeling
software. The UDEC models showed an unacceptable factor of safety. Consequently, a three-
dimensional 3DEC analysis was performed. The 3DEC analysis was necessary to fully capture
behavior of isthmus geometry and jointing, and to show that flexural toppling wasn’t a concern.
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INTRODUCTION

This rock discontinuity characterization and slope stability assessment was part of the
Highway 53 (T.H. 53) re-location project (completed September 2017). MnDOT built the
existing alignment in 1960 on land owned by iron mining interests (currently held by Cliffs
Natural Resources and RGGS). The easement that the agency signed in order to build the road
included a requirement that MnDOT would move the road with three years notice if the mining
company needed to get to the ore underneath the highway. In 2010, the mining interests notified
MnDOT that the road would need to be moved. Later that year, MnDOT and the mining
company agreed to a 2017 date for the road move.

The location of the new alignment with respect to the existing Rouchleau iron ore pit is
shown in Figure 1. The east pier and abutment and the west abutment will be founded on
bedrock. The roadway was placed at approximately the current ground surface. Future mining
southeast of the east abutment will create slopes up to 500 ft high. After mining, the new
roadway will be atop a trapezoidal cross-section 300 ft wide at the top and with down slopes of
about 53 degrees, as shown in Figure 2. MnDOT wished to ensure that the future rock slopes will
be stable. A key component of rock slope design is the character of the discontinuities present in
the rock. The existing rock exposure in the Rouchleau pit provides a valuable source of
information. In addition, coreholes drilled along the alignment to the southeast will also provide
discontinuity information.

Using collected rock mass and discontinuity data, a kinematic analysis was performed
that resulted in an acceptable factor of safety. A two-dimensional numerical model using UDEC
was created to assess slope failure modes not within the capabilities of the kinematic analysis.
When the factor of safety resulting from the UDEC model was lower than the kinematic analysis,
a three-dimensional 3DEC model was created to better represent the interaction of the joints and
the isthmus geometry.

Figure 1 — T.H. 53 alignment, showing Rochleau iron ore pit.
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3001t

Figure 2 — Isthmus cross-section at Station 183+00.

ROCK MASS AND DISCONTINUITY DATA COLLECTED

In order to accurately model the isthmus, a field program was developed to collect rock mass
and discontinuity information. The field program included the following.
e Coring, and geological and geotechnical core logging (22 coreholes with approximately
7,000 ft of core)

e Laboratory testing

e Point load testing

e Down-the-hole logging
e Photogrammetry

Rock Mass Data

Rock mass properties were determined from geotechnical core logging and laboratory
testing. Lithology, weathering, RQD, and core recovery were recorded during core logging and
used in rock classification. Over 1600 point load tests were performed over 10 holes and 54
uniaxial tests were performed over 15 holes to compare rock strength across the isthmus.
Eventually, the isthmus was divided into five groups of similar strength and properties, shown in
Figure 3 and Table 1. (Note: the “Boundary” group was assigned artificial properties to represent
boundary conditions.)
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Figure 3 — Geologic units in section view (left) and in plan view (right).

Table 1 — Rock Mass Properties
Material | Constitutive | Density Shear Bulk Cohesion | Tension | Friction
model [pcf] modulus modulus [psf] [psf] [deg.]
[pst] [pst]
Upper Ubiquitous 190 3.69¢8 7.99¢8 2.96e4 3.74e3 44.2
uC Joint
Upper Ubiquitous 190 3.94e8 8.54e8 3.71e4 6.17e3 47
LSIS Joint
Weak Ubiquitous 190 3.88e8 8.41e8 3.86¢3 3.18¢e2 20.9
zone Joint
Lower Ubiquitous 190 3.46e8 7.48e8 3.96e4 7.48e3 473
LSIS Joint
PQ Ubiquitous 190 4.23e8 9.17¢8 3.56¢e4 5.42¢3 46.8
Joint

Discontinuity Data

Discontinuity information was collected using three methods: geotechnical core logging,
down-the-hole televiewer logging, and photogrammetry. Down-the-hole logging provided
discontinuity orientation and spacing of the in-situ rock, but it did not provide persistence
information. To obtain joint persistence information and additional orientation data, remotely
piloted drones were used to obtain photos for photogrammetry, which allowed for data collection
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along the rock slopes despite the large spans and dangerous conditions. Geotechnical core
logging provided information on joint condition, spacing, infill, roughness, etc., which was later
used in determining discontinuity properties for the models.

Four major joint sets were identified in using the above methods, excluding bedding
planes. All joints sets were subvertical with the average dip ranging from 83-90 degrees, while
bedding planes were subhorizontal (Figure 4). A stereonet showing the four joint sets, with
bedding planes filtered out, is shown in Figure 5.
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Figure 4 — Lower hemisphere stereonet of all joint and bedding orientations for the isthmus
rocks.
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Figure 5 — Lower hemisphere stereonet of joint set orientations for the isthmus rocks.
Description of the Toppling Mechanism

There are two toppling mechanisms of slope instability: (1) block toppling, a relatively
shallow mechanism in which rock blocks tip over and tumble down the slope; and (2) more
deep-seated flexural toppling in which shear movement along joints and flexure of the resulting
rock columns lead to slope movement (Nichol, Hungr, & Evans, 2002).

Flexural toppling is a ductile mechanism, as opposed to a brittle mechanism (Nichol,
Hungr, & Evans, 2002). A ductile mechanism will move relatively slowly, instead of the rapid,
catastrophic movements associated with brittle mechanisms. Flexural toppling generally occurs
along joints steeply dipping into a slope, with relatively close spacing (Nichol, Hungr, & Evans,
2002). An example of flexural toppling is shown in Figure 6.

Figure 6 — Examples of rock movement caused by flexural toppling
(Hittinger & Goodman, 1978).
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Figure 7 shows the future isthmus intersected by the average orientation of the four joint
sets. The rules of thumb listed above generally are met for the north-, northeast-, and east-facing
slopes created by future mining. This caused concern that the slopes will be susceptible to
flexural toppling.

Vertical

77 deg SW

Set 1 (Blue)
Vertical

Set 3 (Cyan)
Vertical

Figure 7 — Average joint set orientations intersected with the isthmus.

TWO-DIMENSIONAL STABILITY ASSESSMENT

Following a kinematic analysis which produced an acceptable safety factor, UDEC, a
two-dimensional discrete element modeling software, was used to model multiple sections of the
isthmus (Figure 8) in order to gain further insight into the failure mechanism. Six cross sections
along the isthmus were chosen (Figure 9), and two joint sets were modeled: the subhorizontal
bedding planes and Joint Set 2, which is defined by joints dipping 75-degrees southwest.

Properties of the bedding planes and joints were determined from geotechnical core
logging, down-the-hole logging, and photogrammetry data. UDEC models were run both
deterministically and stochastically. In the deterministic model, the friction angle of the joints
and bedding planes are equal to the mean values 42.7° and 41.6°, respectively. In the stochastic
models, the properties were sampled from the distributions illustrated in Figure 10.
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Figure 8 — Aerial image of the bridge alignment prior to construction, showing sections
used for UDEC modeling.

Section 198+00 Section 194+00 Section 189+00

Section 183+00 Section 177+00 Section 173+50
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Figure 9 — Cross-sections modeled using UDEC (sections looking toward
bridge, for joints dipping 75 degrees left).
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Figure 10 — Joint frictional strength properties (top) and bedding frictional strength
properties (bottom).

The factor of safety for each deterministic model was calculated using the strength
reduction method (SRM), a function which is built into UDEC. The SRM involved reducing
strength properties until failure to obtain a factor of safety for the slope.

Displacement vectors and failure locations in the UDEC models were used to evaluate
the failure mechanism of the slope. The left image in Figure 11 shows the displacement vectors
(red is the greatest magnitude, cyan is the smallest) and the right image shows the tensile and
shear failure. Failure extends from the upper left slope, daylighting on the lower right slope and
the failure location corresponds to the displacement vectors in the upper right section of the
slope. Figure 12 shows an exaggerated deformed shape of the slope. This view, combined with
the failure locations across the slope in Figure 11, shows how the deep-seated flexural toppling
mechanism is developing in the upper right section of the slope.
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Figure 11 — Flexural toppling displacement vectors and failure locations

(Station 194+00, deterministic analysis, 1.2 strength reduction
factor).

Figure 12 — Exaggerated (100x) deformed shape (in green) compared to the

original shape (in grey), illustrating the nature of the flexural
toppling mechanism.

Eighteen stochastic models were run for the 75-degree model. Joint and bedding
properties were sampled from the distributions in Figure 10 and assigned to the model. The
factor of safety results, shown in Table 2, decreases closer to the bridge and increases further
from the bridge, where the height of the slopes also decreases. Additionally, the averaged factor
of safety for each stochastic model compared to the corresponding deterministic model was

lower. This was likely due to the assignment of below-average strength properties sampled from
the distribution.
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Table 2 — UDEC Factor of Safety Results for Deterministic and Stochastic

Analyses
Case 198+00 | 194+00 | 189+00 | 183+00 | 177+00 | 173+50
Deterministic 1.08 1.12 1.17 1.80 1.71 2.0
Runl | 0.94 0.94 0.95 1.68 1.92 2.02
Stochastic Run2 | 1.05 1.06 1.19 1.89 1.78 1.62

Run3 | 1.06 1.07 1.21 1.37 1.68 2.12

Average of stochastic 1.02 1.02 1.12 1.65 1.79 1.92
analyses

THREE-DIMENSIONAL STABILITY ASSESSMENT
Motivation for three-dimensional model

Initial UDEC models showed an unacceptable factor of safety, which motivated the
creation of a three-dimensional model. In UDEC, a single 2D section cannot be cut perpendicular
to strike on all joint sets, which means a 2D model is capturing apparent dip rather than true dip.
Thus, a two-dimensional analysis cannot fully capture the three-dimensional interaction of the
joints and the isthmus. Figure 13 illustrates the distribution of dips for Joint Set 2, the cumulative
distribution, and the values used in the UDEC and 3DEC models. The UDEC dip angle was
chosen based on apparent dip. As Figure 13 illustrates, the UDEC apparent dip angle is at about
the 30th percentile of the actual dips, while the 3DEC dip angle is at about the 60th percentile.

83 deg. g
75 deg. (3DEC Model)
(UDEC model, | -
basedon __
apparent dip)

d

il “

Figure 13 — Dip histogram for Joint Set 2.
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To understand the effect of dip angle on the slope safety factor, the UDEC model for
Station 194+00 was rerun by varying the dip angle for Joint Set 2. Table 2 illustrates the results.
The safety factor ranges from 1.06-1.25 over a dip angle change of 10 degrees. These results
confirmed the need for a 3D model to compare to the UDEC results.

Table 2 — Safety Factors for Station 194+00 and Varying Dip
Angles

Dip Safety Factor

Base Case 75 1.12
77 1.08
79 1.09
81 1.06
83 1.17
85 1.25

3DEC Model Creation

Joints created in the 3DEC model were based on the vertical-to-subvertical joint sets and
subhorizontal bedding planes collected on site. In UDEC, all joints were discretely modeled,
whereas in 3DEC, the subhorizontal bedding planes were not discretely modeled (to increase
runtime). Bedding planes in 3DEC were modeled using the ubiquitous joint constitutive model,
defined by weak planes of a specific orientation embedded in a Mohr-Coulomb solid (Itasca
Consulting Group Inc., 2016).

The 3DEC model used the same material and joint properties as the UDEC model. The
isthmus and nose were divided into five material groups, as shown in Figure 14. The four joint

sets were cut into the nose and isthmus, but were not cut into the boundary materials or the base
material (PQ).

The model was brought to equilibrium using the initial material properties. Then the
material properties were gradually reduced to determine a factor of safety for the slope. Stability
was determined based on displacement magnitude across the slope. For example, if
displacements continuously increased, the model was considered unstable.
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Figure 14 — Geometry of the comprehensive 3DEC model.

The final 3DEC model was stable up to a strength reduction factor of 1.5, but unstable
when the strength reduction factor was increased to 1.8. The left image in Figure 15 shows the
surface displacements across the isthmus for a factor of safety of 1.5, where the maximum
displacement is approximately 0.16 ft. When the strength reduction factor was increased to 1.8,
the displacements continued to increase across the slope, so the slope was determined to be
unstable. The right image in the same figure shows the displacements extending across the
isthmus with a factor of safety of 1.8. Note: for a factor of safety of 1.8, the scale is truncated at
0.2 ft, so all displacements above 0.2 ft plot as red.

15
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Figure 15 — Predicted surface displacements at equilibrium for a safety
factor of 1.5 (left) and 1.8 (right).

To further illustrate the failure mechanism, cross sections were made at multiple
locations along the isthmus to determine stability and the mechanism of failure. Figure 16 shows
the location of one of the cross sections taken through the bridge abutment. Figure 17 compares
the displacements through this section for strength reduction factors of 1.5 and 1.8, where it is
possible to see the deep-seated movement in the slope associated with flexural toppling. Figure
18 compares the zone failure in the bridge abutment cross sections for strength reduction factors
of 1.5 and 1.8. When the strength reduction factor increases to 1.8, there is a significant increase
in tensile and shear failure deep in the slope, indicating flexural toppling.

Figure 16 — Location of cross-section through the approximate location of the
bridge abutment.
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Figure 17 — Model displacements for the cross section at the bridge abutment for a factor of
safety of 1.5 (left) and 1.8 (right)
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Figure 18 — Zones with various material failure behavior for the cross section
at the bridge abutment for a factor of safety of 1.5 (left) and 1.8
(right).

SUMMARY AND CONCLUSIONS
Summary

A series of kinematic and numerical models were developed to assess the stability of T.H.
53 isthmus rock slopes. The rock mass and discontinuity properties input into the models were
based on an extensive field campaign which included core logging, down-the-hole-logging,
laboratory tests and photogrammetry. Using the collected discontinuity data, a kinematic
analysis was performed and the resulting factor of safety was found acceptable. Then, two-
dimensional UDEC analyses provided insight into the failure mechanism, but due to the nature
of 2D models, did not fully capture the three-dimensional geometry of the subvertical joints and
the isthmus slope. Thus, the safety factors determined from UDEC were not fully reliable. This
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was confirmed by varying the joint dip angle and comparing the safety factors in UDEC. A
three-dimensional 3DEC model was created to capture the interaction of the joints with the
isthmus slopes. The 3DEC model determined that the factor of safety of the slope is at least 1.5,
which met MNDOT’s minimum safety requirements.

Conclusions

The UDEC and 3DEC models both confirmed that flexural toppling is a mechanism of
failure for the isthmus slope. By analyzing the displacement plots, flexural toppling-induced
displacements extend across the isthmus. The 3DEC model predicted that the factor of safety
against flexural toppling is greater than 1.5 and less than 1.8.
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ABSTRACT

In fall 2016, the Maine Department of Transportation (MaineDOT) replaced a bridge
carrying State Route 11/114 over Muddy River in Naples, Maine. Route 11/114 is a rural road,
but it is the primary route for travel around the west side of Sebago Lake, being used heavily by
residents, trucks and tourists. Based on the road usage and lengthy detour, Accelerated Bridge
Construction was selected for the project.

The geologic conditions included shallow, irregular, sloping bedrock at the abutments.
Bedrock consisted of hard granite, with very hard, intrusive, trachyte dikes. The preferred
configuration for this type of bridge is an Integral Abutment Bridge supported by driven H-piles.
However, considering the shallow and sloping rock, driven piles were not feasible at one of the
abutments. GZA GeoEnvironmental, Inc. (GZA) and MaineDOT collaborated to develop and
design an innovative drilled pile foundation, the spun pipe pile, which consisted of a
conventional micropile casing within an uncased socket in bedrock. The casing is installed into
bedrock to gain lateral fixity and to gain axial resistance through end-bearing, eliminating the
typical drilled socket with reinforcing bar and saving construction time.

Thanks in part to this innovative foundation system, the contractor completed the work in
18 days, shaving eight days off the 26-day closure allowed in the contract. Foundation
installation was completed in 3 days, with 24-hour per day oversight by GZA throughout
construction.



69" HGS 2018: Cardali et al. 4

INTRODUCTION

A bridge replacement project was undertaken by the Maine Department of Transportation
(MaineDOT) on Maine State Route 11/114 (Sebago Road) over the Muddy River in Naples,
Maine. GZA GeoEnvironmental, Inc. (GZA) was retained by MaineDOT, the bridge designer for
the project, to serve as the geotechnical consultant for the project. The scope of services
included: review of initial field investigations, designing and overseeing a supplemental field
investigation program, developing preliminary recommendations and feasible foundation types,
and developing engineering solutions and recommendations for abutment foundations capable of
being installed during the construction window, developing foundation specifications, and
providing on-site observation during foundation installation.

The project plans called for the bridge to be constructed in the fall of 2016 using
Accelerated Bridge Construction (ABC) inside of a 26-day road closure, during which traffic
would be detoured. All of the bridge demolition and construction activities were required to be
completed within this window, and at least one lane was required to be re-opened to traffic at
completion of the closure.

PROJECT AREA
Bridge Project

Crockett Bridge No. 2199 carries Maine State Route 11/114 (Sebago Road) over the
Muddy River between Sebago Cove to the west and Sebago Lake to the east in Naples, Maine as
shown on the annotated aerial photograph, Figure 1.
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Sl Route 11/114
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Sebago Cove

Bridge to be
replaced

Muddy River

‘ I To Sebago
Lake

Figure 1 — Project Site
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The original bridge was constructed in 1930 and consisted of a single-span, cast-in-place
concrete rigid frame with a clear span of 20 feet. The original southwest abutment was supported
by a spread footing bearing on bedrock and the original northeast abutment was supported on
timber piles. Depths to the bottom of both of the abutments ranged from 15 to 20 feet below the
existing roadway.

During preliminary design, MaineDOT proposed a replacement bridge consisting of an
80-foot-long, single-span bridge following the same alignment as the existing bridge. The longer
bridge length was selected to provide a wider opening for the Muddy River, and the new
abutments were located behind the existing abutments. This new bridge was proposed to include
a superstructure consisting of four precast NEXT 36 F beams with integral abutment
substructures. In Maine, integral abutments are typically supported by a single row of driven
H-piles.

OBJECTIVES AND PROJECT APPROACH

The primary objective was to provide geotechnical engineering recommendations for
design of the Crockett Bridge foundations. Based on GZA’s initial review of the project and
discussions with MaineDOT, it was apparent that two primary factors would drive design
considerations for the project:

1. Variability in bedrock elevation, inclination and type; and

2. Ability to construct deep foundations rapidly during the scheduled closure.

GZA proceeded with a subsurface characterization approach that would identify bedrock
conditions across each abutment by way of three cored test borings, including two at the
abutment with shallow bedrock, to allow a reasonable estimate of variation in pile lengths and
installation considerations. The design approach was focused on identifying, designing and
detailing deep foundation types for integral abutment support that were cost effective and could
be constructed within a time window of several days as would be required by ABC.

GEOLOGIC SETTING

Based on the Maine Geologic Survey Map of the Naples Quadrangle (/), surficial
geologic units in the site vicinity are mapped as Glacial Lake Sebago Bottom Deposit and Till.
The Glacial Lake Sebago Bottom Deposit is described as massive to stratified and
cross-stratified sand, and massive to laminated silt and silty clay, sometimes containing boulders
and gravel, varying in thickness from 1 to 60 feet. Till is described as light to dark gray, poorly
sorted mixture of clay, silt, sand, pebbles, cobbles, and boulders. The bridge approach
embankments are mapped as Artificial Fill. Bedrock outcrops are identified on the northeast side
of the bridge and are shown as a horizontal hatch pattern in Figure 2.
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Figure 2 — Surficial Geology Map

Bedrock at the site is mapped as the Sebago pluton (2), shown as the pink shading on
Figure 3. The Sebago pluton in the site vicinity is described as medium grained equigranular,
biotitic-muscovite Granite (CG), white to pale pink, locally pegmatitic. Two intrusive dikes are
also mapped in the immediate site vicinity, including a mafic dike (red line) described as
reddish-brown weathering, black basaltic dikes and a trachyte dike (blue line) described as dark
gray weathering, chocolate-brown feldspar-bearing dikes.
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4
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Figure 3 — Bedrock Geology Map
FIELD INVESTIGATIONS

The subsurface exploration program was completed between May and December 2015
and included five test borings. The borings were drilled using a truck-mounted drill rig through
the existing bridge approaches, including two borings through the south approach (Abutment 1)
and three borings through the north approach (Abutment 2). The borings were drilled using
cased rotary wash methods to allow rock coring. The borings were drilled to depths ranging
from 29 to 50 feet below existing ground surface. Three of the borings were drilled to
split-spoon refusal followed by 7 to 9 feet of bedrock coring, and two borings were terminated in
the overburden due to casing damage during drilling. Bedrock cores were obtained using NQ2
wire-line coring equipment.

SITE SUBSURFACE CONDITIONS

Upon completion of the supplementary borings, four soil units were identified as follows:
Fill, Gravelly Sand, Silt, and Gravel, which were encountered below pavement and above
bedrock in the test borings. The profile in Figure 4 below shows the approximate strata
thicknesses, generalized soil and rock descriptions and interpolated bedrock surface along the
centerline of the bridge.
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Figure 4 — Interpretive Subsurface Profile

Bedrock encountered in the borings consisted of Granite with Trachyte dikes. The depth
to the top of bedrock encountered in the borings varied from 22 to 26 feet bgs at Abutment 1 and
was approximately 40 feet at Abutment 2. Two rock types were encountered in the borings;

Granite of the Sebago Pluton, and Trachyte associated with one of the mapped dikes in the site
vicinity.

Granite was encountered in all three of the cored borings and was generally described
using the Modified ISRM Rock Classification system as very hard to hard, fresh, medium
grained, and white/gray/black. Joints were very close to moderately spaced, horizontal to
moderately dipping, undulating, rough, fresh to discolored, and tight to open. Trachyte dikes
were encountered in one boring at Abutment 1 from the top of rock (26 feet bgs) to 29.3 feet bgs
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and from 33.5 to 34.8 feet bgs, with Granite encountered between and below the Trachyte dike
layers. Trachyte was generally described as very hard, fresh, aphanitic and red-brown. Joints
were very close to close, low angle to moderately dipping, undulating, rough, discolored, and
tight to open. The Rock Quality Designation (RQD) was 23 percent in the Trachyte and ranged
from 55 to 100 percent in the Granite. The bedrock profile was identified to be sloping down
toward the north and west at average inclinations ranging from 2H:1V to 4H:1V based on the
encountered top of rock elevations in the borings.

Two laboratory unconfined compressive strength tests with strain measurements were
conducted on bedrock core samples, one on Trachyte and one on Granite. The Trachyte had an
unconfined compressive strength of 34.3 kips per square inch (ksi), a Young’s modulus of 4,580
ksi and a Poisson’s ratio of 1.38. The Granite had an unconfined compressive strength of
14.9 ksi, a Young’s modulus of 3,230 ksi and a Poisson’s ratio of 0.94.

In general, the results of the rock coring and testing indicated the Trachyte dikes were
stronger and harder but more fractured than the Granite Pluton, which was an important
consideration for foundation design.

ENGINEERING CHALLENGES AND SOLUTIONS
GZA identified two primary considerations for the bridge replacement project that would

have a significant impact on the success of the overall project. These project elements and the
associated engineering challenges are summarized in Table 1.

Table 1 — Primary Engineering Challenges

hnical i . . .
Geotechnical/Construction Associated Design and/or Construction Challenge

Consideration
Shallow and Sloping Bedrock Integral abutment deep foundations must achieve fixity through embedment
Across the Site in soil or bedrock and remain plumb and on-location during installation.

A foundation type must be selected that can be installed within several days

Accelerated Bridge Construction to allow rapid construction of the abutments.

GZA’s evaluations and recommendations to address these conditions are described in the
following sections.

Based on constructability and cost considerations, MaineDOT had selected an integral
abutment bridge (IAB) for the project. IAB bridges are preferred by the MaineDOT and by many
other states for single-span bridge replacements. An IAB is defined as a bridge with no
expansion joints, instead fixing the substructure elements to the superstructure and allowing
them to move with the thermal expansion and contraction of the bridge, shown in Figure 5.
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Figure 5 — Integral Abutment Detail

Due to the rigid connection between the bridge superstructure and the abutment, the lateral
load from thermal expansion is resolved in the abutment and foundations. The University of
Maine published a paper entitled “Behavior of pile-supported integral abutments at bridge sites
with shallow bedrock™ (3). This paper describes the interactions of short piles that support
integral abutment bridges and concluded that piles less than 4 meters (13 feet) in length
performed differently under the combined lateral and axial loading than a longer pile, resulting
from a lack of fixed or pinned toe condition. Therefore, the shallow, steep bedrock surface was
identified to be one of the primary challenges to resolve the lateral loading expected from
thermal expansion. In addition, driven H-piles have encountered constructability issues on
sloping rock on similar projects where the driven pile moved off location and/or out-of-plumb
and “walked” as it moved diagonally along the rock surface.

Three foundation types were considered during design development for support of the
proposed IAB: driven H-piles, conventional micropiles (with rock sockets and central steel
threadbars), and spun pipe piles (without sockets or threadbars).

At this site, driven piles would likely have been driven to refusal on rock due to the
relatively shallow soil profile, especially at Abutment 1. Integral abutment support with driven
H-piles relies on a soil profile that is deep enough to develop fixity, or at least a pinned end
condition. The subsurface data at Abutment 1 indicates that the depth from bottom of integral
abutment to top of rock was as little as 10 feet, and the rock surface was sloping. Preliminary
lateral pile evaluations were conducted for H-piles assuming a 10-foot-deep soil profile, and the
results indicated the piles would not achieve a pinned condition under the imposed thermal
deflection. In addition, piles could potentially “walk” when driven to sloping rock, which would
induce additional stress, and is a concern given the tight tolerance for location and inclination of
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integral abutment piles. H-piles would be feasible at Abutment 2, but considering the planned
ABC, it was not desirable to mobilize two different foundation operations. Therefore, driven
piles were not considered further.

Conventional micropiles were considered to be a feasible foundation type. Micropile
casing is typically advanced through the overburden and into bedrock using an air percussive
hammer. An air hammer with a smaller bit is conventionally used to drill a rock socket below
the bottom of the casing. For a conventional micropile, a threadbar or inner hollow casing is
used to transmit vertical loads to the socket, and the micropile gains axial compression resistance
primarily through friction along the grout-rock interface. The outer casing is typically advanced
a moderate distance into bedrock to promote fixity under lateral loading, thereby eliminating the
“walking pile” effect associated with driven pile. Preliminary lateral pile evaluations indicated
that micropiles could achieve adequate fixity with a casing embedment depth into rock of 3 feet.

A third option of spun pipe piles was a concept that was developed by the
MaineDOT/GZA design team specifically for this project. This concept was identified to be
feasible when the analyses of the conventional micropile achieved fixity with only casing
advancement into bedrock. A spun pipe pile is essentially a micropile with no central
reinforcement and where the bottom of the casing sits on the bottom of the rock socket. The spun
pipe pile gains axial compressive resistance through end bearing on the rock surface at the
bottom of the casing, which requires that the casing be filled with grout to provide end bearing
resistance over the entire tip area, similar to a rock-socketed drilled shaft. The primary advantage
of the spun pipe pile over conventional micropile is reduced construction time since a deeper,
second stage of drilling and internal reinforcement installation is not required. Spun piles can be
grouted and completed immediately after completion of drilling. In addition, the spun pipe pile
could be designed using AASHTO LRFD resistance factors appropriate for end-bearing drilled
shafts, which eliminates the requirement for testing and saves more time in the schedule.

Based on schedule and cost considerations, the project team selected spun pipe piles over
conventional micropiles as the preferred pile type for this project. Preliminary lateral pile
evaluations conducted for readily-available 9.625-inch-outside-diameter pipe sections indicated
that a wall thickness of 0.545 inches would be required to limit the combined axial and bending
stress in the spun casing to less than 90 percent of the yield stress. Therefore, a 9.625x0.545 pile
section consisting of American Petroleum Institute (API) SCT N80 steel pipe with a minimum
yield strength (fy) of 80 ksi was selected for spun pipe piles for the project.

DESIGN OF SPUN PIPE PILES

Design evaluations were conducted for axial compressive geotechnical resistance and lateral load
resistance of the piles. The geotechnical static resistance of spun pipe piles was calculated using
the drilled shaft tip resistance on rock methodology in accordance with AASHTO LRFD Article
10.8 (4). Side friction was not assumed to provide any resistance to axial compressive loads.
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Axial Pile Resistance

Each abutment included a single row of five, 9.625x0.545 spun piles. The maximum
factored axial load for the strength condition provided by MaineDOT was 365 kips per pile. The
piles were designed at the strength limit state considering geotechnical resistance of the piles
using a resistance factor of 0.50, for tip resistance on rock, per AASHTO Table 10.5.5.2.5-1.
Therefore, the required nominal axial compressive resistance was 730 kips per pile.

Spun pipe piles were designed to gain axial compressive resistance through end bearing
in bedrock. The nominal tip resistance was estimated using procedures described in AASHTO
Article 10.9.3.5.3, which references Article 10.8.3.5.4¢ for tip resistance on rock. The tip
resistance on rock is based on the strength of jointed rock masses evaluated using the
Hoek-Brown failure criterion (5). The primary input parameters used to calculate rock mass
strength and tip resistance on rock include the Geologic Strength Index (GSI), unconfined
compressive strength (qy) and the rock group constant (m;). Based on the results of the borings,
it was concluded that the spun pipe piles could bear in either the encountered Trachyte or
Granite, and the subsurface characterization was not adequate to predict bearing materials for
each pile. Therefore, we evaluated tip resistance for both rock types with the intent of utilizing
the controlling geotechnical resistance for design. The bedrock input parameters selected for our
evaluation are summarized in Table 2, below.

Table 2 — Bedrock Properties and Spun Pile Tip Resistance
o Parameter Symbol Value for Value for
Parameter Description (units) Granite Trachyte Reference
Unconfined Compressive .
Strength, Intact Rock qu (psi) 14,930 34,300 Laboratory test data
. AASHTO Figure
Geologic Strength Index GSI 60 60 10.4.6.4-1
AASHTO Table
Rock Group Constant m; 32 25 10.4.6 4-1
Nominal Unit Tip Resistance, N AASHTO Eq.
Jointed Rock Mass Gpyoiniea (Ks1) 2,553 4,806 10.83.5.4C3
Nominal Geotechnical Tip r AASHTO Eq.
Resistance, Jointed Rock Mass Ry, (kips) 1,290 2,428 10.8.3.5-2

The granite was selected as the controlling tip resistance for the spun piles. A factored
geotechnical resistance of 645 kips per pile was calculated by applying the 0.5 resistance factor
to the controlling nominal resistance of 1,290 kips. Since the factored resistance significantly
exceeded the factored load, we concluded end bearing resistance on rock is suitable to support
the axial design loads.

Lateral Pile Analysis

GZA conducted lateral pile analyses using L-PILE 2015® using two end conditions
provided by the bridge designer: horizontal thermal displacement of the pile top of 0.44 inches,
and pile top slope of 0.00245 in/in, induced by the live loads. The assumed axial load was the
maximum factored axial load, 365 kips.
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The spun pile section was analyzed assuming: 1) empty casing and 2) casing with grout
infill with a compressive strength of 6 ksi. This grout compressive strength was recommended
by the MaineDOT bridge designer to model grout that achieves a higher unconfined compressive
strength than the design value, which is intended to model the upper-bound bending stiffness.
The graphs shown in Figure 6, display the results for a pile from Abutment 1, which was
expected to be the shorter pile due to shallower bedrock. This model represents the casing
without grout filling to analyze the worst case for bending stresses in the steel casing. This case
shows that the moment and deflections applied at the pile head are resolved within the first three
feet into bedrock, and fixity is developed.
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Figure 6 — L-Pile Results

L-PILE 2015 models the combined steel and grout section using a “cracked section”
when the bending stress exceeds 75 percent of the unconfined compressive strength of the grout,
resulting in a reduced bending stiffness. This condition occurred in approximately the upper
3 feet of the pile based on our evaluation, and it would occur over a longer distance for lower
strength grout. The analyses show that the piles were able to achieve fixity within the top three
feet of bedrock while limiting combined axial and bending stress in the casing to less than
90 percent of the yield strength, indicating the 9.625x0.545 pile section met the design criteria,
as summarized in Table 3.
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Table 3 - L-PILE® RESULTS
Factored Shear Force Total Bending Axial
. . Moment at Stress at
Pile Type and Axial for Lateral . Stress at Stress at .
Abutment . . Pile Head . . Pile
Size Load deflection of (fikips) Pile Head | Pile Head Head
(kips) | 0.44 in. (kips) P (ksi) (ksi) (ki)
1 9-5/8x0.545 365 32.6 [1569.8 70.5 47.0 23.5
(Empty Casing)
9-5/8x0.545
1 (6 ksi Grout 365 36.0 -1787.1 60.1/5.94 -- --
Infill)
9-5/8x0.545
2 (Empty Casing) 365 34.1 -1618.3 71.9 48.4 23.5
9-5/8x0.545
2 (6 ksi Grout 365 37.4 -1823.8 61.5/5.96 -- --
Infill)

Spun Pipe Pile Recommendations and Specifications

The spun pipe piles were specified as 9.625x0.545 spun pipe piles (80 ksi yield stress)

infilled with grout with a 28-day compressive strength of 4 ksi. A minimum spun pile

embedment of 5 feet below the top of rock elevation was judged deep enough to encounter sound
bedrock suitable to provide the desired axial and lateral resistance. Pile testing was waived in
consideration of the resistance factors used for geotechnical design.

The N80 casing was anticipated to consist of flush-joint casing with threaded

connections. In order to avoid casing joints in the high moment zone, the specifications called
for the uppermost joint to be at least 4 feet below the bottom of the abutment, corresponding to
6 feet below the top of the pile.

Construction recommendations were critical to the performance of the spun piles.
Because the piles relied solely on tip resistance for axial support, the condition of the rock
beneath the pile tip required careful preparation and verification. The following construction
recommendations were provided for spun piles:

1. Thoroughly clean spun pile holes at the completion of drilling using high-pressure air or
water to provide a clean end bearing surface.

2. The depth and soundness of the hole should be assessed using a weighted tape prior to
grouting.

3. If soil was detected in the casing following drilling and cleaning and was suspected to be
washing in, additional measures would be required to achieve a seal before grouting. This
could include advancing the casing further into rock, and/or retracting the casing, grouting
the area just above and within the socket, and re-drilling to rock, below the original socket

depth.



69" HGS 2018: Cardali et al. 15

4. The drill holes should be tremie-grouted from the bottom, up. A plug should be placed in the
tremie pipe prior to insertion into the pile to prevent water entry into the pipe. The tremie
pipe should remain at least 5 feet below the top of grout level throughout the grout
placement, if it is pulled during grouting.

Because load testing was not planned, the presence of a Geotechnical Engineer was
specified throughout advancement of steel pipes, final cleaning, and grout placement to ensure
that the intent of the design and special provisions are met. The Geotechnical Engineer was also
specified to observe and assess the depth to top of rock, embedment in the rock, bottom
cleanliness, depth of hole, length of casing installed, and theoretical versus actual grout volumes.

CONSTRUCTION

During the construction phase, GZA was onsite 24 hours per day on behalf of MaineDOT
to provide quality control for the spun pipe pile installation, assessing the work for compliance
with the project plans and specifications. The following sections describe the installation
equipment and process that was observed.

Pile Installation Equipment

The spun pipe piles were installed using a non-displacement drilling method, which
utilized a Robit air-hammer system. The drill rig that was used for this project was a Hutte 504,
equipped with the Robit air hammer shown in Figure 7. This procedure involved the use of an
under-reamer bit that was used to socket the pipe into bedrock (Figure 8 and 9).

3 3 - . - . - o
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Figure 7 — Drill Rig and Robit Hammer Figure 8 — Robit Air Hammer Tip (side)
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The first piece of casing for each pile was equipped with a ring bit (Figure 10), which
allowed the Robit drill head to lock into the casing. The groove inside the ring bit which the
hammer locks into is shown in Figure 11. This system uses an air percussion hammer to advance
through overburden materials and bedrock. Since the casing is locked into the hammer, the
casing advances along with the hammer, and additional casing and rod sections are added to
continue advancement. As the hammer breaks through material, the cuttings are air-lifted out of
the drill head.

Figure 9 — Robit Hammer (Bottom) Figure 10 — Ring Bit
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Figure 11 — Ring Bit Groove Figure 12 — 10-foot Casing Section

This method allowed the central drill hammer to be removed and reinstalled if the pile
was required to be advanced further into rock, if rock surface was observed to be inadequate by
the field engineer, or if the rock seal was poor and allowed fine grained materials to accumulate
on the pile base.

Installation Sequence

The first section of each pile was 6 feet in length, which included a 5-foot section of
casing equipped with a 1-foot long Ring bit. The casing was loaded onto the rig followed by the
hammer and drill rod as shown in Figure 12. Once the drill head was locked into the Ring bit,
the location and plumbness were checked. The drill then began advancing the casing. 10-foot
casing sections were added until the casing had advanced a minimum of 5 feet into the bedrock.
To meet the specified uppermost pipe section length of 6 feet, some piles were extended further
into bedrock. For example, if the pile was only 5 feet into bedrock at completion of a pipe
section, an additional 9 feet of the next section would be required to provide the required
distance to the first joint, resulting in a 14-foot deep rock socket.

At the completion of drilling, the holes were cleaned thoroughly under air and water to
provide a clean end-bearing surface. The surface was confirmed to be clean by the geotechnical
engineer by sounding, using a weighted tape until a hard surface became evident throughout the
base of the drilled pile.

Pile bedrock embedment material was judged based on the color of the cuttings and
variations in drill characteristics. Two out of the ten piles installed were judged to be bearing in
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the Trachyte dike. The more fractured Trachyte was believed to be creating a hydraulic
connection between the drilled hole and the river, based on repeated detection of fine-grained
materials in the base, and the nearly immediate equalization of water level in the drill hole to the
river level. As a result, additional flushing was required at these two locations before grouting to
maintain a clean bedrock interface with the grout. This soil infilling was judged to be from joints
in the bedrock rather than a poor seal. Therefore, additional casing advancement was not
required. For the eight piles installed into granite, the bottom of the socket remained clean and

dry.

The onsite engineer also recorded the plumbness of the spun piles prior to grouting
utilizing a 4-foot level. The tolerance for plumbness was 1 inch of lateral deviation over 4 feet.
Since the drill head of the system was fixed in place and the pile was locked into the drill rod at
the tip and at the drill head, plumbness checks were readily made by the drillers and geotechnical
engineer during installation.

After the spun pipe piles were installed at each abutment, the drill holes were
tremie-grouted from the bottom, up. A plug was placed in the tremie pipe prior to insertion into
the pile to prevent water entry into the pipe. The ’2-inch PVC tremie pipe remained at least 5
feet below the top of grout level throughout the grout placement to prevent contamination of the
grout.

Figure 13 — Grouting Figure 14 — Grouting
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Schedule

The entire spun pile installation occurred over a three-day period, September 27, 2016
through September 29, 2016, taking less than 60 hours from start to finish. Table 5 describes the

major activities that were completed during that time and the duration of each task.

Table 5 — Foundation Installation Schedule
Approximate
Task Start Date and Time End Date and Time Duration
(Hours)
Abutment 2 Spun Pile 9/27 — 11:00 AM 9/28 — 10:00 PM 35
Installation
Mobilize Equipment to 9/28 — 10:00 PM 9/29 - 2:00 AM 4
Abutment 1
Abutment 1 Spun Pile 9/29 — 2:00 AM 9/29 - 5:30 PM 16
Installation
Abutment 2 Spun Pile Grouting 9/29 -1:30 PM 9/29 - 6:30 PM 5
Abutment 1 Spun Pile Grouting 9/29 - 6:30 PM 9/29 - 9:30 PM 3

As shown in the table, the Abutment 2 piles were installed first and took approximately
35 hours and were followed by the Abutment 1 piles. The contractor began grouting the
Abutment 2 piles while installing the final two piles at Abutment 1, with both activities shown in

Figure 14.

Figure 14 — Construction Sequence

This allowed for continuous operation of the grout plant. Using an extended grout line,
the Abutment 1 piles were grouted directly after the completion of the Abutment 2 grouting,
without relocating the grout plant across the river.
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Thanks in part to this innovative foundation system, the contractor completed the
foundation construction in three days, and the entire closure in 18 days, shaving eight days off
the 26-day closure allowed in the contract.

CONCLUSIONS

The geotechnical challenge of the Crockett bridge replacement project was to develop
and design a deep foundation system which could be installed within the proposed closure
window for the project. The selected spun-pile design was able to overcome the geologic
conditions which included shallow, irregular, sloping bedrock at the abutments and was able to
be installed within the allotted time. The design of the spun pile included a 9.625-inch diameter
casing installed into the bedrock that relied on end bearing for resistance. This foundation type is
installed like a micropile but without central reinforcement, eliminating the construction steps of
drilling a socket beneath the casing and placement of the reinforcing bar. The design
methodology for the spun piles allowed elimination of the requirement for pile testing during
installation, removing a significant schedule impediment from the ABC project. Foundation
installation was completed in three days, with 24-hours-per-day oversight by GZA throughout
construction to ensure that the completed foundations met the intent of the geotechnical design
and were in accordance with the project plans and specifications.

The spun piles were found to provide the following benefits:

e By using a design methodology for a drilled shaft tip resistance in rock, the requirement for
load testing can be eliminated, resulting in reduced construction duration;

e Delays such as obstructions that are associated with driven piles are mitigated with the
air-hammer drilling technique;

e Pile “walking” and lack of fixity development that can be associated with driven piles is
prevented; and

e By removing the bond zone length of the typical micropile, the drilling time is reduced and it
removes the need for a central bar.

Shallow bedrock can dissuade agencies from ABC but spun piles provide an alternative.
MaineDOT is continuing to utilize the spun pipe pile foundation system for similar IAB projects
with shallow bedrock of sufficient strength and quality to be able to resist design loads in end
bearing.
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Abstract

As professional engineers and geologists we are tasked with providing solutions to protect
people and infrastructure from hazards such as rockfalls both during and after construction or
remediation of rock slopes. Rockfall hazards can be found in a variety of environments including
mining operations, highway transportation, and railroad corridors, just to name a few. Each of
these environments necessitate unique project requirements from available work times, to
maintaining proximity access to the slope (travel lanes open to public), to environmental and
aesthetic constraints. This paper discusses standard rockfall protection systems in both
permanent and temporary configurations, as well as a brief discussion on how to determine the
design criteria that must be included in the design. These criteria include the geometry of the
slope, the approximate size/shape of falling material, coefficients of restitution, and slope
roughness. Also in this paper are considerations for construction such as the constructability
(cost and project duration) of the protection systems and the safety of crew members who are
performing the work. Case studies include a temporary rockfall barrier with a road closure, a
temporary barrier with the road fully open, a semi-permanent barrier using alternative materials,
and a permanent shotcrete facing using alternative materials. These case studies demonstrate
unique strategies and materials that have been used recently to best serve the public by reducing
the impact to normal operation in both mining and transportation environments.



Introduction

Rockfall is a constant threat to motorists in mountainous terrain and it is the responsibility of
engineers and geologists to mitigate the risk of this hazard through design and implementation of
engineered controls. Part of this responsibility is knowing what systems are available for various
conditions and being able to select the appropriate system for each project based on effectiveness,
constructability, and cost. Occasionally, due to project constraints, the use of standard/typical
methods is not practical and unconventional approaches in dealing with rockfall hazards is
necessary. Implementation of unconventional materials and methods of installation of these
systems is also within this responsibility of these professionals to minimize the impact that rockfall
hazards have on the public’s lives as well as fit within project constraints. Within this paper, an
emphasis is placed on design and construction considerations for solutions to rockfall problems.
In addition, case studies where temporary barriers and strategies to reduce time for project
completion were used to reduce impact to normal operation during rockfall remediation will be
discussed.

Design Considerations

Standard Rockfall Protection

Rockfall protection systems such as barriers, drapes, and attenuators are utilized when stabilization
of a slope is not possible due to physical or economical restraints. These systems come in many
forms and can be installed on the slope itself or at the base of the slope. Examples of on-slope
rockfall protection include but are not limited to draped mesh, pinned mesh, and shotcrete facing.
Examples of protection at the base of the slope includes but is not limited to catchment areas, rigid
barriers, and flexible fences. Determining which system should be selected for each individual site
depends on a number of factors such as anticipated size and trajectory of rock fall, site constraints,
cost, and acceptable levels of maintenance. Table 1 is a condensed reference of the suitability of
each protection system. A more substantial reference can be found in the Rockfall Characterization
and Control manual from the Transportation Research Board (Turner, Schuster, 2012).

Table 1. Suitability of standard rockfall protection methods based on material size, trajectory
of rockfall, construction costs, and maintenance required for the system.

Protection Type Material Size Traj ectoT}' Cost . Maintenance
Small Large | Low | High | Low | High | Yes | No
Drape Mesh M M |
Pin Mesh 7|
Small Rigid Barrier | %
Barrier Fence & & &
Flexible Fence & & & &

Rockfall Modeling

Predicting rockfall is not an exact science but tools can be used to estimate potential trajectories
and magnitudes of energy capacity requirements for a particular rock slope and project constraints.



The most common method of doing this estimation is with computer modelling. Two of the most
common programs include Colorado Rockfall Simulation Program (CRSP) and RocFall which
was developed by RocScience. The programs are capable of calculating energies and trajectory of
falling rock using Newtonian mechanics and can assist geologists and engineers in selecting the
best means and methods of rockfall protection. The caveat with these programs is the same in any
modeling software, which is that the model is only as good as the design parameters entered into
the program. Care should be taken while utilizing such programs to ensure that the output is
appropriate for the project. This can be accomplished in several ways such as confirmation with
actual site testing, comparison with historic rockfalls, or comparison with design guides (Pierson,
Gullixson, Chassie, 2001)

The primary design parameters input into these software programs include slope geometry,
approximate size/shape of falling material, coefficients of restitution (normal and tangential) and
roughness of the slope. Slope geometry can be acquired using various methods including the use
of a laser range finder, or more recently, point clouds derived from Lidar or drone surveys. Each
of these methods are suitable and the decision on what to use should come down to available
equipment and budget.

The approximate size/shape of falling material can be determined through visual inspection of the
slope and material at the base of the slope. The design coefficients are a little more challenging to
assign values for without testing that is not typically feasible due to time and budget restraints.
Alternatively, field observations of previous rockfall events can be used to fine tune values
published in literature to perform a back analysis. This approach is taken by observing rock at the
base of the slope that has previously fallen or evidence of fallen rock such as gouges in pavement.

Slope roughness is another key component in rockfall modeling. Surface roughness is incorporated
into models to account for irregularities in the slope such as material that has already fallen or
weathered on the slope. These irregularities can increase the impact angle (Wu, 1985), which has
the effect of increasing the bounce height, while also decreasing velocity and energy of falling
rock (FHWA, 1993). Values for slope roughness should be determined from conditions on the
slope, but must also be calibrated in the same manner as the coefficients of restitution.

Site Constraints

Site constraints for a rockfall project can include maintaining proximity access, environmental
concerns, and aesthetic constraints. Maintaining proximity access is often required where a
reasonable detour cannot be created and a road closure is too disruptive to the public. A solution
for this is the use of temporary fences and barriers to capture material while maintaining at least
one lane of traffic open. When implementing these systems, the main consideration must be the
size and amount of material that will fall from the slope. Most small barriers (e.g. Jersey Barriers)
can offer good containment for small low-energy events, while flexible fences will provide the
most energy dissipation. Larger rigid barriers can be constructed that will have the highest
capacity, but will also have the highest cost. One consideration for using flexible fences for
proximity access is that large rockfall events will cause the fence to elongate and allow contained
material to reach beyond the limits of the fence posts. This elongation has the potential to extend
into the area that is being protected if the system is not appropriately designed with this in mind.



Construction Considerations

Constructability

Labor intensive installations prolong construction schedules and increases the overall costs of
projects. Therefore, it is critical to a project’s success to improve the constructability of the rockfall
protection system to minimize the duration of the project. One approach to reduce the duration of
a project is to minimize time that technicians must be on rope. This can be accomplished using
equipment such as man lifts, cranes, or long reach excavators with a drill mount to reduce the
amount of drilling that needs to be performed on rope. Most of this equipment can also be used for
installing any mesh required for the project, which can also be installed using a heavy lift
helicopter. A cost analysis should be performed to determine if the cost of this equipment is worth
the time savings that they can provide.

Safety

Rockfall projects are inherently dangerous and require that precautionary measures be taken to
avoid injury to the crews working on site. The most common hazards to crew members are falling
rock/debris and falling from heights that could cause injury/death. Safety may be thought to be the
responsibility of the individuals performing the work, however, a successful safety program should
start during the conceptualization of the project.

For constructability, it is important for a designer to be aware of the risks and hazards of
performing the work. Tasks that should be avoided are drilling on or below unstable material to
avoid having a worker present if the material begins to move. Additionally, prolonged activity
below overhangs and in chutes where rock fall may be more naturally prone to occurring should
be avoided or minimized. Alternative solutions that do not require crew members to put themselves
in harm’s way should be utilized for these conditions.

Project owners may be able to play a role in project safety by including safety protocols in the
contract. This could prohibit inexperienced crew members from performing tasks that may present
opportunity for injury. These provisions could also include that each crew member has a
designated number of hours of experience for the task at hand and requiring third party rope access
training. Examples of these programs are offered by the Professional Climbing Instructors
Association (PCIA) and Society of Professional Rope Access Technicians (SPRAT), which teach
and/or test the abilities necessary for working safely on rope.

In addition to these programs, two-rope safety systems are becoming more common in North
America. The Association of Geohazard Professionals (AGHP) has developed a Rope Access
Assessment (RAA) form which looks at site conditions and the tasks to be completed and aids in
determining what protocols should be followed to create the safest working conditions as possible
(Duffy, Fish, Barrett, 2018). The form can be filled by the project owner or representative if they
have enough experience. However, simply including a provision that the AGHP RAA form be
completed and adhered to prior to the start of the project could help to reduce the risk of
injury/death in rockfall projects.



Case Studies
Temporary Rockfall Fence with Road Closure

Recently, GSI utilized a temporary flexible fence to conform to environmental constraints. The
project was along the Stillwater River near Absarokee, MT and specifications in the contract
prohibited material from entering the river. The original plans called for bolting several large
blocks (100 - 200 CY) into the slope and installing mesh for weak zones of rock (ash layers). These
plans were developed assuming that the majority of material had been previously scaled and the
temporary flexible fence was installed to catch material from safety scaling. Once crews were on
site, it became obvious that the scaling efforts were beyond what would be expected of a slope that
was previously scaled. Further inspection of the repair areas that were initially designed to be
bolted were identified as being hazardous to the rockfall technicians on the slope as the blocks
either weren’t intact or were not sufficiently supported to permit drilling (Figure 1). It was
determined that these blocks needed to come down in the best interest of the crews safety and the
long term stability of the slope.

Although the fence was robust (2000 kJ), it was not designed for the magnitude of material that
would need to be contained. An earthen berm was built in front of the fence to help dissipate the
energy and lessen the impact on the fence. During removal, a seventy-ton pneumatic lifting bag
was able to topple the largest of blocks from the slope and the blocks came apart on their way
down. For the most part, the largest portions of the blocks were captured by the berm and did not
engage the fence. Large blocks that had separated during the topple (8+ CY) made a direct impact
on one of the fence posts which collapsed upon impact (Figure 2). Despite this, essentially all
material dropped from the slope was contained (Figure 3). These efforts saved the client nearly
16% of their budget and enabled GSI to address other areas on the slope that were initially out of
the client’s budget.

Temporary Barrier with Road Open

Another project where GSI utilized a temporary barrier was on 1-77, a 4-lane divided highway near
Fancy Gap, VA. This project included operations in scaling, drilling, and hanging mesh. This
required temporary protection as the contract stipulated that both lanes of 1-77 remain open during
the duration of the project. This was accomplished by a hanging mesh that was secured to two
cranes at each end of the active work zone during scaling activities (Figure 4). Since no material
was able to pass to maintain a safe traffic environment, mesh of various sizes was included in the
system so that no material was able to pass. Limitations of this system were typical of crane
operations which included stand down time during storms/high winds and the cost of crane
operations, in addition to limited containment capacity. Benefits of this system were a rapid
installation and leaving no parts of the system, such as anchors, after the project was completed.

Semi-Permanent Barrier with Alternative Materials

A semi-permanent barrier was installed by GSI at a mine site in northeast Canada which was
installed to protect temporary infrastructure. Knowing that the protection was only needed for a
limited time, the client requested that the rockfall protection be constructed with the ability to be
relocated to another area in the mine at a later date. To accommaodate this, above-grade concrete
footings for the fence posts were constructed using retired tires of a haul truck for the form work
(Figure 5). The weight of these footings are in excess of 20,000 Ibs. This mass provides the



Figure 1. Photograph of a rock block
(30°x20°x10) resting on weak material less
than 2 feet wide. Drilling this block may have
initiated movement of the block which may
have resulted in injury.

Figure 2. Photograph of from
across the river showing the
containment of essentially all
material that was to be pinned
to the slope by the temporary
flexible fence.

Figure 3. Photograph of from across
the river showing the containment of
essentially all material that was to be
pinned to the slope by the temporary
flexible fence.




Figure 4. A temporary barrier
hung from cranes on each end
of scaling extents. System
consists of various sizes of
mesh to contain 100% of
material.

Figure 5. Photograph showing the
above-grade footings for a semi-
permanent rockfall which were
constructed using recycled tires as
form work for the concrete.



frictional resistance to sliding along the surface and the resistance to overturning from impact. This
fence has been in service for nearly a year at the time of this publication and has performed
adequately. The posts secured to the above-grade footings have performed as though they were
anchored into the ground, and could likely serve as a permanent post installation if drilling was
not possible due to utilities or environmental constraints.

Permanent Solution with Shotcrete Facing

GeoStabilization International (GSI) has recently completed a project in which synthetic fiber
shotcrete facing was applied to a slope nearly 500 feet long and up to 60 feet tall at its highest
point (Figure 6). The site is along a rail line in Hudson, NY which was experiencing raveling of
the heavily weathered surface, although the dip of the most prominent joint surface was into the
slope. The project consisted of installing rock bolts, improving drainage on the slope, and applying
a sculpted shotcrete facing to preserve the natural appearance of the site. Fiber dosage and mix
design was recommended by the fiber manufacturer and had to be relied upon as no design manual
is thought to exist for designing fiber reinforced shotcrete facing at this time. The estimated time
savings on this project is thought to be over a week, which reduced the project cost and allowed
the rail line to open in full capacity sooner than it would have been if welded wire reinforcement
was installed.

Figure 6. Photograph of sculpted shotcrete facing on a slope along a rail line in Hudson, NY.
The project included over 300 cubic yards of shotcrete and rock bolts which would be a
permanent solution to the issue of rock raveling into the track.

Conclusions

Protecting the public from geohazards includes not only physical protection, but also from
disruption of their day to day activities that can be caused by rockfall events. By thoughtfully
considering the design and construction aspects of these projects, engineers and geologists can
help to reduce the impact of rockfall events on the public. By including the design and construction
considerations before and during the construction of rockfall protection systems, engineers and
geologists can effectively reduce the time that the public is affected by rockfall events.
Additionally, calculated risks can be very beneficial to the overall project budget and schedule
which provides the best service possible to both clients and the public, as was demonstrated by the
case studies.
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ABSTRACT

In summer of 2016, American Engineering Testing (AET) was contacted by the American
Concrete Paving Association (ACPA) to investigate concrete from Court Avenue in
Bellefontaine, Ohio — the oldest concrete pavement in the United States (ACPA, 2016). The
study involved several collaborating parties in both the private and academic sectors to assess the
physical, chemical, and geologic properties of the historic pavement, which is still in service.
The goals of the investigation were to understand how a concrete pavement placed in 1893 is still
performing and what implications can be drawn to modern portland cement concrete pavements
(PCCP's) used in highway construction.

AET received two pavement sections from the ACPA for the laboratory study. Representative
sub-samples were procured by AET and sent to four separate laboratories to perform analysis of
their choosing. Techniques utilized in the study included: petrography (optical microscopy), air
void system analysis, scanning electron microscopy, electrical resistivity, neutron imaging,
thermogravimetric analysis, and low-temperature differential scanning calorimetry.

These combined studies revealed the nature of the pavement's construction, the properties and
attributes of the raw materials utilized, and led to an understanding of the pavement's durability
and longevity. Specific material properties obtained by the study were as follows: aggregate
characteristics which included lithology/type/size/grading, hardened paste properties which
included air void system parameters/water-cement ratio/cement clinker chemistry and
morphology. Physical concrete characteristics obtained included permeability, volume of
permeable pores, and sorptivity. Petrography in-particular has proven a beneficial tool in the
assessment of concrete (both young and old) and is a testament to the power of applied geology
in highway engineering and construction.
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INTRODUCTION

This paper primarily presents data and results of petrographic analysis performed by AET
on historic concrete pavement from Bellefontaine, Ohio. The pavement from Court Avenue was
placed in 1893 and is the oldest known example of portland cement concrete pavement (PCCP)
in the United States (Figure 1, a). The laboratory study was envisaged by the ACPA and
involved three other entities, including: Braun Intertec Corp., Oregon State University, and the
University of Toronto. Bellefontaine, located in west-central Ohio, lies directly in a severe
freeze-thaw environment according to the American Concrete Institute (ACI). The longevity of
the pavement in such an environment is a testament to the material's durability and the ACPA
felt it warranted an in-depth study. The obvious question to be answered: what characteristics
allowed the concrete to last 125 years? The paper also draws comparisons between the historic
pavement and modern PCCP's, which are widely used in highway construction.

BACKGROUND

George W. Bartholomew (Figure 1, b) has been attributed with the vision, mix-design,
and financial backing of this pavement — including the production of the cement used in the
mixture (Sutter, 2017). During this time in the United States portland cement was in its infancy,
and many preferred the more reliable German-produced portland cements or the American
'Rock/Natural Cements'. Bartholomew learned of the cement making process while visiting
Germany and later at the Alamo Cement Company in San Antonio (Snell, 2002). He began
experimenting with local marl deposits in an area north of the city upon returning to the area in
1886. Upon developing the correct materials for cement production, he founded the Buckeye
Cement Company in 1889. They first used vertical-style kilns which utilized a continuous feed
which reportedly improved production rates. Ground marl and 'blue clay' (raw-feed) was fed into
the top of the kilns and raked into the underlying combustion chamber (Sutter, 2017). Clinker
was eventually removed from the base of the kiln. Information regarding the clinker grinding
process is sparse, however; the clinker was apparently milled with rounded imported 'flint stones'
from Iceland (Pardi, 2017). The fuel utilized in the kilns at that time was petroleum crude.

(b)
Figure 1 — recent photograph of Court Avenue (a) and photograph of George

Bartholomew, date unknown (b) (photos accessed from http://explorer.acpa.org/explorer/places/united-
states/ohio/bellefontaine/street/old-us-30-lincoln-highway/)




69" HGS 2018: Lemcke 5

Historical accounts say that the streets of Bellefontaine were a sea of deep mud in the
spring and fall of each year (Pardi, 2017). During drier months the streets were hard and very
dusty. George Bartholomew saw this as an opportunity to increase commerce in the city, as
horses and buggies experienced great difficulties on the earthen thoroughfares. Having
previously placed a driveway for a local lumberyard, the City Council was impressed and
commissioned a 220-foot-long test strip in 1891. W.T.G. Snyder, a local cement contractor, was
hired to place the test strip.

The installation followed a similar technique to sidewalk construction, the slabs were
formed in 5-foot square sections (Snell, 2002). Tar paper was placed between adjacent slabs and
a 'two-lift' system was utilized. The base coarse contained coarser rock and a higher water to
cement ratio (w/c) while the upper lift or wear-course contained smaller aggregate and a lower
w/c. Concrete mixing was done without heavy equipment; the sand, stone, and cement were
unloaded into a pile and mixed by hand and tamped into the forms. The pavement was cured by
placing a few inches of wetted sand over its surface for one week. The original surface finish of
the pavement was tined to aid in horseshoe traction. In 1893, portions of the pavement were sent
to the International Exposition in Chicago (World's Fair) where Bartholomew won first prize for
Engineering Technology Advancement in Paving Materials (Snell, 2002).

Sampling

Two large segments of full-depth pavement were received by AET in summer of 2016.
One of the segments was unadulterated (Figure 2, a) and one had been previously core sampled
and exhibited several cylindrical core hollows (Figure 2, b). Both pavement segments were fairly
large; the intact sample measured approximately 12" x 12" and the previously-cored segment
slightly smaller. Both segments represented a nearly 'full-depth' cross-section of the pavement
and were about 6" to 8" thick. The larger non-cored segment was wet saw-cut into several 'slabs'
for the laboratory analysis and as display pieces. The slab sections were flattened and polished
with loose grit abrasives on a lapidary wheel using water as a lubricant. The slabs were worked
from a coarse 80 grit up through progressively finer grits and eventually finished on 600 to
produce a matte finish suitable for microscopic observations. The smaller pavement segment was
treated in a similar fashion, with smaller slabs and sections sub-sampled.

(b)

Figure 2 — pre-submittal photos of intact concrete pavement segment (a) and previously-
cored segment (b) (photos supplied by the ACPA)
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Sub-samples and polished slabs were distributed to the University of Toronto, Oregon
State University, and Braun Intertec for analyses of their choosing. Upon slab preparation, the
distinct layers or 'two-lift' construction of the pavement was obvious (Figure 3). Thin sections of
the pavement were produced by AET from the denser wear-course, porous base-course, and the
interface between the two concrete placements.

Figure 3 — saw cut and lapped cross-sectional profile of Bellefontaine pavement sample.
Note the two-layer construction is evident by both paste coloration and aggregate sizing

PETROGRAPHIC FINDINGS

The base concrete of the examined pavement section ranged from 44 mm (1-3/4") to 102
mm (4") in thickness, contained a 38 mm (1-1/2") nominal-sized carbonate-rich gravel coarse
aggregate, was placed at a moderately high w/c, and was fully carbonated throughout its
thickness (Figure 4). The concrete topping ranged from 32 mm (1-1/4") to 70 mm (2-3/4") in
thickness, contained a mixture of natural 'pea gravel' and crushed granite coarse aggregate, was
placed at a moderately low w/c, and exhibited an overall negligible carbonation profile measured
from the top surface of the pavement. The two concretes appeared to be very well bonded to
each other. The total thickness of the base layer in the examined section was likely not full-
depth, as much of its bottom surface exhibited a fractured rather than formed appearance. The
base concrete of the pavement contained a measured 7.9% total air void content and the top or
wear-course contained 7.5% total air.
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Figure 4 — saw cut and lapped cross section of pavement after application of pH indicator.
Magenta stain represents pH levels over 8.3. Note the base concrete exhibited lower pH
associated with paste carbonation.

Air Void Analysis

Air void system analysis (ASTM C457, Procedure A) were performed individually on
both layers of the concrete pavement section. This testing involves a 'linear traverse' of the
lapped section under high magnification in which individual void spaces are measured (chord
lengths) and tallied. This test method was developed by ASTM for modern concrete mixes in
which air entraining admixtures are utilized to create a system of microscopic bubbles (voids)
which protect the paste from frost damage. Air entrainment has been widely utilized since the
middle of the 20™ century in high performance concretes. The American Concrete Institute
(ACI) has developed a series of air void system parameters which they consider necessary for
freeze/thaw durability. These parameters are the total volume of entrained air, spacing factor
(average distance of the air voids), and specific surface value (essentially a ratio of void
diameters to void volumes).

The base concrete layer contained a measured air void content of 7.9% with a spacing
factor of 0.012" and specific surface value of 240. Approximately 4.3% of the measured air was
'entrained-sized' or less than 1 mm (1/32") chord length and 3.6% of the air was considered
'entrapped-sized' or greater than 1 mm chord length. The vast majority of the air in the base layer
consisted of coarse, irregular-shaped, consolidation-like voids (Figure 5, a) which resulted from
incomplete tamping or packing of the mixture. Some areas of the base layer even exhibited a
'honeycomb' appearance from the under consolidation of the mixture (Figure 5, b). This type of
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'coarse' air is generally not beneficial to protecting the paste in a freeze/thaw environment, but is
however ideal for drainage.

5.0 mm

(b
Figure S — saw cut and lapped surfaces of the base concrete layer showing coarse irregular-
shaped voids under 5x mag (a) and abundant voids producing a honeycomb' texture under
10x mag (b)

The concrete topping layer or wear-course contained a measured air void content of 7.5%
with a spacing factor of 0.008" and specific surface value of 660. Remarkably, these air void
system parameters were consistent with the modern recommendations for freeze/thaw durability
outlined in ACI 212.3R: "The cement paste in concrete normally is protected against the effects
of freezing and thawing if the spacing factor does not exceed 0.008", as determined in
accordance with ASTM C457. Additional requirements are that the surface area of the air voids
should be greater than 600 in*/in’..." The air void system of the wear-course closely resembled
those observed in modern concretes produced with intentional air entraining admixtures (Figure
6, a & b). The top layer or wear-course concrete would be particularly susceptible to saturation
from meteoric water and freeze/thaw cycling; the air void system (and low w/c, discussed later)
certainly played an important role in the topping's durability/longevity. The possible origins of
such an air void system in this historic concrete which was produced prior to the discovery of air
entrainment is discussed later.

(b

Figure 6 — lapped section of top layer or wear-course concrete showing abundant (sub)
spherical air voids within its paste under 10x mag (a) and comparison to a modern concrete
with purposeful air entrainment under 10x mag (b)

Paste Characteristics
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A controllable parameter in designing concrete for durability is the water to cement ratio
(or w/c). Concrete is a porous material often likened to a 'hard sponge' and contains three
different types of voids or pores. The smallest of these are the pores present within the gel of the
amorphous cement hydration products (calcium-silicate hydrates, CSH). These pores are present
on a nano-scale (0.5 to 10 nm) and their role regarding durability is relatively insignificant. In
contrast, the capillary or interstitial pores of the paste are of great importance regarding the
overall strength and freeze/thaw durability of any concrete. This porosity is typically on the
range of 10 nm to 10 um and results from the residual spaces between cement hydration
products, residual cement grains, and aggregates. The nature of this porosity is a direct result of
the concrete's w/c as it is placed, representing spaces which were originally filled with mix
water. The largest of the pores in concrete are the coarse voids which become incorporated
during mixing or consolidation, whose importance was covered in the previous Air Void
Analysis section.

Water to Cement Ratio (w/c)

Just as variation was noted in the total air void content of the two pavement 'lifts', a
variance in w/c between the two layers was equally evident from the analysis. Simple physical
characteristics such as paste color and paste hardness can be used to qualitatively assess the w/c
of any concrete mixture. The paste coloration of the upper concrete placement was light to
medium gray (Munsell® Rock Colors N7 to N5). In contrast, the base concrete placement
exhibited a much lighter paste coloration which ranged from yellowish gray to very pale orange
(Munsell® Rock Colors 5Y 8/1 to 10YR 8/2). These coloration differences are quite clear in
Figure 3. The gray or general dark coloration of the concrete topping layer was consistent with
placement at a moderately low w/c and the lighter overall color of the base with placement at a
moderately high ¢/m. Although paste carbonation (discussed later) can also influence coloration.
Paste hardness, as one might guess, is also directly related to w/c. In general, harder pastes are
indicative of lower w/c (being less porous) while softer paste indicate higher w/c. The paste of
the wear-course exhibited variable hardness, but was generally considered to be moderately hard
overall (Mohs 3.5 — 4). The paste of the base concrete was judged to be moderately soft (Mohs
2.5-3).

A more detailed and quantitative estimate of w/c can be drawn from thin section analysis.
Aged or historic concretes add an extra challenge to the petrographer, as portland cement
manufacturing and grinding technology has changed drastically in the last 60 years. Both layers
of the concrete pavement exhibited abundant residual cement clinker grains for observation,
many of which were coarsely-ground (up to 3 mm) and even visible in hand sample (Figure 7, a).
Additionally, the clinker morphology was somewhat inconsistent, with many grains being of
unique composition (Figure 7, b). For example, some unhydrated particles within the wear-
course contained very fine and well-rounded belite particles with interstitial alite, and many
particles were free of the ferrite and aluminate cement phases. Additionally, several of the
residual calcium silicate grains (alite and belite) were a moderately dark tan to brown coloration
—not a common feature of modern cements. The abundance of residual cement clinker was not
surprising given the very coarse grind of the cement. The topping or wear-course contained a
visually estimated 8 to 10% residual cement and an approximate w/c of 0.30 to 0.45, depending
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on exact location. The base concrete was estimated to contain between 4 and 6% residual cement
particles and w/c between 0.55 and 0.65. Interestingly, a historical marker placed at the site in
Bellefontaine claims the bottom course of the concrete pavement had 18 sacks of cement, 104
cubic feet of aggregate, and water, making a 1:2:4 ratio of materials. Then a 2 inch 1:2 mortar
top was spread on the base and tamped. (Sutter, 2017). Petrographic estimates were generally in-
line with these figures from the historical marker.

(b)

Figure 7 — a very coarse dark-colored remnant clinker particle with a max. dimension of 3
mm in the wear-course concrete under 25x mag (a) and variable clinker morphology (blue
outlines) as viewed in thin section of the wear-course under plane polarized light at 100x
mag (b)

Residual Cement Characteristics

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
performed at the University of Toronto. The work revealed many of the residual clinker particles
to be of compositions quite like modern portland cements. Figure 8 shows one such residual
particle and details its elemental composition based on emitted x-ray energy upon electron-beam
stimulation. The phases documented in the particle include the four main phases of modern
portland cements, which include: alite (tricalcium silicate), belite (dicalcium silicate), aluminate
(calcium-aluminate), and ferrite (calcium-iron-aluminate). Euhedral grains of tabular alite are
arranged with sub to anhedral grains of belite within the particle. Filling in the interstices are the
aluminate and ferrite phases. Of interest, the presence of a Mg-rich phase was also noted in the
interstitial material and was attributed to the presence of periclase (MgO) (Avdyllari, 2017).
Periclase is not commonly found in modern cements as Mg contents of raw-feed are now kept to
a minimum as periclase hydration can lead to soundness issues. Its presence in this historic
material is consistent with the use of relatively 'impure' raw ingredients. Although the
manufacture of this historic cement in a vertical-style kiln would now be considered crude; the
resulting material was very similar to modern cements produced in rotary-style kilns.

Also of interest regarding the cement and cement hydration is the lack of gypsum utilized
in the ground clinker. Gypsum is currently inter-ground with cement in order to control its
setting time. The discovery of gypsum addition was not realized until several years after the
Court Avenue pavement had been placed. Portland cements which lack a source of sulfate will
'flash' set, reducing workability and disallowing longer placement times. Further, long-term
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storage of ground cement is problematic without gypsum as it will prematurely hydrate from
atmospheric humidity, leading to clumping of the gray powder.

Figure 8 — series of images consisting of a back-scattered electron (BSE) image (upper left)
and subsequent elemental maps obtained from the same region. The element listed in the
bottom right corner of the images denotes its presence as brightly-lit areas. Note the few
brightly-lit areas in the Mg map which are attributed to the presence of magnesium oxide
or periclase (MgQO). Images from (Avdyllari, 2017).

Carbonation
The carbonation of portland cement paste involves the reaction of carbonic gases (carbon

di/monoxide) in the air or dissolved in moisture and the cement hydration products. The
hydration products altered from this reaction include the crystalline portlandite phase (CaOH,)
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and the amorphous CSH gel. As concrete is exposed to the atmosphere, the reaction slowly
converts the portlandite and CSH into the more stable calcium carbonate phases of calcite and/or
vaterite. The rate of this reaction is dependent upon several factors, with the most influential
being paste porosity and permeability (a function of w/c) and the exposure conditions of the
concrete. With the carbonation reaction comes a drop in the pH level due to the consumption of
alkalis. Concrete is a very alkaline or basic material and when freshly mixed typically exhibits
pH levels in the 12 to 13 range. Phenolphthalein is an ideal indicator for the drop in pH that
occurs from the carbonation reaction, being a bright magenta at pH levels between
approximately 8.2 and 13.0. The indicator is colorless below 8.2, and as can be readily seen in
Figure 3, which shows the base concrete of the Bellefontaine pavement to exhibit nearly
complete carbonation. This is a direct result of the base concrete's porosity/permeability which
was the product of both its higher w/c and abundant coarse consolidation voids, readily allowing
the passage of moisture. The high w/c and permeance of the base layer may at first seem like a
negative attribute; however, this design produced relatively strong base material which also
allowed for adequate drainage to ensure the passage of moisture/meteoric water. The negligible
level of carbonation of the wear-course after over 100 years of service is a direct result of this
layer's density or low porosity/permeability. This strong surface, the result of low w/c, has
proven very durable to overhead traffic (both horses and automobiles) and general exposure.

It is important to note that once the carbonation reaction begins, the hydration reaction is
halted. This is paramount in the curing of modern portland cement concretes as adequate cement
hydration (or curing) is needed to realize the full-strength potential of the material, which
establishes its long-term durability. Tying this into the residual cement observed in the wear-
course, one could assume that the concrete of the wear-course is still undergoing the hydration
reaction and is slowly gaining strength after over 100 years of service!

Aggregate Characteristics

It has been said that you can make poor concrete from good materials, but never make
good concrete from poor materials. As demonstrated, the paste/cement portions of the
Bellefontaine pavement were of great quality for their time, and so, the aggregates also deserve
some credit for the longevity of Court Avenue.

The aggregates of the base concrete layer were of a coarser gradation and of slightly
different composition than those of the wear-course topping. Aggregate in the base layer
consisted of 38 mm (1-1/2") to 51 mm (2") nominal-sized natural carbonate-rich gravel.
Lithologies documented primarily included: micritic, argillaceous, and sandy dolostones. The
base layer also contained many pea-gravel sized particles of similar composition. The coarse
aggregates were mostly rounded to sub-rounded with only a few sub-angular particles present.
This aggregate property likely made for easier workability when hand mixing the plastic
concrete mixture in its formwork. Additionally, the predominant carbonate lithology of the
aggregates lent itself to a very good bond with the surrounding paste, aiding strength. It has been
well-documented in concrete literature that carbonate lithologies exhibit exceptional bonding
properties with portland cement pastes. Overall, the coarse aggregates of the base concrete were
considered hard and durable; however, some aggregate deterioration was noted in the examined
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pavement and are discussed later. The finer, sand-sized particles of the mixture comprised
quartz, feldspar, carbonate, and other lithic particles (including chert).

The wear-course topping concrete visually contained a lesser amount and finer coarse
aggregate relative to the base concrete. This was consistent with the general paste-rich
appearance of the topping compared to the more paste-lean base layer. The topping layer
contained a 12 mm (1/2") nominal sized coarse aggregate that appeared to be a mixture of
natural carbonate-rich pea gravel and crushed (?) or angular igneous rock. The pea gravel was of
similar lithologic composition to that documented in the base concrete. The abundant angular
igneous particles consisted primarily of a dark-colored amphibole-bearing gabbro and lighter-
colored granitic lithology. It is not known if the igneous material was a natural feature of local
gravel deposits at that time or was intentionally added to the topping mixture to add durability.
As can be seen in Figure 9, the dark igneous particles were primarily present within the topping
concrete, and a few also residing within the base layer. Like the base concrete aggregates, the
coarse aggregate in the wear-course was considered very hard and durable. Without question, the
harder siliceous aggregates in the topping would provide an abrasion resistant surface that could
withstand the impacts of overhead traffic.

Figure 9 — saw cut and lapped pavement section showing many dark and angular igneous
rock particles within the wear-course topping, a few were also noted in the base layer.

Deterioration Mechanisms and Secondary Features

Some wear-and-tear would be expected from any material exposed to the forces of nature
for over 100 years. And although still in service, the Bellefontaine pavement exhibits some
evidence of deterioration driven by the universal solvent — water. As in with modern concretes,
the primary culprit in most deterioration is water or moisture. Perhaps the most mundane
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deterioration documented in the pavement is the wearing of its top surface. While some of this
surface erosion was likely derived from physical wear or impacts from traffic, much of it was
likely due to paste denudation from slightly acidic meteoric water. Similar to the acid erosion of
ancient marble statues, acid rain will slowly dissolve both the carbonate aggregate and
surrounding cement paste binder. While the degree of this weathering was not directly
measurable in the examined specimens, much of the paste on the exposed top surface of the
material was recessed and surrounding siliceous aggregates 'stood proud' from the surface — good
evidence of chemical weathering.

While not a direct deterioration mechanism, the topping material exhibited several deep
drying-shrinkage cracks. These cracks were apparent on the top surface of the pavement and
reflected sub-vertically through the full-depth of the wear-course. The shrinkage results from
both the long-term drying of the paste and from the progression of cement hydration. This
cracking, while not necessarily detrimental itself, act as conduits for water/moisture to infiltrate
the pavement system. Shrinkage in modern concretes is expected, and engineers typically plan
for this in the design of pavement and floor slabs.

Freeze-Thaw Deterioration

Some evidence of freeze-thaw deterioration was documented in both concrete layers,
within both the paste and aggregates. Freeze-thaw deterioration is essentially the overcoming of
the tensile strength of the concrete by the expansive force of freezing (expanding) water. Of
course, the water in concrete would be present within the voids and capillary porosity of the
paste. A good entrained air void system typically alleviates these internal pressures by allowing
the freezing water to expand into the small spherical voids of the air void system. As previously
discussed, the wear-course topping contained an air void system which meets the current
recommendations to resist frost damage. However, the paste of the wear-course contained
several anomalies which consisted of pebble-sized paste nodules or 'agglomerations' which did
not contain any of the observed sub-spherical air voids (Figure 10, a). This is where deterioration
was noted, most commonly occurring within these anomalous zones present near the top surface
of the pavement. These areas of paste were noted to contain abundant sub-horizontal microcracks
— consistent with damage from cyclic freezing and thawing (Figure 10, b).

The origin of these anomalous 'void-free nodules' was not entirely clear, as was the
origins of the sub-spherical voids themselves. One hypothesis is that the nodules represent
cement which had prematurely hydrated due to the lack of gypsum or sulfate in the cement, as
previously discussed. These pre-hydrated paste clumps were not broken up during the
mixing/placement of the pavement when the air voids were apparently incorporated or 'entrained’
into the mixture. It is plausible though somewhat unlikely, that the mixing alone led to the
formation of the entrained-like air voids. Some have speculated that the residues of the crude
petroleum used to fire the vertical cement kilns was present in the final ground cement product.
Upon mixing with water, the residue acted as a surfactant similar to modern air entraining
admixtures, and produced the abundance of microscopic 'bubbles' within the paste. The pre-
hydrated 'clumps' would be protected from this mixing and thus contain no bubbles or voids.
Despite the origins of the anomalous paste nodules and the voids themselves, the air void system
of the wear-course has clearly been essential in protecting the paste from freeze-thaw damage.
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5.0 mm

Figure 10 — anomalous paste 'nodule’ (red outline) near the pavement surface which lacks
fine air voids under Sx mag (a) fine sub-horizontal microcracking within the nodule
highlighted by white secondary deposits under 25x mag (b)

It can be seen in Figure 10b that much of the horizontal microcracking (and some
surrounding pores) are filled with white-colored secondary deposits. The deposits primarily
consisted of portlandite and calcite with some minor ettringite. This 'self-healing' was possible
from paste leaching and transport of hydration products within the concrete system. Overall, this
freeze-thaw damage within the wear-course was very minor and had little effect on the bulk
condition of the examined pavement samples.

Figure 11 — cracking within soft dolostone coarse aggregate particle within base layer
concrete under Sx mag (a) and sub-horizontal cracking within base concrete paste near the
contact with the wear-course (red line) under 5x mag (b)

Freeze-thaw damage within the base concrete was more extensive than that observed in
the wear-course topping. Although the base layer lacked entrained air and was more porous,
most of the frost damage was documented within softer dolostone coarse aggregate particles
(Figure 11, a). Currently, this type of aggregate deterioration in pavements is termed 'D-cracking'
as it usually manifests near control or construction joints where the infiltration of water leads to
saturation. The subsequent damage results in cracking that reflects towards the pavement surface
and creates a 'D' shaped crack along the pavement's edge. Relatively few of the carbonate gravel
particles exhibited this cracking, and of those that did, most was relatively minor. The cracking
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was observed propagating into the surrounding paste, though typically not far. Some minor
freeze-thaw damage was also observed within the paste itself and consisted of sub-horizontal
microcracking, mostly present near the interface between the base layer and overlying wear-
course (Figure 11, b).

Alkali-Silica Reactivity (ASR)

Alkali-silica reactivity was documented within the wear-course topping concrete of the
examined samples. ASR can be a destructive force which is caused by the swelling of an
expansive gel byproduct. The reaction occurs between unstable forms of silica within aggregate
particles and alkalis present within the paste (typically Na and K). Unstable silica is essentially
'attacked' by alkaline-rich pore solutions and dissolved to form a gel. The gel is extremely
hygroscopic and at relative humidity greater than 80-90% it will absorb water and expand —
initiating cracking and destroying concrete from the inside-out. Another water-driven
deterioration mechanism, ASR was discovered in the 1930's and first written about in 1940 by
Thomas E. Stanton while studying concrete expansion in California. ASR has affected
infrastructure throughout the world, in worst-case-scenarios leading to structural deficiencies and
demolition. It is important to note that ASR typically takes many years to fully manifest and lead
to this destruction.

The level of reactivity in the Bellefontaine pavement was considered innocuous and had
not induced any bulk deterioration. Several chert particles within the sand and pea gravel of the
wear-course exhibited proximal deposits of ASR gel (Figure 12, a & b). Only a few of the
particles exhibited the associated expansive cracking, which was very minor and did not extend
far into the surrounding paste.

(b)

Figure 12 — chert fine aggregate particles undergoing minor ASR within the wear-course
concrete, red arrows indicate proximal deposits of secondary bright white ASR gel under
25x mag (a) and 50x mag (b)

ANCILLARY LABORATORY TECHNIQUES
As mentioned, several sub-samples of the pavement were distributed to various

laboratories/Universities for study and testing. The primary tests applied were physical in nature
and involved those associated with fluid transport which have been developed for modern
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concretes. The most striking results from these analyses were the data obtained from the
electrical resistivity testing. This testing relates to the connectivity and tortuosity of the pore
structure of the paste. The resistivity testing was performed at Oregon State University and
relates a number, called the formation factor, to the microstructure of the paste. The base layer
had a measured formation factor of 137 and the wear-course a measured value of 987. For
example, modern concretes which are low in permeability (as determined by ASTM C1202)

have a typical formation factor between 140 and 150. The measured value for the wear-course
indicates a permeability much lower than modern high-performance concretes at 28 or 56 days of
age.

The results for other physical testing (porosity, sorptivity, calcium hydroxide content)
produced variable results from which not much further information could be drawn. The direct
measurement and modern test procedures applied to small fragments of historic material is a
likely cause for this. Several of these tests require large specimens, for example 6" diameter x
12" long cast cylinders, and their application was not ideally-suited for the pavement sections.
Further, paste alterations (carbonation, secondary deposits, etc.) likely influenced the outcome of
physical testing results.

CONCLUSIONS

The concrete pavement from Court Avenue in Bellefontaine, Ohio is the oldest known
concrete pavement in the United States and is still in service today. The longevity of the
pavement is a product of the raw materials and processes used in cement production and in the
manufacture of the concrete itself. The pavement also owes its longevity to its 'two-lift' design,
now commonly referred to as granitoid-type construction (Lemcke, 2017). The upper wear-
course was very dense and impermeable due to placement with a low w/c, keeping moisture out
and providing a hard and solid wearing surface. The base layer was less dense and more
permeable, but still somewhat hard and durable, providing a solid yet permeable sub-base for the
protective wear-course topping. Apparently incidental microscopic air bubbles were incorporated
into the paste of the wear-course and have kept keep freeze-thaw deterioration to a minimum.
The 'air void system' of the wear-course closely resembles those produced in modern concretes
with specialized air entraining admixtures. While trying to understand the pavement's longevity
through modern physical testing; petrography proved the most powerful and beneficial tool in
determining its general properties and overall success as a pavement. Petrography is also applied
to modern concretes of any construction type to determine the cause(s) of performance issues or
to aid in condition assessments, for quality control and material screening purposes.
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ABSTRACT

Most organizations recognize and acknowledge inefficiencies in the process of collecting,
processing, and reporting geotechnical data. However, many stick to outdated workflows as they
perform business as usual. North Dakota DOT recently partnered with Bentley Systems, Inc. on
a project to migrate legacy systems to gINT Software that provides a model to other
organizations looking to optimize the management of geotechnical data.

NDDOT records borehole data electronically in an Excel spreadsheet in the field.
Automated routines were created to import the Excel field data into a gINT database, eliminating
the tedious and error-prone transcription effort required with paper-based data collection. The
database was also customized so that lab personnel could easily enter index test data, as well as
import advanced test results. Thus, data entry requires very little effort from engineers, who can
then automatically create custom reports that were previously drafted by hand. Additional
features were developed to significantly streamline workflows for linear soil surveys. With a few
mouse clicks, engineers can create to-scale, color-coded profiles that summarize soil conditions
across miles of highway and any number of boreholes. Further, data from over 1,200 legacy
projects was migrated to a gINT SQL Server database for easy access to historical data.

The improvements at NDDOT demonstrate that geotechnical data management requires
continuous questioning and elimination of inefficiencies. The result is systems that allow
engineers to focus on analysis and recommendations rather than compiling information.
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INTRODUCTION

Many organizations struggle with efficiently managing geotechnical data. They tolerate
repetitive data entry, laborious manual data validation, time-consuming report drafting, and data
that is difficult to access. There are many ways in which these workflows can be improved, and
the benefits of doing so are clear, such as time and cost savings, error reduction, improved data
quality, and higher morale through the elimination of repetitive tasks. Yet, these inefficiencies
persist for many reasons. One of the primary obstacles is uncertainty of how and where to start
optimizing these routine workflows.

North Dakota Department of Transportation (NDDOT) recently partnered with Bentley
Systems, Inc. (Bentley) to improve its management of geotechnical data by implementing gINT
Software (gINT). gINT provides centralized data management and reporting for subsurface
geotechnical projects. In this paper, we’ll trace the flow of data from the field to final analysis
for a typical project at NDDOT. We’ll look at the work done by Bentley and NDDOT to
streamline that process to just a few figurative mouse “clicks”. For each click, we’ll examine
improvements that were made, problems that arose, and key takeaways for other organizations
looking to optimize the collection, processing, and reporting of geotechnical data.

HISTORY OF GEOTECHNICAL DATA MANAGEMENT AT NDDOT

The NDDOT Geotechnical section performs in-house drilling and laboratory testing for
roadway improvement, structure improvement/replacement, borrow areas, landslide areas,
miscellaneous roadway issues and distresses, and forensic studies.

NDDOT collects borehole information in the field using Esri ArcPad installed on a
rugged laptop. ArcPad is a software package for mobile field mapping and data collection.
NDDOT used ArcPad prior to implementing gINT, and still uses it for field data collection. Once
all data is populated, NDDOT exports the data from ArcPad into an Excel spreadsheet. These
files are referred to as “Driller’s Data” files.

Previously, the Driller’s Data Excel files were imported into a Microsoft Access
application that would perform various calculations and store the project information in a
database. This database contained over 1,200 projects dating back to 1991. Laboratory personnel
would then perform index tests and enter the data into the database. Other data, such as Proctor,
unconfined compression, and triaxial tests, was saved in paper format, but not entered into the
database. Borehole logs and other reports were created manually in Excel, CAD, and other
formats.

GOING (EVEN MORE) DIGITAL

The concept of “going digital” can have various meanings or connotations in different
contexts. In this paper, going digital refers to utilizing modern technology to automate and
streamline routine processes. An essential component to going digital is the implementation of
appropriate software and IT infrastructure, but equally critical is an organizational mind-set that
is committed to continuous improvement as technology, business requirements, and other factors
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change. An important implication of this concept is that going digital is not a destination, but
rather an ongoing process (/), as the “Even More” qualification in the subtitle of this paper
suggests.

The digital workflows that NDDOT already had in place, such as electronic field data
collection and automated data import and calculations, are the sort of processes that many
organizations strive to implement. And while these workflows are certainly digital, NDDOT
realized that some procedures had become obsolete and could be improved. Limitations and
problems that NDDOT was experiencing included:

¢ No easy way to search and locate historical data

¢ Redundant data entry, resulting in issues with data accuracy and quality

e Correcting errant data required changes in multiple locations in the database

e Engineers spent a significant amount of time re-entering data to create reports and boring
logs

e Manual, time-consuming report drafting

e Lack of standardization in reporting

e Limited to creating tabular reports

¢ Difficulty sharing data with CAD and GIS software

e Decentralized data storage in paper, Excel, Access, CAD, and other formats

¢ Compatibility issues with newer versions of Microsoft Access

Many of these issues are solved by fundamental gINT capabilities, such as centralized
data management, automated reporting, and interoperability with other software. However, in
this paper, we’ll review specific pain points in the data management process at NDDOT that
were addressed with optimization and automation beyond what is possible with a simple off-the-
shelf implementation. These improvements are the most instructive to other organizations
looking to go even more digital.

Click 1 — Locating and Accessing Historical Data

The first step in the data management cycle for a new project at NDDOT is locating
relevant historical data. NDDOT’s legacy Access database stored data from over 1,200 past
projects, but as described above, the database had a number of limitations. There was no way to
search the database to find what previous projects had been done along a given section of
highway. The only way to locate data was by happening to know the project number. This meant
that it was often impossible to find data, and the only option was to attempt to scroll through
hundreds of records. Thus, the database had become primarily a reporting tool for current
projects rather than a data management tool. This issue was compounded by the fact that much
of the historical data was only available in paper format.

Accordingly, custom routines were created to convert each project in the Access database
to gINT format and then migrate each project to a single Microsoft SQL Server database. A SQL
Server database allows data to be managed at the enterprise level, and can contain data for all an
organization’s projects in a central location. At many organizations, geotechnical data is
managed and stored on a project-by-project basis using individual gINT project files and other
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formats. However, this practice has limitations for accessing, reporting, and sharing data from
historical projects. Archival in an enterprise database is the recommended best-practice for
organizations looking to most effectively utilize historical data.

Furthermore, NDDOT had legacy data stored in PDF, Excel, and other formats that could
not be converted to gINT format as efficiently as the Access data. A table was created in the
SQL Server database to link to external files associated with each project that were stored in
other locations. This ensures that these files are easy to locate and access.

Archiving data in an enterprise SQL Server database significantly streamlined NDDOT’s
historical data review phase at the start of a typical project. By utilizing an enterprise database,
NDDOT can now search across all legacy projects in seconds using stored queries and filters
based off project attributes. Likewise, GIS software can connect to the SQL Server database,
allowing for spatial querying of historical projects in the work area. These improvements
streamlined what was previously a very manual and often unsuccessful search through
unstructured data, to what is now the relative “first click” in the data management cycle for a
project.

Click 1 Takeaways

Historical data has clear value at any organization. It provides additional information to
improve site characterization and design work. It can lower costs by reducing or better planning
the scope of site investigation work. And for a consulting firm, an archive of relevant historical
data can be a competitive advantage by demonstrating experience with a specific area, client, or
site conditions.

Unfortunately, historical data is commonly stored in unstructured and unsearchable
formats. At worst, it may be archived as uncatalogued paper reports in storage boxes.
Consequently, it is often frustratingly time-consuming or, in some cases, impossible to locate and
access historical data.

There is no one-size-fits-all solution to better manage historical data as the approach will
vary depending on the state and format of legacy data. If the bulk of an organization’s data is in a
consistent, structured format, it may be appropriate to fully migrate this data to new systems.
This was the case with NDDOT’s Access database where automated routines were used to
convert and migrate the data to gINT format.

However, a large upfront data conversion effort is not always appropriate. Data
conversion can be messy and costly if there are many data formats, and the quality of the
converted data can be poor. Also, much of the conversion process may be a waste, as a certain
percentage of legacy data will never have future value.

When it is not practical to convert legacy data upfront, it is still important to make that
data searchable and accessible from new systems. For geotechnical applications, this typically
means making past projects searchable by geographic location. Ideally, this can be achieved by
migrating borehole or project coordinates to new systems where they can be represented as
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points and polygons on a map that can be spatially queried. Where coordinate information is not
available, there are often project attributes such as address, city, county, or other location
information that can be used to locate a project. Project name, number, or client information can
also provide useful search parameters. As such, initial data conversion efforts should focus on
compiling only this information in new systems, and linking to associated data archived in
secure, external locations. When a relevant past project is identified, it can then be determined on
a case-by-case basis if there is value to convert the externally-stored data. At NDDOT, this
approach was exemplified by adding a table to the database to link to PDF, Excel, and other
formats rather than attempting to convert these file types to gINT format upfront.

Click 2 — Digital Field Data Collection

The next step in the data management cycle at NDDOT is the collection of field data.
NDDOT performs site investigations with in-house operated drilling rigs. As described in
History of Geotechnical Data Management at NDDOT above, borehole data is digitally recorded
in the field using Esri ArcPad installed on a rugged laptop. The ArcPad application outputs data
in “Driller’s Data” Excel files. The format of the Driller’s Data files varies depending on the
investigation, which includes borrow area, linear soil survey, and deep foundation project types.

Bentley configured automated routines to import the Driller’s Data files to gINT format
for each of the project types. This eliminates the need for the tedious and error-prone data
transcription that is required with the pen and paper approach used at many organizations. All
data is imported and preliminary field logs can be output from gINT with essentially no manual
data entry, a workflow that represents Click 2 in the data management cycle at NDDOT.

Click 2 Takeaways

Pen and paper is still the standard practice for recording field geotechnical data. The
primary hurdle preventing more organizations from going digital is the availability of an efficient
solution that meets the diverse range of industry requirements. As mobile hardware and software
offerings mature, more flexible and capable options will be available, and more organizations
will be able to digitally collect field data without having to develop custom applications.

The primary and obvious advantage of digital field data collection is the elimination of
redundant data entry and quicker turnaround of preliminary borehole logs, but the secondary
benefits are important to acknowledge. Digital collection allows data to be transferred more
frequently and efficiently between field and office, improving the pace and quality of decision-
making as the site investigation progresses. Additionally, with pen and paper there is no way to
enforce consistency with organizational standards other than an iron fist. Custom digital forms
ensure that boreholes are logged completely, consistently, and legibly. For many organizations,
this has the potential to shave hours off the log revision process and boost morale for staff who
would rather be engaged in more rewarding endeavors.

Click 3 — Efficient Lab Data Entry
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After field data is collected, the next step in the data management cycle is to perform
laboratory testing and input the results into the project database. This step is another potential
opportunity for tedious and error-prone data entry, but work was done to automate and optimize
lab workflows at NDDOT.

Bentley developed automated import routines for triaxial test data. Triaxial data is output
from NDDOT’s testing equipment as an ASCII (text) file. All raw data is imported into the
project database, and processing is automatically performed to calculate final test parameters.
Test reports can then be created automatically, and results can also be included on borehole logs
and other reports.

Another component of NDDOT’s laboratory workflows is that all testing container tare
weights are pre-measured. Tables were set up in NDDOT’s gINT files to store the tare weights
so that lab technicians need only enter the container number, and then automated lookup routines
retrieve the tare weight. This eliminates the need to repeatedly weigh or manually lookup the
weight for each test.

Additionally, the gINT interface was customized to be more user-friendly for the
laboratory technicians, who enter raw lab data directly into the database. This included color-
coding fields or renaming fields to familiar names from lab testing worksheets. Built-in data
validations help to ensure the reasonableness of data entered and automatically detect many data
entry errors. Pre-programmed calculations automatically compute final test parameters.
Consequently, gINT is used to both perform lab testing calculations and to create reports,
significantly streamlining the data entry and reporting process.

Thus, lab data entry is automated or delegated to lab technicians, reducing engineer
involvement in the process to what is a mere Click 3 in NDDOT’s data management cycle.

Click 3 Takeaways

Many lab workflows are ideally suited for automation. Data is often collected in
electronic formats that can be automatically processed, as is done with NDDOT’s triaxial test
data. And by nature, many tests involve standard, repeatable procedures that can be automated,
such as the container tare weight lookup.

However, laboratory testing also requires human involvement to mechanically perform
tests, as well as record and enter data. While it may not be possible to automate these tasks,
efficiency can be gained by utilizing the appropriate set of software tools and division of labor.

At many organizations, engineers are involved with some aspect of the data entry
process, whether that be entering raw data or compiling test results into figures and reports.
There are a number of reasons why this is done — to reduce license costs for software packages,
perceived quality control benefits, lab technicians that are not comfortable with the software, or
because “it’s always been done that way.”
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But, if one cannot automate, the next best option is to delegate, and there is a lot that can
be done to efficiently delegate data entry and preliminary reporting tasks to lab technicians.
Proper training and guidance on the use of that software is critical. Also, software interfaces
should be configured for ease of use, such as by removing extraneous fields, color-coding fields,
and setting up the interface to mirror familiar laboratory worksheets as much as possible.

By having technicians enter lab test data directly into gINT, NDDOT has recognized
improvements in the quality and accuracy of laboratory data. Previously, errors were often
identified by engineers when compiling boring logs or using lab data for analysis. Now, gINT’s
built-in data validation capabilities bring many errors to the technician’s attention during data
entry. Additionally, lab technicians can preview lab test reports directly from gINT, allowing
them to visually spot errors and make corrections before handing over data to engineers.

Click 4 — Automated Data Processing and Reporting

The next step in the data management cycle at NDDOT is generating reports that assist
with data analysis and preparing design recommendations. One of the core capabilities within
gINT is the ability to automatically create any number of custom reports. Accordingly, Bentley
developed several boring log and other report templates for NDDOT. Particular attention was
devoted to data processing and reporting tools for linear soil survey analyses.

A linear soil survey is conducted along a stretch of roadway that is planned for
improvement, reconstruction, or realignment to characterize soil, groundwater, and other
subsurface conditions. The survey involves drilling boreholes at regular intervals along the
length of the roadway (2). Bentley worked with NDDOT to develop reporting tools that
automatically create to-scale, color-coded profiles that summarize soil conditions across miles of
highway and any number of boreholes.

Previously, NDDOT compiled linear soil survey data into an Excel spreadsheet, referred
to as a “Color Sheet”, that used color-coding to summarize soil parameters for each borehole
along the roadway. The Color Sheet is used to characterize and better understand conditions
when preparing design recommendations for linear soil survey reports. An example Color Sheet
is shown in Figure 1, and the Color Key is shown in Figure 2.

The old Excel Color Sheet had a number of inefficiencies and weaknesses. Depth-related
results were depicted horizontally instead of vertically. There was also no easy way to tell the
spacing between boreholes without referencing a separate location map, and there was little
flexibility to pick and choose which borings were shown on the sheet. This made it difficult to
visualize soil conditions and how they changed along the highway alignment.
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Figure 1 — Example of NDDOT’s old Color Sheet created in Excel.

Accordingly, Bentley created a version of the Color Sheet using gINT’s Fence report
format. A Fence report provides a cross-section view of subsurface conditions along a baseline.
Boreholes are projected perpendicularly onto the baseline and depicted as “fence post” stick logs.
Data can be represented graphically and as text posted at its corresponding depth on the stick log.

The gINT Fence Color Sheet has the advantage over the Excel version that conditions can
be plotted to-scale, allowing for a better understanding of spatial variation of soil conditions,
both horizontally and vertically. A basic site map further assists with this, and allows the Color
Sheet to be used without referencing other documents. The parameters are depicted on the Fence
as columns using the same color-coding scheme as the Excel sheet, as shown in Figure 2 and
Figure 3. gINT’s automatic soil classification tools are used to plot the USCS and AASHTO
classification for each soil layer. The user also has the option to remove any of the columns. This
is all accomplished without any redundant data entry or user input. The Fence report
automatically queries the data from the database, performs any necessary calculations, and
applies pre-programmed logic to determine the color-coding.
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Figure 2 — Color Key for NDDOT’s gINT Fence Color Sheet.
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Figure 3 — Legend depicting a typical borehole on the NDDOT gINT Fence Color Sheet.

As NDDOT started using the Fence report, it noticed ways the report could be improved.
The first issue was that the strata breaks for each soil layer had to be manually entered. However,
NDDOT assigns a “Grouped Sample Number” to all samples in a layer, which is imported into
the database during the Driller’s Data import process. Thus, it was possible to write gINT Rules
(VBA-like code) to automatically determine the top and bottom depth for each layer based on the
depth range for the Grouped Sample Numbers, eliminating a time-consuming manual process.

Second, the standard functionality for gINT Fences allows for the output of a single
Fence report (one page) at a time. However, a typical survey will have too many boreholes to fit
on a single page. A user can manually select a subset of the project boreholes for each Fence, but
this is inefficient for linear soil survey workflows where there might be numerous pages over
miles of roadway. To address this, Bentley developed a gINT Rules Add-in that leverages
gINT’s Alignment module. The module stores alignments for a project, which in the case of a
linear soil survey, would be a roadway centerline. The Add-in divides the alignment up into
specified intervals and generates a separate page of the Fence for each section of the alignment.
The only parameter the user must enter is the footage along the alignment to include on each
page. All other parameters are optional or pre-populated. This allows the user to quickly and
easily adjust Fence options to determine the optimal settings for a given project.
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The interface for the Add-in is shown in Figure 4. The optional parameters further
enhance the Fence report functionality. For example, when there is a large vertical range for a
Fence report, thin soil layers will be shrunk to a small scale and become illegible. This can
happen when there are large elevation changes or a single deep borehole along that section of the
roadway. To improve legibility, the user has the option to filter out deep boreholes, plot the data
versus depth (instead of elevation), or manually override the default vertical range. If boreholes
overlap horizontally, the user can choose to equally space all boreholes, or offset the borehole
plot positions individually. Figure 5 provides an example of the Fence using the default settings
with all boreholes plotted to horizontal and vertical scale. In Figure 6, boreholes are plotted
equally-spaced and with a depth scale for improved legibility.

5 sbeCodeEngine X

Required

Alignment: (Al [GNMENT Select
Distance Per Page (ft): |

PDF File: |C:\Users\Public\Documents\Bentley\alNT \dhawings\ColoiFence_20180507_163804 pof Browse |
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Figure 4 — Interface for the Add-In to create the NDDOT gINT Fence Color Sheet.
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The Add-In generates two outputs. First, it creates a PDF version of the Fence report. It
also generates a gINT Script file. A Script file remembers the settings for each page of the Fence
PDF. If data is updated for the project, NDDOT can simply re-run the Script file to create
updated versions of the Fence without having to remember or re-enter the optimal settings into
the Add-In interface. Also, the Script file can be edited either manually or using the Add-In,
allowing NDDOT to vary the Fence report settings for different sections of the Alignment.

In summary, linear soil survey workflows were improved by incrementally identifying
and addressing NDDOT’s specific pain points. Tools were developed that automate and improve
the quality of data processing and reporting, yet still offer flexibility. Tedious and repetitive steps
were eliminated, streamlining the process to Click 4 in NDDOT’s data management cycle.

Click 4 Takeaways

When many organizations make an investment in new technology, they want the
maximum return on investment so they immediately aim for a “gold-star”” implementation
thinking that their ambition will be rewarded. However, this approach is frequently less
successful as it often involves much wasted time trying to replicate existing workflows that are
not appropriate for the new platform. The new platform may have alternative capabilities that the
organization doesn’t fully understand. It also takes time to train staff and integrate other systems
with the new platform. As with any endeavor, trying to do too much at once can be
counterproductive. A phased approach is preferable because it allows the organization to
determine if it will be better served by adjusting workflows to the new technology, or modifying
the technology to meet its workflows.

Improvements to the linear soil survey workflows illustrate this ongoing and iterative
process. NDDOT identified the need to automatically create an improved version of the Color
Sheet, and after some time using it, realized ways to improve that process. This continuous
questioning of inefficiencies led to a successful outcome and should be an example to other
organizations. Many organizations stick with inefficient workflows because “it’s the way things
have always been done.” But, all organizations would be better served by a mindset that actively
seeks to improve the way routine tasks are performed. It’s nearly impossible to predict every
requirement from the outset, so an iterative approach that continuously addresses the most
critical pain points is a necessity. It is a process that is never complete, and certainly there are
further opportunities for improvement at NDDOT.

The automation of the Color Sheet also demonstrates a potential pitfall with automation.
Automation does not excuse robust quality control, and in fact makes it more important.
Consider that a new factory that can output 10 times the number of widgets in a day can just as
easily output 10 times as many defective widgets that day. One of the early versions of the gINT
Fence Color Sheet had a bug that depicted conditions as more-favorable than they actually were
for one of the parameters, which was not immediately identified. Ultimately, automation
promises higher-quality data since calculations are more reliable than those performed manually.
However, quality control is critical to ensure that any automated capabilities are providing the
expected results.
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The linear soil survey workflow improvements also demonstrate that certain tasks are
more suitable to automation than others. Linear soil surveys are conducted systematically with a
routine and standardized approach that is appropriate for automation and optimization. Other
tasks or project types may require more complex analysis and a standard approach may not be
feasible. Before any attempt is made to automate a task, it is critical that standardized procedures
are in place. And then it is the automation of these routine tasks that frees the engineer to direct
time and focus towards more complex endeavors.

Click 5 — Storage and Archival of Project Data

The final step in the data management cycle at NDDOT is the storage and archival of
project data. At NDDOT, geotechnical data is managed in a gINT project file during the project
execution stage. As mentioned in Click 1 — Locating and Accessing Historical Data, storing data
in individual project files has limitations for searching, accessing and re-using that data on future
projects. Accordingly, once a project is completed, NDDOT archives project data in an
enterprise SQL Server database. gINT contains built-in tools to easily migrate data between
project files and enterprise databases making this final step little more than Click 5 in NDDOT’s
data management cycle.

Click 5 Takeaways

Proper archival extends the value of geotechnical data beyond the original project. This
ensures that historical data can be easily accessed in Click I for re-use on future projects. Thus,
the data management cycle does not begin and end on a single project, but is an ever-ongoing
endeavor.

SUMMARY & CONCLUSION

In summary, going (even more) digital at NDDOT streamlined core data management
and reporting workflows to a few figurative clicks:

e Click 1 — Easily locate historical data archived in an enterprise database that can be searched
or spatially queried.

e Click 2 — Automatically import digitally-collected field data into the project database with
little to no manual data entry.

e Click 3 — Compile laboratory data with little engineer involvement through automated import
routines and delegation of data entry to lab personnel.

o Click 4 — Automatically generate reports and process data for Linear Soil Survey workflows.

e C(Click 5 — Archive project data for potential re-use on future projects.

The work performed at NDDOT provided a number of lessons learned and key
takeaways for organizations also looking to streamline their data management workflows:

e There is no one-size-fits-all approach to managing legacy data. A large upfront data
conversion effort will often be messy and cumbersome, so effort should focus on making
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historical data easy to search (spatially or otherwise) and only converting data on an as-
needed basis.

o Digital field data acquisition has clear efficiency, quality, and morale benefits. Organizations
should keep their eyes open for new applications that provide improved functionality.

e Ifyou can’t automate a task, delegate it.

e If you delegate a task, set others up for success by providing the proper training and
accommodations based on their comfort-level and existing workflows.

e Don’t try to implement too much all at once. Going digital is an ongoing process, often best-
accomplished through a phased and iterative approach.

¢ An organizational mindset that questions inefficiencies and actively seeks to optimize
workflows is critical.

e Automation does not replace quality control.

e Tasks and workflows with standardized procedures are more suitable for automation than
those that require complex or non-routine analysis.

¢ Geotechnical data has value beyond the original project. Proper storage and archival ensures
data can be efficiently accessed and re-used on future projects.

The ultimate goal of going digital is to improve the efficiency and quality of project
delivery. Removing engineer involvement from manual and routine tasks to focus on higher
value work is a key component in achieving this. The successful outcomes at NDDOT provides a
model to other organizations looking to optimize their management and reporting of geotechnical
data.



69™ HGS 2018: Greenwald and Schwagler 17

REFERENCES:

1. Digital Workflows, Digital Components, Digital Context, Going Digital: Greg Bentley,
Bentley Systems. ARC Advisory Group, USA. www.bentley.com/en/about-
us/news/2018/april/23/digital-workflows-digital-components-digital-context. Accessed May
7,2018.

2. Design Manual — Chaper VII: Geotechnical Studies and Design. North Dakota Department of
Transportation. www.dot.nd.gov/manuals/design/designmanual/chapter7/DM-07 tag.pdf.
Accessed May 7, 2018.



RATTLESNAKE HILLS LANDSLIDE:

OVERVIEW AND MONITORING

George Machan, PE

Charlie Hammond, CEG
Thomas Westover, PE
Landslide Technology (A Division of Cornforth Consultants, Inc.)

10250 SW Greenburg Road

Portland, OR 97223

(503)-452-1200
georgem@landslidetechnology.com

Prepared for the 69" Highway Geology Symposium, September, 2018



69" HGS 2018: Machan, Hammond & Westover 2

Acknowledgements

The authors would like to thank the individuals/entities for their contributions in the work
described:

James Struthers — Washington Department of Transportation
Noah Kimmes — Landslide Technology

Disclaimer

Statements and views presented in this paper are strictly those of the author(s), and do not
necessarily reflect positions held by their affiliations, the Highway Geology Symposium (HGS),
or others acknowledged above. The mention of trade names for commercial products does not
imply the approval or endorsement by HGS.

Copyright Notice
Copyright © 2018 Highway Geology Symposium (HGS)

All Rights Reserved. Printed in the United States of America. No part of this publication may
be reproduced or copied in any form or by any means — graphic, electronic, or mechanical,
including photocopying, taping, or information storage and retrieval systems — without prior
written permission of the HGS. This excludes the original author(s).



69" HGS 2018: Machan, Hammond & Westover 3

ABSTRACT

The Rattlesnake Hills Slide is located south of Yakima, WA, on the southeast side of
Union Gap, where the Yakima River cuts through an east-west-trending ridge. The ridge is a
tectonic anticline that rises 2,000 feet above Yakima Valley. The slide is on the south flank of
the asymmetric anticline, which dips 10 to 20 degrees. The landslide consists of a translating
block approximately 4 million cubic yards in volume, 1,700 feet long (north-south), up to 850
feet wide (east-west), and approximately 200 feet thick. The landslide block is comprised mainly
of basalt which is moving downdip on an interbed. An open pit quarry is located at the toe of the
landslide.

Landslide movement was visually detected in early October 2017 when scarp cracks were
observed. The quarry operator retained a geotechnical firm (Cornforth Consultants) and
implemented a monitoring program. Landslide movement slowly increased through late-
December, until the movements reached constant velocity (approximately 2 to 3 inches/day).
Other stakeholders became involved due to the proximity of a county road, an interstate
highway, a cluster of residences, an irrigation pipeline, utilities, and the Yakima River.

Landslide geometry and mechanisms have been evaluated, based on monitoring
measurements and geologic studies, allowing for preliminary assessments of landslide impacts
on nearby properties and facilities. Precautionary measures were implemented to protect
facilities and to minimize impacts to people. Landslide stability and rates of movement were
analyzed to predict long-term landslide consequences.
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INTRODUCTION

The Rattlesnake Hills Landslide is located less than 3 miles south of Yakima, WA, on the
southeast side of Union Gap. The vicinity map is shown on Figure 1 (7). Landslide cracks were
first identified in early October 2017 by a neighbor flying over the property. This prompted a
geologic reconnaissance of the hillside, which verified active landslide features and conditions.

The toe of the 20-acre landslide daylights into a quarry, approximately 30 feet above the
quarry floor, and the headscarp extends into Yakama Nation land. The west flank of the landslide
daylights in the Union Gap hillside, and the east flank follows a steep fracture zone. An irrigation
pipeline conduit and a county road are located downslope to the south and the west flank of the
landslide. Interstate I-82 is located adjacent to the county road, and the highway is bounded by
the Yakima River on the west. A small residential community is located between the county road
and the highway, to the south of the landslide.

‘ WASHINGTON

.Iu:ucatl on

Figure 1 — Vicinity Map (Washington Geological Survey (1))
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Stakeholders were appraised of landslide activity and potential consequences and risks.
The County and the State Department of Natural Resources initiated emergency response
discussions and planning efforts. Possible hazards from the landslide included rockfall and slide
debris moving toward the county road and the quarry pit. Figure 2 is an oblique image of the
landslide, created using point cloud data from drone images (courtesy of Washington
Department of Transportation).

Figure 2 — Oblique Image of Landslide, looking northeast

Preliminary mitigation measures included restricted use of the quarry, closure of the
county road next to the landslide to prevent impacts to local traffic, placement of barriers made
with shipping containers weighted with concrete blocks to protect interstate highway traffic from
rockfall, warning signs on the highway, planning potential detour routes, rockfall patrols, and
public notifications. Residents were evacuated in January 2018 while monitoring and
independent assessments were performed, and they were allowed to return to their homes when it
was concluded that rapid slide movement would be unlikely and that slide debris runout would
have limited travel.

GEOLOGIC CONDITIONS

The landslide is located on the southeast side of Union Gap, a water gap where the
Yakima River flows through an east-west-trending ridge that rises approximately 2,000 feet
above Yakima Valley. The ridge is a tectonic anticline and is known as Rattlesnake Hills (to the
east of the gap), and Ahtanum Ridge (to the west). The quarry is on the south flank of the
asymmetric anticline in the Columbia River Basalt Formation (CRB), the flanks of which dip
more steeply on the north and gentler to the south. The rock formations are the Saddle Mountains
Basalt and Wanapum Basalt of the CRB, and an interbed of the Ellensburg Formation (2, 3).
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Geologic structures include tilted bedding at 10 to 20 degrees in an Azimuth direction
approximately 190 degrees, and high angle fracture zones that trend generally north, north-
northwest, and east-northeast.

The Saddle Mountains Basalt, previously mapped as the Pomona and Umatilla Members,
is approximately 200 feet thick and overlies an Ellensburg Formation interbed, which is
approximately 5 feet thick and contains clay, silt, sand and fine gravel, including coal and
apparent lahar seams. The basalt is moderately to highly jointed and slightly fractured with
through-going high angle fracture zones. The Ellensburg layer exhibits shear textures, interpreted
to be associated with fault movement within the bedding from flexural slip that occurred during
the tectonic folding.

Tectonic faults mapped locally include generally east-west-trending normal faults near
the crest of the anticlinal fold (the overall east-west ridgeline), and a south-verging thrust fault
located low on the slopes of the anticline’s south flank. The normal faults appear to represent the
north and south sides of a tensional zone within the crest of the anticlinal fold, and with fault
displacement that terminates with depth in the layers of CRB (exposed on the west-facing slope
of Union Gap).

Landslide deposits are mapped in available geologic reports to the north and west of the
active landslide, but not within the subject landslide (2). However, re-assessment of geologic
maps and slope shading imagery from recent LIDAR data (4) indicates that ancient landslide
features may also occur within the area of and surrounding the quarry property. Normal faults a
few hundred feet upslope and north of the quarry property and the thrust fault to the south are
suspiciously coincident with the head graben of a translated landslide (down dropped area
between parallel normal faults) and the toe of a paleo-landslide (geologically ancient). A
preliminary assumption could be that a massive slide or series of slides on the south flank of the
Rattlesnake Hills anticline may have occurred during a prior geologic environment.

LANDSLIDE CONDITIONS

The landslide mass is approximately 1,400 to 1,700 feet long (north-south), 600 to 850
feet wide (east-west) and up to 200 feet thick, as shown on the Site Plan, Figure 3. The natural
ground slope of the landslide is generally 10 to 20° to the south. The west flank of the landslide
daylights on the Union Gap hillside, which is generally sloped approximately 38°, and becomes
gentler at the base of the slope. The cut slope for the north quarry high wall ranges from 35 to 45°
and includes benches and access ramps. The landslide mass is approximately 4 million cubic
yards in volume.

The exposed slide mass is comprised of hard basalt that is highly to moderately jointed
(spaced 3 to 18 inches) forming slender columns in near vertical, wavy and fanning patterns.
Fractures also occur in the rock formation, which appear continuous through the formation, as
singular fractures or multiple near-parallel fractures, and with spacing that varies from moderate
to wide (<1 foot to 10s of feet). Fracture trends are generally north-northwest to north, and with
dips that are vertical to steep (>70°). The rock has high shear strength, even when fractured, due
to the angularity and interlocking of the jointed rock fragments. Interbeds are not observed
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within the slide mass, which appears to consist of one CRB flow unit. The active wedge (head
scarp/graben area) crosscuts through the basalt flow.

T

1560MA/’

=
Headscarp

ovry

/”-s.———

\\/

. ‘ . East Fissure
{ \_‘_\

Pl

==

1040"_\1-—‘
Irrigation Pipe Bench!
vt

1060

Figure 3 — Site Plan
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The landslide developed on the south flank of a tectonic anticlinal fold, occurring on a
basal shear that likely originally developed as a flexural slip displacement within a sedimentary
interbed between Columbia River Basalt flows. The landslide consists of translational rock
blocks separated by evolving tension cracks. The lower slide mass is moving slightly faster than
the middle area, indicating tensional spreading of the slide mass. Examination of scarps and
displaced blocks indicated the general southward direction of slide movement, with lower blocks
initiating movement and causing tensional extension of the slide mass, thus forming many
intermediate tension cracks (scarps). As the slide blocks moved to the south and caused fissures
and voids upslope, grabens developed as upslope blocks collapsed into the voids. The east slide
margin formed along a steeply dipping fracture zone. Landslide features are shown on the
foregoing Site Plan, Figure 3.

The landslide toe daylights in the north quarry cut slope/highwall, approximately 30 feet
above the quarry floor. The landslide toe is moving on a thin interbed that was visible between
the southwest ridge and the middle of the slide toe. The sedimentary interbed near the west side
of the slide toe is dipping less than 10 degrees toward Azimuth direction 190 degrees. The east
portion of the slide toe appears to be partially buttressed by a ramp within the quarry excavation
(less material removed at the southeast corner of the landslide toe), thus forcing a passive wedge
to form at the southeast corner of the slide.

The southwest ridge at the toe of the landslide appears to be slightly resistant and is
deforming in response compared to the movement of the slide area upslope. It appears the west
portion of the slide mass is pushing against the southwest ridge and is shearing as it moves
toward the ridge, causing inflation on the west flank of the slide. It appears that the weakest path
for the landslide is to shear through the southwest ridge rather than underneath it.

The southeast portion of the landslide toe is buttressed by unexcavated mass in front of
the east side of the landslide toe, and the weakest shear path is occurring along a passive wedge
that is causing bulging and thrusting of material within a bench in the quarry cut slope.

Groundwater was not observed within the quarry and adjacent hillside bordering the
Yakima River valley. There are no springs or seeps and stormwater readily infiltrates into the
ground, even within the floor of the quarry. Nearby wells indicate the regional groundwater table
is substantially underneath the basal shear zone of the landslide.

A possible interpretation is that the active slide may be a reactivation of a remnant of an
ancient paleo-landslide. The west flank of the landslide appears to have been removed in past
geologic time, exposing the basal shear zone in the west-facing hillside slope.

INVESTIGATIONS AND MONITORING

Investigations included geologic reconnaissances, surveying/mapping, geomorphological
evaluations using LiDAR and drone photogrammetry, and ground movement monitoring. Deep
borings were planned; however, drilling was postponed due to increased slide movements which
could possibly have caused binding of drill rods/casing, as well as concerns for safety.
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Stakeholders and academia volunteered additional monitoring methods, including video cameras,
total station prism monitoring, terrestrial LIDAR, seismometers, InSAR, and ground-based radar
(GPRI).

Ground features were evaluated using orthomosaic images, hillshaded oblique images,
and a site topographic map that were generated from drone photogrammetry point cloud data and
GPS Surveys. In addition, the evaluations utilized available LIDAR imagery (4).

Unmanned Aerial Vehicle (UAV/drone) photogrammetry with post processing kinematic
(PPK) technology was used to document landslide conditions on various dates. The photography
was processed to create orthorectified point clouds. The point clouds were aligned (shifted and
rotated) to match “stable” reference points outside the landslide area and were resampled to
create a consistent point cloud density between scans. Resampled point clouds were “hillshaded”
using a consistent sun zenith and azimuth for uniform lighting and visualization of relief
features. Hillshade images were used to develop animations of the progression of landslide
displacement (time lapse images). Example hillshade images are presented in Figures 4A and
4B. Visible landslide features include scarps, grabens, raveling, compression in SW ridge,
overall movement to the south, slight displacement to the west and bulging of the west flank.

Figure 4A — Hillshade Image, looking to north (May 9, 2018)
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Figure 4B — Hillshade Image, looking to northeast (May 9, 2018)

GPS surveys and monitoring were initiated in early October 2017 to map and quantify
slide movement and direction (using real time kinematic technology, RTK). In January 2018, the
RTK manual survey monitoring was replaced with an automated robotic total station laser
system with 21 prism targets, along with 3 telemetered GPS units positioned on the landslide
mass. The robotic total station instrument is located approximately 3,000 feet south of the
landslide on the opposite side of the Yakima River. Control points are included to check for data
deviations (2 control prisms are located close to the instrument to check its stability; and the 3rd
control prism is located across the river next to the landslide to record environmental effects).
Data collected by the instrument was sent through the internet to develop trend plots and update
reports at the manufacturer’s website.

The coordinates for each survey point were measured for each monitoring cycle, and
displacements were calculated by comparing datasets over time. Measurement made in direct
line of sight (Northings) had less data scatter than Eastings and Elevations, due to the
methodology and limitations of laser scanning. Environmental effects caused errors, particularly
in the transverse (Eastings) and vertical directions. Landslide movement trends were calculated
as horizontal vectors (combining Northing and Easting displacements).
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The directions of surficial slide movements were based on the calculated displacement
vectors, as shown on Figure 5. The length of each vector arrow is scaled relative to the ground
movement velocity at each location.

i
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Figure 5 — Landslide Horizontal Movement Vector Directions
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Example plots of horizontal movement vector for the RTK (October 2017 to mid-January
2018) and robotic total station (mid-January to May 2018) measurements for representative
survey prisms in the middle of the landslide are shown on Figures 6 and 7, respectively.
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Figure 6 — Landslide Horizontal Movement (RTK, October 2017 to mid-January 2018)
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Figure 7 — Landslide Horizontal Movement (robotic total station, January to May 2018)

Figure 7 indicates the mean velocity of the landslide is approximately 1.5 feet/week. Comparing

the data from all survey prisms, the movement of the main landslide mass ranges +/- 10% of the
mean velocity.

The Washington DOT retained Wyllie & Norrish to provide an independent assessment
of the landslide and potential risks the interstate highway and other nearby facilities. Their report
concluded that the multiple monitoring methods have verified a consistent trend in landslide
areal extent, bounding features, and movement rates, direction and inclination (Norrish, 2018).



69" HGS 2018: Machan, Hammond & Westover 13

The Pacific Northwest Seismic Network used a series of broad-band and short-period
seismometers at the landslide to identify microseismicity due to slide movement and rockfall
activity. Frequent very short broad-band signals representing local motions were detected.

The progression of rockfall and the buildup of a talus fan was monitored using video
cameras and periodic patrols. A grid was painted on the quarry floor with 20-foot spacing to
allow visual estimation of the advance of the slide debris and talus fan southward into the quarry,
The monitoring indicates that the breakup of slide mass at the toe of the landslide results in
rockfall and development of a talus fan. The movement is relatively slow and the rockfall energy
is generally low, resulting in limited runout. An example view of the advancing talus fan and
rockfall is shown on Figure 8.

Movement Limit :

Talus Fan

Figure 8 — Landslide Debris, Talus Fan, and Rockfall in Quarry Floor (March 22, 2018)

Rockfall is also occurring on the west-facing hillside, where the flank of the landslide is
bulging and raveling (Figure 9). Periodic patrols on the county road identify rockfall events and
mark the locations of rocks that land on the pavement. Approximate dates of rockfall events
reaching the road were documented. Most of the raveled material from the edge of the landslide
moved short distances and stopped at various locations on the west hillside slope, and a smaller
percentage of the rocks rolled all the way downslope and reached the county road. Talus fans are
evident on the slope and occasional rocks exist in the ditch and road. An example of the rockfall
on the county road is shown on Figure 10.
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Figure 9 — Raveling Along West Flank of Landslide, Producing Rockfall
(February 26, April 11 and May 9, 2018)

Figure 10 — Landslide Rockfall on County Road (March 22, 2018)
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EVALUATIONS
Landslide Shear Zone Geometry

Evaluation of the exposed basal shear zone in the west flank of the landslide suggests the
shear zone is roughly parallel to the natural ground surface. The survey monitoring data was used
to analyze the apparent slope of the underlying shear zone. Assuming the shear zone is parallel to
movement vectors at the ground surface, the basal shear zone under the main slide block is
interpreted to be inclined 10 to 14° to the south (approximately Azimuth 190°). 3-D studies were
performed to develop interpretations of the geometry of the basal shear zone, resulting in the
development of interpreted contours of the shear zone and headscarp superimposed on the
topographic site map (Figure 11).

County Road

=1 '
= |
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| ] . I
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Figure 11 — Interpreted Geometry of Landslide Shear Zone
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Preliminary Stability Analyses

Parametric stability analyses were performed to estimate the natural buttressing effect as
the landslide continues to move toward the quarry and sheds material down its toe while the
graben drops. Slope stability analyses were performed using industry-accepted 2D limit
equilibrium computer modeling software. Interpreted geologic cross sections near the middle of
the landslide were used to develop models for analysis. Figure 12 presents a representative cross
section. Interpretations were necessary for the locations and orientations of the basal shear zone
and active and passive wedges.
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Figure 12: Landslide Cross Section

The back-analysis method was used to estimate values of the average residual shear
strength (¢') of the shear zone materials, assuming a Factor of Safety FS of about 1.0. The
analysis results were expressed as percent FS increase since the actual FS while the landslide
continues to move is less than 1.0. The back-analyzed residual shear strength ¢'- along the basal
shear zone was approximately 10 to 12°, which is reasonable considering test results on similar
basal shear material at other landslides. Table 1 presents the results of the preliminary stability
analyses.

Table 1 — Preliminary Parametric Stability Analyses
Width of Buttress (in direction of slide movement) | Relative increase in Factor
of Safety, FS

0 0
(initiation of slide condition, October 2017)
100 feet 6 %
200 feet 20 %

The time for the landslide to naturally displace 100 and 200 feet was estimated to be 15
and 30 months, respectively, assuming the landslide moves an average 1% feet per week. The
estimated time could be longer if the active wedge (graben) downdrops and decreases with time
and if some debris sheds westward toward the county road instead of all toward the quarry.
Complicating predictions of buttressing is that the movement rate of the landslide could vary
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over time. Another complexity with predicting stability is the uncertainty of the current Factor of
Safety (not knowing how much the existing FS is less than 1.0). If the correlation between FS
and slide velocity presented by Cornforth (5) is used, the apparent existing FS could be as low as
0.5. The primary takeaway from the parametric analyses is that the natural evolution of a large
buttress could take years to become effective.

The instability of the west flank of the landslide was also evaluated. As the landslide
flank bulges, it becomes locally loosened and oversteepened, causing raveling of material,
primarily as rockfall and talus. The slide mass is primarily comprised of basalt and the apparent
dip of the shear zone appears to be inclined horizontally in the west direction (transverse to the
south dip of the interbed and shear zone). The slope stability of a theoretical slump or slope
failure would benefit from the high shear strength of the hard rock and its drained condition,
resulting in Factor of Safety much greater than 1.0. The independent study confirmed this
evaluation (6).

Landslide Displacement

The movement of the main body of the landslide gradually increased between early
October and mid-December 2017, when it reached a peak velocity of approximately 2 to 3 inches
per day. The peak velocity was relatively constant in January through March 2018. By mid-April
2018, the landslide toe had advanced approximately 30 feet. The movement and protrusion of
the toe of the landslide has caused internal stresses and strains that resulted in loosening,
fracturing and inflation of the columnar basalt flow slide mass, resulting in raveling of rock
fragments (typically 6 to 24-inch size) along the south-facing landslide toe and the west-facing
flank of the slide. The majority of rockfall debris within the quarry accumulates as talus,
essentially forming its own buttress. The head of the landslide has subsided, as would be
expected for a translational slide, due to voids created by extension of the slide mass (tension
cracks and down-dropping graben).

The evolving subsidence and buttress should be slowly increasing the stability Factor of
Safety (FS), by increasing resisting forces and reducing driving forces. As the FS increases
towards 1.0, the velocity of slide movement would be expected to decrease. In April 2018, some
portions of the landslide have experienced slight decreases in velocity (less than 10% decrease).

The majority of rockfall debris within the quarry accumulates as talus, with small runout
on the quarry floor up to approximately 25 feet. To date, the rockfall events have been relatively
small, typically less than 1 to 5 cubic yards and rarely in the range of 100 cubic yards. Based on
site observations it appears approximately 90% of rockfall is falling within 15 to 25 feet of the
slide toe, while one individual rockfall stopped rolling about 50 feet from the slide toe.

The source areas on the west-facing flank of the landslide are the bulging ground above
the slide shear zone where it daylights in the west-facing hillside. Rockfall and debris are
accumulating on the slope below the shear, including the irrigation bench and the road side ditch.
The amount of talus debris on the west-facing hillside slope on March 22 was estimated between
200 and 400 cubic yards. In addition, scattered rocks had reached the county road, totaling about
5 to 10 cubic yards. The largest rock that fell from the west bulge is a 3-foot boulder that came
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to rest on the irrigation bench. Other rockfalls are boulders less than 1.5-foot size. Rocks
reaching the county road had runout distances of up to 25 feet. At this time, no rockfall has
crossed the county road and reached the ROW of the interstate highway (this distance ranges
from 50 to 75 feet).

Forecasting Landslide Displacement and Risk Monitoring

This slow translating block slide will likely move for a long period of time until it reaches
a state of balance or is mitigated against further movement. Raveling, rockfalls and sloughing
will continue as the slide moves. Larger events than the recent occurrences may also develop;
however, they are anticipated to be of limited frequency due to the fractured rock conditions in
the slide mass and the geometry of the natural and highwall slopes. The risk of catastrophic
large-scale slide movement appears very low at this slide due to the rock characteristics of the
slide, absence of groundwater pressures, and gentle inclination of the slide movement vector
angle.

During December when slide movement velocity was increasing slightly each week,
inverse-velocity graphs were plotted in the event trends indicated a rapid failure event. The
inverse-velocity prediction method is described in a recent paper by Carla et al (7), citing other
related research and publications since 1985. If a large slide event were to occur, it’s trend of the
inverse-velocity with time would converge on the time axis of the graph, indicating a mass
movement event may be imminent. An example of an inverse-velocity plot for the Rattlesnake
Hills Landslide is presented in Figure 13 A, prepared in Mid-December 2017. However, when
the velocity became constant, the inverse-velocity changed from a linear sloped line to a
horizontal line, which would not converge on the time axis and therefore would no longer
indicate imminent rapid failure, as shown on Figure 13B. The method of Inverse-Velocity to
predict failure is intended for brittle behavior, which this slide had experienced in the first few
months. By the end of December 2017, the landslide reached a fully residual strength condition,
which was indicated by constant movement velocity.

250 250
Ezm \ 200
f§1_50 150 3 o
= T ]
g 100 100 . .
050 . . 050 No Failure Anticipated/
Possible Failure (Constant Velocity)
May Be Imminent
000 b vl
1730 - 1031 1128 121% 130
1031 128 Date 2% Dat

Figures 13A & 13B: Inverse-Velocity Plots
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Estimating runout distances for this type of landslide should be based on rockfall
modeling and observations of actual rockfall at the site. Runout modeling also exists for rapid
brittle slides: however, this is not applicable for the Rattlesnake Hills Landslide. In the author’s
opinion, runout distances at this landslide are controlled by the characteristics of individual
rockfall and shallow debris sloughing. Observations of landslide movements, including rockfall
and debris events, indicate that displaced rocks generally stop on the slopes prior to reaching the
county road and quarry floor until talus fans are developed. While many of the displaced rocks
roll downslope and add to the accumulation of talus, few rocks have bounced and runout onto the
quarry floor and county road.

SUMMARY

The Rattlesnake Hills Slide has been sufficiently instrumented and monitored to perform
necessary evaluations of landslide movements and potential impacts and risks to nearby roads
and facilities. The cooperation and participation by various stakeholders and researchers has
provided extensive mapping, imaging and monitoring of landslide features.

Monitoring has quantified the characteristics of the landslide, including the relatively
constant rate of slide movement and the gradual raveling of rockfall and development of talus
downslope. Rapid slide movement is highly unlikely due to the low angle geometry of the
landslide shear zone, the well-drained rock slide mass, and the absence of groundwater. The use
of inverse-velocity plots can be helpful for predicting time to failure for slides that are
accelerating, and when slides move at constant or reduced velocities, these plots would indicate
that a failure event is no longer imminent. Rockfall runout characteristics have been monitored
with drone images and video cameras.

Slide movement and rockfall activity have become relatively predictable, allowing
reliable management of surrounding facilities and activities. The county road remains closed due
to rockfall risks, while the interstate highway is unaffected. Nearby residents have been allowed
by the County to remain, considering the risk of rockfall reaching the homes is highly unlikely.
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ABSTRACT

As part of our rock cut slope evaluation work in Pennsylvania, Michael Baker International’s
Geotechnical Practice recently became aware of a traffic safety issue related to establishment of
clear zones to allow vehicles to safely traverse areas outside the paved roadway shoulders.

PennDOT Publication 13M (DM-2), 2015 Edition — Change #2, Chapter 12.1.C. states the

following in its discussion of clear zones (underlined text is in the original document):
When a highway is located in a cut section, the backslope may be traversable depending
upon its relative smoothness and the presence of fixed obstacles. If the fore-slope between
the roadway and the base of the backslope is traversable (1V:3H or flatter) and the backslope
is obstacle-free, it may not be a potential concern, regardless of its distance from the
roadway. On the other hand, a steep, rough-sided rock cut should normally begin outside the
clear zone or be shielded. A rock cut is normally considered to be rough-sided when the face
can cause excessive vehicle snagging rather than provide relatively smooth redirection.

For interstate highways in Pennsylvania, the minimum clear zone is 30 feet. When evaluating cut
slope safety hazards within the 30-foot vehicle clear zone, we resolved that we should include
loose boulders in swales and irregular slope faces that could be snagged by an errant vehicle in
our evaluations. This is a different type of hazard than has been considered during previous
ratings, but has become a safety concern.

We consider adding three or four lines to the rockfall hazard rating system (RHRS) form to rate
the distance from the edge of travel lane to the toe of cut slope compared to the clear zone and
rate the character of the slope (if within the 30-foot clear zone) from the toe of slope to eye-level
(nominal 6 feet). These ratings are scaled to be comparable to other rating factors on the RHRS
form.

For cut slopes where the ratings were high on this factor, Table 1.1 of the cited edition of DM-2
lists several “Low Cost Safety Improvement Measures” for steep side slopes and roadside
obstructions: object markings, slope flattening, ditch rounding, obstruction removal, breakaway
safety hardware, and guide rail. Marking the worst objects could be a first step. Making sure
maintenance is aware of the need to remove all boulders within the clear zone and not just on the
pavement is another easy step. If it won’t cause other stability issues, lower rock slopes could be
trimmed smooth with hoe-rams on excavators during milling and paving or other roadway
contracts. In some areas, guide rail or single-faced barrier would be a simple solution.

However, this is clearly seen as a broader roadway safety issue instead of simply a geotechnical
issue. Consequently, the RHRS form has not yet been revised. We have started a multi-
disciplined approach to this safety issue, so it can be acknowledged and addressed in a
systematic manner as part of overall asset management by transportation agencies. Publicly-
available photography shows the safety concern and assists in spreading awareness to
appropriate professionals.
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INTRODUCTION

When most of us see a rock cut along a highway, our first reaction is to look up. We look to
judge its character, its beauty, and its safety. We’ve also been asked from time to time to design
rock cut slopes. When we do, our primary concern is for rockfalls or other stability concerns; we
want to make sure no rock ends up in the travel lanes. We have numerous factors and options to
consider, including rock type, weathering and discontinuities, slope height and available right-of-
way, slope angle, size and configuration of a drop zone at the base of the slope, and the need for
other measures to stop the rocks from crossing the white (or yellow) line.

For roadways that are open to the motoring public, we continue to be involved with considering
rock cuts through the process of asset management. We evaluate the rock cuts periodically to
consider how gracefully they are aging, and the level of risk to the motorists. Again, we typically
look over the entire slope area and evaluate whether those rocks will cross the line.

Recently, we’ve become aware of another risk to motorists. Instead of rocks coming out to meet
the vehicles, vehicles sometimes want to get up close and personal with the rock cut. The area
between the bottom of the cut proper and that line delineating the edge of the through traffic lane
is what this paper is about. We know from our design experience that zone where the rocks come
out to meet cars and cars can go meet the rocks can take a variety of different configurations. As
we begin, note that we are focusing on interstate-type highways, we are speaking generically
about those highways, and we cite examples using only publicly-available images pulled from
Google Earth. Slope ratios are given as horizontal to vertical (H:V), except where taken directly
from a referenced source.

CLEAR ZONES
Definitions

Most of us are aware of general safety considerations outside the through lanes of traffic. For
steep embankment slopes that start within some distance of the through lanes, vehicles typically
are protected (shielded) in the form of guiderail or barrier. For some distance from the white line,
poles and posts either have a breakaway design or provide vehicle protection by guiderail.
Bridge piers and abutments within some distance of the through lanes of traffic also provide
vehicle protection by guiderail or barrier. That “some distance” is known as the clear zone. The
various protected features are identified as objects, obstacles, or obstructions. The clear zone has
a standard definition, and typically features both a foreslope and a backslope:

Clear Zone - The unobstructed, traversable area provided beyond the edge of the through
traveled way for the recovery of errant vehicles. The clear zone includes shoulders, bike lanes,
and auxiliary lanes, except those auxiliary lanes that function like through lanes.'

Foreslope - Area parallel to the flow of traffic that’s identified as recoverable, non-recoverable,
or critical.?
- Recoverable foreslopes are 4:1 (H:V) or flatter. Motorists who encroach on recoverable
foreslopes generally can stop their vehicles or slow them enough to return to the roadway
safely.
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- Non-recoverable foreslopes are defined as traversable but from which most vehicles will
not be able to stop or return to the roadway easily. Vehicles on such slopes typically can
be expected to reach the bottom. Foreslopes between 3:1 and 4:1 generally fall into this
category.

- Critical foreslopes are those which an errant vehicle has a higher propensity to overturn.
Foreslopes steeper than 3:1 generally fall into this category. If a foreslope steeper than 3:1
begins closer to the edge of the traveled way than the suggested clear-zone distance for
that specific roadway, a barrier might be recommended if the slope cannot readily be
flattened.

Backslope - Area parallel to the flow of traffic beyond the foreslope that projects on an upward
slope. For this study, the foreslope may be the base of the rock cut slope, a talus slope in front of
the rock slope, or a separately designed slope provided to define a drainage channel between the
cut and the roadway.

FHWA Guidance

FHWA references the current edition of the AASHTO Roadside Design Guide (RDG, 2011) and
the AASHTO A4 Policy on Geometric Design of Highways and Streets (Green Book, 2011) for
information on the latest practice in roadside safety.’

Table 3-1, “Suggested Clear-Zone Distances from Edge of Through Traveled Lane,” in the
AASHTO Roadside Design Guide provides suggested clear-zone distances based on traffic
volumes, speeds, and foreslopes. Table 3-1 provides only a general approximation of the needed
clear-zone distance based on limited data and is intended as a guide to aid a designer in
determining whether an obstruction constitutes an obstacle to an errant motorist that is
significant enough to justify action. The distances obtained from Table 3-1 suggest a range to be
considered and not a precise distance to be held as absolute. The designer should keep in mind
site-specific conditions, design speeds, rural versus urban locations, and practicality. The clear-
zone distances in Table 3-1 may be modified with adjustment factors to account for horizontal
curvature (sight distance), however these modifications are normally only considered when crash
histories indicate a need to do so.

For roadways with interstate type characteristics (high volume and high speed), Table 3-1
suggests the following clear zone ranges:

- 30 to 34 feet for foreslopes 6:1 or flatter

- 38 to 46 feet for foreslopes 4:1 to 5:1

- Fixed obstacles should not be within foreslopes 3:1 and a clear area for vehicle recovery
should be provided at the toe of slope

- 28 to 30 feet for backslopes 6:1 or flatter

- 26 to 30 feet for backslopes 4:1 to 5:1

- 22 to 24 feet for backslopes 3:1 to 4:1

For backslopes in a cut section, the AASHTO Roadside Design Guide states that the backslope
may be traversable depending on its relative smoothness and the presence of a fixed obstacles,
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and that if the foreslope between the roadway and the base of the backslope is traversable (3:1 or
flatter) and the backslope is obstacle-free, it may not be a potential concern, regardless of its
distance from the roadway. On the other hand, a steep, rough-sided rock cut normally should
begin outside the clear zone or be shielded. A rock cut normally is considered to be rough-sided
when the face will cause excessive vehicle snagging rather than provide relatively smooth
redirection.*

Pennsylvania has called attention to these last two sentences in its Design Manual (DM-2,
Publication 13M) by underlining them:
On the other hand, a steep, rough-sided rock cut normally should begin outside the clear
zone or be shielded. A rock cut normally is considered to be rough-sided when the face
will cause excessive vehicle snagging rather than provide relatively smooth redirection.
It was this reference that got us re-thinking our approach to cut slope evaluations to include
consideration of what can happen at the bottom of rock cuts. Rough-sided rock cuts are
considered obstacles from a vehicle safety perspective.

Table 5-2, “Barrier Guidelines for Non-Traversable Terrain and Roadside Obstacles,” in the
AASHTO Roadside Design Guide provides guidance for addressing obstacles within the
suggested clear zone. Within Table 5-2, the guidance for smooth foreslopes and backslopes is
that shielding is generally not needed. The guidance for rough foreslopes and backslopes is that
a judgment decision should be made based on likelihood of impact.

One of the examples’ in the AASHTO Roadside Design Guide provides guidance for a high
speed road where a rock cut is within the suggested clear zone:

EXAMPLE 31

Design ADT: 3000

Design Speed: 100 km/h [60 mph]

Suggested clear-zone distance for 1V:6H foreslope: 8.0 to 9.0 m [26 to 30 ft] {from Table 3-1)

2.4 m[8 fi] 3.6 m [12 fi]

Through
Traveled Way

Shoulder

The related discussion for this example states that the rock cut is within the given suggested
clear-zone distance but would probably not warrant removal or shielding unless the potential for
snagging, pocketing, or overturning a vehicle is high. Steep backslopes are clearly visible to
motorists during the day, thus lessening the risk of encroachments and roadside delineation of
sharper than average curves through cut sections can be an effective countermeasure at locations
having a significant crash history or potential.
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A key in this discussion is “unless the potential for snagging, pocketing, or overturning a vehicle
is high.” This again is subjective. Typically, the bases of rock cut slopes are located within clear
zones and are not remediated or shielded on our interstates. The vast majority of them appear to
meet the guidance criteria for smooth slopes. However, as part of comprehensive asset
management, this other dimension should be considered.

EXISTING ROCK SLOPES
Variations in Design

When we stop looking up, and just look horizontally from the white (or yellow) line and the rock
cut — from eye level down — we are reminded quickly of the great variety of geometries we have
put at the base of those cuts. With the help of gravity, the lower slope might be covered with
rocks, talus, fallen vegetation or other debris. There might be a drainage swale between the edge
of pavement and the base of the slope. The cut may have been designed with a catchment area by
extending the foreslope and taking advantage of the clear zone. (This reminds us that once rock
has fallen into the clear zone, it also becomes an obstacle presenting a safety hazard.) A formal
drop zone may have been designed with a guiderail or barrier between the drop zone and through
traffic lanes.

We can quickly identify the most common variations of these clear zones. Each of these
configurations pose their own individual potential safety concerns within the clear zone.

Cut slope at the edge of pavement

This is the most restrictive condition, but still typically is acceptable for smooth cut slopes.
However, there are several concerns. Mass excavation for the cut slope typically does not require
the level of accuracy that is found in dimensioning of the shoulder. Therefore, the actual
shoulder width typically will vary by a foot or more, and its width should be checked against the
minimum requirement. Rock, talus, and other debris typically accumulates at the toe of the slope,
and further reduces the effective shoulder width. There is no additional clear zone, so the bottom
of the cut slope needs to be maintained in a clean condition.

THROUGH

TRAFFIC LANE SHOULDER

CUT SLOPE AT EDGE OF PAVED SHOULDER
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Cut slope behind a barrier at edge of shoulder

The addition of a barrier at the edge of the shoulder can be result of establishing a wider shoulder
without slope treatment, extension of a barrier for an adjacent obstruction (such as a bridge
abutment), minor realignment of the roadway, or other factors. It may appear to be integral with
the toe of the slope, or it may be offset from the toe enough to catch talus and some rock or
debris, but not enough to be considered a drop zone designed for rockfall protection. In this
section, the barrier practically serves to delay the need for maintenance, while providing a
smooth face for errant vehicles.

THROUGH
TRAFFIC LANE | SHOULDER

CUT SLOPE AT EDGE OF PAVED SHOULDER WITH BARRIER

Cut slope with a foreslope to the edge of shoulder

With this design, the foreslope has been lengthened, typically to create a drop zone for rock,
talus and debris. Alternatively, it may have been lengthened to create a drainage swale at the
base of the rock slope. Its width should be compared to the clear zone requirement. If the slope is
within the clear zone, it should have a smooth face such that a vehicle will slide along its face
and come to rest against it. The accumulation of talus and debris at the toe of the slope, as well as
disrupted drainage, should be evaluated for their effects on errant vehicles.
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THROUGH

TRAFFIC LANE SHOULDER

CUT SLOPE WITH FORESLOPE TO SHOULDER

Cut slope with a drainage swale (foreslope and backslope) to the edge of shoulder

This design may reflect only drainage considerations for the widths of the foreslope and
backslope, or may include a lengthened foreslope to accommodate rockfall or talus
considerations. Its actual total width relative to the clear zone requirement is the primary
concern, followed closely by the maintenance of the area to keep it clear of rock, talus, or other
debris. Maintenance of positive drainage in the swale is another concern, especially if there are
inlets within this area.

THROUGH

TRAFFIC LANE SHOULDER

CUT SLOPE WITH DRAINAGE SWALE

Cut slope with a drop zone and barrier

In most respects, this is the cleanest typical section. In the best of circumstances, both the
shoulder and drop zone have been designed to minimum requirements. However, there may be
other concerns such as right-of-way that override the design minimums for these components. In
that case, maintenance may become more critical. Even in the best of cases, the barrier needs to
be maintained.
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THROUGH

TRAFFIC LANE SHOULDER

CUT SLOPE WITH DROP ZONE AND BARRIER

Evaluation Considerations

As we start to think about evaluating this aspect of rock cut slopes systematically, we look to the
guidance of the FHWA standardized rockfall hazard rating system and its form.® That form has
four rating levels with a standard spread of point values.

The primary consideration is the location of the base of the rock cut relative to the clear zone for
the roadway. Fortunately, the limits of the through traffic lanes are well marked by white lines on
the right / shoulder edge and yellow lines on the left / median edge. A relatively simple and
straightforward horizontal measurement from the toe of slope to edge of travel line could
incorporate this safety hazard into the rating:

- Less than eight feet: 81 points
- Eight feet to 12 feet: 27 points
- 12 feet to 20 feet: 9 points
- 20 feet to 30 feet: 3 points

A second critical consideration is the character of the cut slope face from eye level (nominal six
feet) to the toe of slope. Recognizing that slope character is a qualitative assessment, it helps to
keep in mind the image of what probably would happen if an errant vehicle were to run into the
slope. Are there rough protrusions from the slope that would tend to snag the vehicle? We would
suggest a line on the form that considers:

- Numerous rock protrusions extending from slope: 81 points
- Isolated rock protrusions extending from slope: 27 points

- Slope ragged / jagged: 9 points

- Slope relatively smooth / vegetated: 3 points

Another consideration would be to characterize the space between the through traffic lane and
the base of the cut slope: the presence and extent of rockfalls, talus, vegetation, or other debris,
and the area’s general condition. At least one state agency does this now with three lines,
identifying the percentages of various-sized fallen blocks, the quantity of fallen material present,
and the offset of the rockfall from the slope. Again, these are qualitative assessments.
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We are seeing the increased use of concrete barriers placed at the toe of rock cuts, with or
without catchment areas behind them. They are being placed for a variety of reasons, from
shoulder widening with minimal cut or right-of-way impact to defining the limit of a drop /
rollout zone. Sometimes the space between the barrier and the slope is meant to be maintained by
periodic removal of debris; sometimes the barrier appears to be integral to the bottom of the cut.

We would propose two additional lines, only one of which would be completed depending on the
presence or absence of a barrier between the through traffic lane and the cut slope:

Talus / Rockfall Zone Condition — No Barrier
- Fallen rock on shoulder: 81 points
- Large rock blocks within clear zone: 27 points
- Small rock blocks within clear zone:9 points
- Talus at toe of cut slope: 3 points

Talus / Rockfall Zone Condition — Barrier Present
- Barrier failed to stop rock block(s): 81 points
- Area behind barrier full: 27 points
- Debris immediately behind barrier: 9 points
- Debris in drop zone: 3 points

The movement from casual observation to critical evaluation is a first step in realizing and
assessing potential risk. There are other steps that can be taken.

SAFETY OF THE MOTORING PUBLIC
Steps Taken and Options Offered

AASHTO, in its guidance document, notes one simple step: roadside delineation of sharper than
average curves in front of rock cut slopes. Other steps have included simply painting or
otherwise safety marking protruding rock in the lower cut face and routine, periodic removal of
fallen rock and talus between the cut face and the through lanes.

PennDOT lists several “Low Cost Safety Improvement Measures” for steep side slopes and
roadside obstructions: object markings, slope flattening, ditch rounding, obstruction removal,
breakaway safety hardware, and guide rail. Several of these apply directly to rock cuts. Object
marking and obstruction removal are two measures already common and easily handled by
maintenance forces. Hoe-ram work to remove protrusions from otherwise stable, smooth rock
faces is another obstruction removal technique. This work can be contracted as part of roadway
rehabilitation or reconstruction projects. In some areas, guide rail or single-faced concrete barrier
would be a simple, cost-effective solution. These barriers are typically applied to the leading
edges of bridge piers and abutments within cuts, and their extension to encompass the entire cut
slope would help to improve safety.
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Going Forward

As we became aware of the potential for this type of safety risk, it didn’t take long to realize this
risk may be appropriate to consider in many states. Pennsylvania is addressing this issue.

While performing condition assessments as part of asset management, this risk may appear in a
gray-zone between disciplines. For example, geotechnical professionals may assess the condition
of the cut slopes for rockfalls, and highway or traffic engineers may assess fixed obstacles and
roadside barriers / shields. The condition of the lower rock cut slope, including both smoothness
and debris, may inadvertently be overlooked by both groups. We have found it beneficial to
engage other highway and traffic engineers in both the recognition and improvement of these
conditions.

1 AASHTO, Roadside Design Guide, 4™ Edition (2011), 3-1

2 AASHTO, Roadside Design Guide, 4™ Edition (2011), 3-4,5

3 https://www.fhwa.dot.gov/programadmin/clearzone.cfm

4+ AASHTO, Roadside Design Guide, 4™ Edition (2011), 3-6

> AASHTO, Roadside Design Guide, 4™ Edition (2011), 3-24

® FHWA, Rockfall Hazard Rating System, NHI Course No. 130220, Participant’s Manual, SA-
93-057. 1993, 26
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ABSTRACT

Historically, DOT’s have allocated funding for geohazard response and mitigation (e.g. rockfalls
and slope failures) as a reaction to specific events or perceived threats. Asset management
utilized at the federal and state level for other highway features provides the framework for new
and more proactive approaches to managing geological hazards that negatively impact user
safety and mobility as well as maintenance budgets. Remote sensing techniques can be used to
supplement and improve likelihood estimations in calculating risk and can facilitate data driven
decision making and more efficient funding allocation.

Structure from Motion (SfM) photogrammetry from UAV-collected aerial imagery provides an
invaluable tool to characterize geohazard sites in 3D. As equipment costs come down and the
technology becomes more accessible, UAV-based lidar will also have a role in data collection at
these sites. This paper presents a comparison of these two UAV data collection methods and
compares them with more traditional methods such as terrestrial lidar scanning, and collection
methods involving full-sized manned aircraft. Through data acquisition and analysis at a
combination of semi-controlled test sites, live geohazard sites, and project sites in Colorado, the
authors have implemented algorithms and procedures that can ultimately be scaled up to a
corridor and even state level. In addition to UAV assisted emergency response to geohazard
events, change detection, and remote extraction of geological data, the paper discusses other
techniques and tools that provide semi-quantitative, site specific evaluation of risk that is
fundamental to meaningful application of asset management principles. The insights gained
from these studies have been used to refine the methods of data collection, test new UAV
hardware, and to perform comparison with other types of remote sensing data, such as aerial or
terrestrial lidar. The SfM tools and techniques are not without their limitations and challenges,
including logistical constraints and the management of terabytes of data that must be transferred,
processed, and stored.
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INTRODUCTION

Historically, DOT’s have allocated funding for geohazard response and mitigation (e.g. rockfalls
and slope failures) as a reaction to specific events or perceived threats. Asset management
utilized at the federal and state level for other highway features provides the framework for new
and more proactive approaches to managing geological hazards that negatively impact user
safety and mobility as well as maintenance budgets. Remote sensing techniques can be used to
supplement and improve likelihood estimations in calculating risk and can facilitate data driven
decision making and more efficient funding allocation.

Structure from Motion (SfM) photogrammetry from unmanned aerial vehicle (UAV)-collected
imagery provides an invaluable tool to characterize geohazard sites in 3D. Through data
acquisition and analysis at a combination of semi-controlled test sites, live geohazard sites, and
project sites in Colorado, the authors have implemented algorithms and procedures that can
ultimately be scaled up to a corridor and even state level. This paper focuses on important,
practical lessons learned during the collection and analysis of UAV data at these sites and
provides brief case studies illustrating specific applications of the concepts discussed.

Structure from Motion (SfM) Photogrammetry

SfM relies on the basic photogrammetry principles that 3D positions can be derived from a series
of overlapping, offset images. The primary differences between SfM and conventional
photogrammetry is that no 3D positions are required a priori, and SfM utilizes more images with
a high degree of overlap and from different angles. Camera locations and scene geometry are
reconstructed simultaneously and refined iteratively using an optimization algorithm as the
software processes additional images (Westoby et al., 2012). SfM can be generated using
imagery that is collected from UAVs, from full-size aircraft, from satellites, or even from the
ground.

Uses of UAVs and SfM Data

The authors have been able to use UAVs as part of emergency response for multiple geohazard
events and project sites in western Colorado. This typically involves having the UAV vendor
mobilize to the site (within several hours of being notified in the case of emergency projects) and
collect oblique photos of the project area that are sufficient to produce a baseline 3D point cloud
using SfM. The photos themselves are also valuable resources for evaluating the hazard, and
when the responding engineers and geologists are on-site while the UAV is present, real-time
images and video can be viewed from the road level, avoiding the safety issues associated with
hiking or using rope-access techniques to physically inspect an area. The 3D point clouds also
allow physical comparison with previous models of the site using change detection techniques to
evaluate changes and compute volumes in the case of rockfall and landslide events.

Change Detection

Change detection refers to the process of mathematically comparing one 3D data set to another
to determine missing and accumulated material or objects. Numerous authors have performed
change detection on rockfall slopes, most frequently using terrestrial lidar scanning (TLS) data
(Abellén et al., 2009, 2010, 2011; Lato et al., 2009; van Veen, 2016). A complete review of this
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subject is beyond the scope of this paper, but a general overview is important in the context of
the geohazard work described herein. The change detection workflow involves first coarsely
aligning the two point clouds, often by manually picking common points in both clouds. Then a
fine alignment is performed using the Iterative Closest Point (ICP) algorithm that is essentially
an optimization algorithm, iteratively adjusting the orientation (and optionally, scale) of the
cloud being aligned to the reference cloud to minimize the difference error between the two point
clouds. Ideally this step is performed using only areas of the point clouds that are not changing,
or several applications of the algorithm can be applied, screening out high-movement areas in
between steps.

Once the point clouds are aligned, the difference between the point clouds is computed using the
Multiscale Model to Model Cloud Comparison (M3C2) algorithm. The limits of detection (LOD)
are defined as the 95 percent confidence limits assumed to be plus or minus two times the
standard deviation of the difference computed for stable areas of the model. Movement within
these bounds is within the noise range and should be ignored. The authors implemented these
workflows using one of the more common software programs cited in literature for this analysis,
CloudCompare (CloudCompare 2018). The final steps for the change detection workflow
involve utilizing a noise reduction algorithm and a clustering algorithm (Tohini and Abellan,
2014) to turn the difference cloud data into a set of features (such as rockfall events, debris flow
deposition, or landslides) readily stored in a spreadsheet or database. Relevant data includes the
centroid coordinates of the feature, dimensions, volume, and other features.

Extraction of Geological Data

Abellan et al. (2014), Lato et al. (2015a) and Sturzenegger et al. (2011) describe various aspects
of extracting geomechanical properties from 3D data. The authors have utilized the UAV-
derived SfM point clouds and related work products to extract geological/geomechanical data on
one roadway re-alignment project and several other sites for general knowledge and
understanding. Commercially available software allows a proficient user to map joints on the
virtual outcrop and generate stereonet data, as well as collect information on fracture trace length
and joint spacing information. Using this technology it is possible to collect data in areas that
cannot be accessed safely or easily in the field.

SELECTING THE RIGHT TECHNOLOGY FOR ROCK SLOPE DATA COLLECTION

The primary focus of this paper is the use of UAV technology for characterizing rock slopes.
However, a brief overview of related data collection technologies and techniques is warranted in
the context of selecting the right method for a given project. Over the past several years, the
authors have collected rock slope data using lidar and SfM from a variety of terrestrial, UAS, and
full-size manned aircraft platforms. There are advantages, constraints, and safety concerns
related to all of these.

The authors have summarized preliminary cost information in Table 1 for the various data
collection methods based on the work performed to date and information from literature. This
information is presented for preliminary planning purposes only.
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Table 1: Comparison of Cost and Data Collection Time

Method Data Collection | Data Acquisition Cost | Additional Processing Cost
(hours/km?) (per km?)? (per km?)®
UAV Lidar 4-16° $5,000° - $10,000° $0
Helicopter STM 14 $2,250%¢ $800¢
UAV StM 4-8¢ $2,700-5,000° $800¢
Notes:

a — Includes vendor costs and CDOT or additional field costs (excluding traffic control).
b — Includes additional costs by CDOT, Golder, or other consultant to process the data.
¢ — Source: Lato, Gauthier and Hutchinson (2015)
d — Source: Golder calculations/estimate.

e — Source: Cozart (2017)

One of the primary deciding factors for which technology to select is the required point density
for the anticipated use of the data. Point clouds with a point density of at least 400 ppm? are
recommended where change detection and geologic/engineering interpretation of the rock slope
are desired. Table 2 presents a summary of the range of point densities as well as advantages
and disadvantages that can be expected from the various data acquisition technologies.

Table 2: Comparison of Geohazard Remote Sensing Acquisition Methods

Method | Typical Point | Advantages Disadvantages
Cloud Density
(ppm?)
Aerial 2-20 e Large coverage area ¢ Low spatial resolution
Lidar e Bare-earth model e Conventional not good for
steep slopes
e Helicopter logistics and safety
Terrestrial | 400 to 10,000 | e High accuracy and e Access not always available
Lidar precision for scan locations
e High point density e Occlusion zones
Mobile 50 to 500 e Can cover long segments | ® Specialized vendors
Lidar of highway e Occlusion zones could be
e Moderate point density significant for rugged terrain
e Relatively high accuracy
and precision
UAV 75 to 300 ¢ Occlusion zones e Specialized vendors
Lidar minimized ¢ No colorized point cloud or

e Moderate point density
¢ Relatively high accuracy

inferior colorized point cloud
e Can’t fly in bad weather
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and precision
e Bare-earth model possible

¢ Relatively high cost of
instruments

Helicopter | >200 ¢ High point density e Lower LOD than UAV lidar
StM possible and TLS

e True-color point cloud e Safety risk in canyons

e Can use high-quality e More occlusion zones than

lenses and cameras UAV SftM
e Can cover entire corridor | ® Removal of vegetation results
in interpolation of the surface
e Scasonally limited availability

UAV SfM | 400 — 4,000 e Very high point density e Lower LOD than UAYV lidar

possible
e True-color point cloud
e Many possible vendors
e Occlusion zones
minimized

and TLS

e Can’t fly in bad weather

e Line-of-sight limitations

e Removal of vegetation results
in interpolation of the surface

LESSONS LEARNED FROM UAV PROGRAM TO DATE

The authors have been involved in systematically collecting and analyzing UAV data for CDOT
geohazard sites since February of 2017. Since then, over 6 TB of imagery, point clouds, and
other 3D data files have been collected and generated. This section highlights some of the
lessons learned during that time which may be useful in planning similar programs.

Data Collection

Camera Settings and Flight Parameters

e Most rock slopes of interest are relatively steep, so angling the UAV’s camera gimbal at
approximately 45 degrees and flying multiple overlapping lines parallel to the strike of the
slope produced the best results. For mission planning purposes, a given point on the ground
should appear in a minimum of 8 images.

e Most UAV cameras can collect images in RAW or JPG format. The authors experience is
that the higher-quality RAW image format did not improve the quality of the point cloud
models. In theory, RAW images can be post-processed to correct issues such as over- or

under-exposure. But practically speaking, manually adjusting hundreds of images for a given

data set is not feasible. Additionally, the file sizes are much larger for RAW images.

e UAV cameras can collect images with different aspect ratios. The authors recommend
selecting the format that uses all available pixels on the camera’s sensor to maximize the
potential overlap between adjacent images.
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Ground Control Points

Each UAV photo has metadata containing the GPS coordinate of the UAV at the time the photo
was taken. Although individual GPS values can be inaccurate, each image dataset contains
hundreds of such coordinates. SfM software utilizes these coordinates along with internal
algorithms to geo-reference the resulting point cloud. Based on controlled field experiments
where point clouds were created both with and without surveyed ground targets, the authors
determined that the models without ground control were within approximately 2 meters of the
actual location in the horizontal plane. The elevation of the model can be off by as much as 20
to 30 meters. For most applications of interest to the authors, the absolute positional accuracy of
the model is not as critical as the relative accuracy and the resolution. There are also significant
logistical problems with deploying and maintaining ground control points in steep terrain. So in
most cases, UAV surveys without ground control points were acceptable. The exception would
be if a single model is desired for a large area or long corridor, or if the data will be used for
detailed design in the future, in which case ground control and check points should be used with
the help of a licensed surveyor.

Safety

Common safety concerns during collection of data by UAS platforms include working
near traffic and hazards to ground personnel and traffic; however the authors’ use of UAS
platforms in canyons presented additional hazards such as: steep rock slopes, poor stopping site
distances due to roadway curves, and narrow shoulder and ditch sections. Finding safe pull offs
for staging, operating, and landing presented a common challenge. FAA regulations address
many of these hazards, but care should be taken when planning flights. Traffic control, warning
signs, operational modification, flight scheduling, flight planning, and/or personal protective
equipment may be justified.

Data Processing

The authors utilize the commercial software program Agisoft PhotoScan (Agisoft, 2018) for all
StM processing. Some of the following lessons learned are specific to that program.

Lens Calibration

The spherical nature of a camera lens introduces distortion into images that can affect the
accuracy of the point cloud generated by the SfM process if not corrected. PhotoScan uses
Brown’s distortion model (Agisoft, 2018) to adjust for these errors. The calibration parameters
are calculated automatically by the software during the point cloud generation process.
Alternatively, the user can utilize Agisoft’s built-in lens calibration feature to collect multiple
images of a checkerboard pattern and compute the calibration parameters separately. The
authors found that calibrations were better when PhotoScan computed the fits from the image
data sets compared to using the manual lens calibration procedure.

Processing Time and Resources

There are different quality settings in PhotoScan that greatly impact the output product as well as
the processing time. Most point cloud models created by the authors were done at “high”
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accuracy for the alignment phase, and “high” quality for the dense point cloud phase of the
processing. The amount of processing time to generate a dense point cloud with these settings
seemed to correlate best with the number of aligned images. The processing time on a computer
similar to our benchmark system (Intel® Core™ 17-6820HQ CPU @ 2.70GHz, 6th Generation, 4
cores, 8 threads, 32 GB of RAM, NVIDIA Quadro M5000M Graphics Card, 2 GB GDDRS
Memory, memory bandwidth 76.8 GB/s, 320 CUDA Cores, OpenGL 4.0, Microsoft DirectX 11,
512 GB Solid-State Hard Drive) can be estimated as 3.4 minutes per image to be aligned.
Accordingly, large data sets of hundreds of images can take more than a day to process.
Breaking up large data sets into smaller “chunks” can be expected to reduce the processing time
by approximately 30 percent based on the authors testing but requires more manual input. Some
large data sets must be processed at lower resolution to be manageable, but portions of the model
where change is noted can be reprocessed at higher resolutions if necessary.

The size of files associated with 3D point cloud data and analysis is enough to tax most current
standard file storage devices and computers. The authors recommend assuming file storage
needs on the order of 100 GB per mile of rock slope imaged for each temporal data set.

Segmenting Large Sites and Multi-Scale Analysis for Change Detection

Most rockfall site models the authors worked on are in the range of 100 to 1,000 meters long
when measured along the roadway. When there is more than one point cloud for a site, the first
step of the change detection process is to use manual and automated methods to align the two
models. Many point cloud models, particularly those derived from SfM, are observed to have
minor distortions that prevent alignment from being perfect between the two scans over the
entire scene. But by segmenting the site into maximum lengths of 150 to 300 meters, the effect
of the model distortion can be minimized. Performing change detection on this size model will
allow an overview of rockfall, erosion, and debris accumulation to be observed for the entire site
or a large portion thereof. But frequently it is desirable to further crop the model to focus on the
areas of greatest change and re-align the two models to ensure the lowest possible LOD for the
change detection. A realistic limit of detection between two high-quality SfM point clouds is on
the order of 10 to 30 cm, meaning that positive and negative changes on the slope with
magnitudes less than the LOD are in the noise range. The LOD for UAV-based lidar derived
data sets is generally lower, on the order of 3 to 8 cm.

Data Management and Logistics
Cloud Storage and Processing

As the authors have noted, simply storing and processing the large data sets for this type of work
can be a logistical challenge. Virtual machines located in the “cloud” are being investigated as
the primary location of file storage and processing. The advantages of this approach are
scalability, virtually unlimited file storage capacity, easier offsite backup solutions, and the
potential of configuring faster processing machines (faster processers with more cores, multiple
graphics cards, large amounts of RAM) that can greatly reduce the amount of processing time.
This approach requires a very fast internet connection to initially upload the raw data as well as
to download the finished products. Additionally, much of the analysis work involves manually
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manipulating 3D models. Doing this over a remote connection can have significant lag if the
internet connection is not fast enough.

Tracking Data and Sharing Results

Managing 3D data for a single rock slope is straightforward. However, managing 3D rock slope
data and analysis for multiple slopes each with multiple datasets rapidly becomes an issue. Data
of interest that must be tracked includes parameters used for data collection of each data set,
areal limits, raw point cloud properties, settings used during point cloud processing, settings used
during change detection analysis, resulting rockfall or other slope changes, and more. The fact
that the data files are so large means that they will be stored in a separate location and not in the
tracking database itself. This is truly a “big data” problem.

Another challenge the authors have observed is the logistical challenges of sharing the various
raw and processed 3D data products with colleagues. The 3D data can be a tremendous tool to
geologists and engineers, but that requires getting it into the hands of the people who need it. It
is not as simple as emailing a file attachment, there is the file transfer issue, and the fact that not
everyone has access to the often-expensive software needed to fully manipulate 3D data. Adobe
3D PDFs are one potential way to manage this, but these files can only support fairly low-
resolution models. The authors have had some success sharing raw point cloud and mesh
products using the free Agisoft PhotoScan Viewer software, but that only works if the files are
generated in PhotoScan and the ability to annotate, and communicate information on the 3D data
is lacking.

ASSET MANAGEMENT
Application to GMP

CDOT’s Geohazard Management Plan (GMP, CDOT, 2017) is a work-in-progress that
comprises part of the Department’s overall Risk Based Asset Management Plan, which resulted
from 2013 Federal Legislation that promotes performance and risk-based approaches. Assets
within the CDOT GMP include excavated rock and soil slopes, embankments, natural slopes that
produce rockfall, debris events, sink holes, and problematic soils. Remote sensing techniques
have application to all of the assets within the class to varying degrees. This paper focuses on the
application of SfM and lidar methods for excavated rock slopes, natural slopes that produce
rockfall and unstable rock features. For example, change detection using point clouds from SfM
or lidar could be applied to landslides, sinkholes, pavements, or embankments, where
measurements of the location, direction and magnitude of ground movement can result in better
Level of Risk (LOR), deterioration rates and estimation of life cycle cost for use in benefit/cost
analysis. The ability to assess the condition of a slope more frequently or precisely results in
more accurate assessment of likelihood by providing data to partially quantify asset condition
and historic event frequency.

Risk in the GMP is the product of likelihood and consequence. Likelihood is represented as an

annual probability which is determined by the condition of the asset and the historic number of
events over the past 30 years, based on incomplete data. The framework monetizes safety risk,

mobility risk and maintenance risk and combines them into a LOR per 0.1 mile segment of
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highway. Use of remote sensing techniques can improve the accuracy and consistency of the
initial calculation of LOR as well as the measurement of performance of the asset. Remote
sensing techniques can dramatically improve the precision and efficiency of collecting input data
for the likelihood side of the risk equation but have little to do with the consequence side of the
equation.

The unequalled visual perspective and detailed images and point clouds available through UAV
collected photogrammetry and lidar provides an opportunity to improve precision and
consistency of condition assessment. The ability to produce 3D models and extract geologic
structure data from dense point clouds makes it possible to analyze stability of excavated rock
slopes and unstable features. Use of commercially available software can provide a summary of
major joint orientation and spacing, which can be used as input for stability analysis or in rock
mass characterization based on existing rating systems.

Measuring and visualizing changes in subsequent point clouds from remotely scanned unstable
features, excavated rock slopes and natural slopes with rockfall can be used to improve and
quantify the likelihood of future events by increased knowledge of past events. Since the
historical number of events for a segment is a factor in calculation of annual probability, more
accurate accounting of these events will result in more accurate, consistent and supportable
probabilities. Change detection can provide more accurate data by searching for rock
accumulations in the ditch, near or below the road, as well as searching for missing rocks on the
slope.

The ability to produce terrain models directly with mapping software or from decimated point
clouds inherently simplifies construction of profiles for use in rockfall trajectory analysis. The
authors used data from SfM to run several two-dimensional rockfall simulation programs during
the study. Presumably, an even greater convenience and accuracy could be realized by
establishing terrain for a three-dimensional simulation program. Rockfall simulations can be
used in life-cycle and benefit/cost analyses.

In Colorado, there are many steep, natural slopes that produce rockfall and are the source of
extremely high-energy, damaging events. Many times, slopes that fall into this category are
beyond CDOT Right of Way, but if they impact the highway system, CDOT experiences the
consequences by reduced system performance, high costs, and poor public perception. Most of
the natural slopes that produce rockfall currently do not have an annual probability or LOR
grade, but UAV photogrammetry in combination with lidar can be used to accomplish this task
and supplement the GMP. There is recognition that naturally occurring rockfall from natural,
undisturbed slopes is highly problematic, especially in corridors such as I-70 through Glenwood
Canyon, De Beque Canyon, and US 550 at Red Mountain Pass. Four of the largest rockfall
events in the Glenwood Canyon corridor have been natural events that cumulatively caused
millions of dollars in direct damages with mobility costs estimated in the tens of millions of
dollars.

Remote sensing techniques can provide superior visual perspective along with new tools to
assess or rate natural slopes that have historically impacted state highways. Visual, subjective
assessment of potential source areas, overall surface roughness, rockfall frequency, size, and
other factors can be used for preliminary evaluation. A set of likelihood factors, unique to natural
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slopes, will need to be developed and supported by remote sensing and other data. Unstable rock
features on excavated or natural slopes present a special case where the consequence of an event
is high. Large features that may release as a rock slide instead of individual pieces are not well
handled by existing rating systems developed for rock cuts. Detailed data will be warranted for
the most critical features to assess stability or deterioration with the highest degree of precision.
Wire frame geometric analysis, extraction of geological data, and change detection can be
applied to sufficiently dense point clouds of natural slopes and unstable features so they can be
addressed in the GMP.

Life cycle cost, risk management, and asset deterioration are key components of the GMP. The
ability to collect and produce detailed terrain and geological data for analysis, preliminary
design, and cost estimating of mitigation options will produce more meaningful life cycle costs
through a more accurate estimate of capital investment. Risk management approaches that use
cash flow diagrams and rates of return on capital also benefit greatly from more accurate initial
data because cost inaccuracies are compounded with time. More abstractly, greater efficiency
and more accurate initial data facilitates consideration of a wider array of options.

CASE STUDIES
Emergency Response

Over the past three years, the authors have responded to multiple rockfall events that closed the
highway or caused property damage and required emergency evaluation of stability. Traditional,
long and dangerous hikes up the fall line were avoided at four of the locations by using UAS to
view and photograph the area around the source. Proximity of the UAS to the slope, high-quality
cameras, and the ability to view and zoom from any perspective make knowledge of the site
superior to that gained by traditional methods such as rope and helicopter access, surpassed only
by viewing the site from a crane basket.

SH 133, MP 53.5, Redstone Rockfall Site

As part of emergency response to a rockfall at this location in February, 2017, a UAV was
mobilized to provide stability assessment of the remaining rock in the source area and the
resulting debris field. The site is located in the Maroon Formation on the west side of the Crystal
River Valley just north of Redstone, Colorado. The source for the several hundred cubic yard
(CY) rockfall event is approximately 1,500 feet above the highway (8,500 feet above mean sea
level [amsl]) and the total height of the slope at the rim of the valley is approximately 1,800 feet
above the road (8,800 feet amsl). The steep, sandstone cliffs in the upper part have slope angles
ranging from 80 degrees to near vertical. The lower half of the slope is characterized by colluvial
soils, rockfall debris and alluvial fan materials deposited by frequent debris flows over Maroon
Formation bedrock. The average slope gradient for the lower, colluvial slopes is approximately
35 degrees. The AOI is sparsely vegetated with conifers with an estimated ground cover of less
than 10%. Figures 3 (a) and (b) show the source location and one of the large boulders displaced
from the site at Redstone.
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Figure 3: (a) source of MP 53.5 rockfall event (b) large boulder displaced at site. The
boulder traveled across both lanes of SH 133 and came to rest above the neighboring creek.

SH 133, MP 55.2, Rockfall Site

Emergency response to this site was initiated in March, 2018 by a road closure when an over-
steepened talus slope produced enough material to fill the 25-foot wide ditch, which caused
additional cobbles and boulders to enter the road. This traditionally problematic site consists of a
talus slope that was excavated without stabilization when the road was constructed many years
ago. The unstable talus extends over 100 feet above the road and slope failures commonly result
in many cubic yards of material being deposited in the barrier lined ditch. The site was partially
mitigated several years ago by improving the volume and configuration of the ditch
supplemented by the addition of specially reinforced and modified portable concrete barrier. A
UAS was used approximately one hour after the road was closed to determine that unsafe
conditions remained and that the road should not be reopened until the ditch was re-established.
Figure 4 shows the ditch cleaning efforts following the event.

Figure 4: Ditch cleaning efforts following March 2018 rockfall event at SH 133 MP 55.2
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SH 133, MP 30.0, Rockfall Site

While commuting to another study site in April 2018, one of the authors came across a large
rockfall that had occurred less than an hour before at MP 30.00. A rock block approximately 6-8
CY in volume fell from the upper slope brow, impacted a ledge 20-30 feet below and bounced
into westbound lane of the highway, leaving an impact crater approximately 2-feet deep and 4-
feet in diameter (Figure 5). A UAV survey of the area was performed immediately, and it was
determined that the road could be safely re-opened but that subsequent scaling was advisable.
UAYV photography was used to provide information to specialty contractors and CDOT staff.
Scaling was successfully completed the following two days.

-' W ; . | S

Figure 5: Largest block from April 24, 2018 rockfall event at SH 133 MP 30.0
I-70, MP 48.8 De Beque Canyon Rockfall Site

During a widening project at this location, a potentially unstable rock was brought to the
attention of project staff by the contractor. Several hours later, the site was evaluated using up-
close, real time photography collected from a UAV. The evaluation resulted in recommendations
for work to continue during analysis of options for future actions. While a six-inch crack was
visible when viewed from the road, the unique, multiple perspectives from the UAV allowed
observers to determine that there was sufficient intactness along other surfaces so that
unnecessary work stoppages or road closures were avoided.

Project Development / Remediation Design

In conjunction with the remote sensing and on-call contract, the authors assisted with several
roadway improvement and geohazard remediation designs. These designs included rockfall
prevention, roadway re-alignment, and embankment failures. Several of these projects are
discussed below.

SH67 MP 90.5

The State Highway 67 projects is a roadway alignment adjustment around a sharp, blind curve 35
miles south of Sedalia on State Highway 67. The curve has been the cause of multiple traffic
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fatalities over the past years, including three motorcycle deaths within a 1-year span. In an effort
to increase safety along this section of roadway, plans designed to increase stopping sight
distance and decrease rockfall into the roadway were developed.

A UAV survey was performed by licensed surveyors. In addition to providing topography and
base mapping in accordance with CDOT project development requirements, the UAV was also
used to collect oblique imagery of the proposed rock cut on the project. The authors used the
resulting 3D point cloud to extract geologic properties including fracture spacing and orientation.
This data was used to perform preliminary geological engineering analysis and design of the cut
slope for the realignment. This type of synergy between project development and geohazard
assessment will likely become more common in the future.

| 70 Exit 49

The authors were asked to design a soil nail wall and rock fence to allow widening of a
deceleration lane. Photos taken from a helicopter with a DSLR camera and 50 mm lens were
used to produce a 3D point cloud to supplement the project topographic data and generate cross
sections used for wall layout and for rockfall simulations to determine the necessary height and
capacity of the fence.

SH 133 MP 48

The authors coordinated a UAV and GPS survey through an engineering subconsultant. The
subconsultant collected photo data using a DJI Phantom 4 Professional quadcopter and provided
CDOT with raw (DNG) and JPG imagery, a high-resolution orthophoto, a DWG CAD file
containing 1-foot contours, and a point cloud in a proprietary file format. The authors re-
processed the aerial imagery to generate a high-quality 3D point cloud using Photoscan and
noted that the file size was much larger than the point cloud submitted by the subconsultant.
That fact along with anecdotal information from other surveys indicates that the typical point
cloud resolution used for topographic mapping purposes is much lower than the ideal resolution
for geohazard assessment.

SH 133 MP 21.7

CDOT requested that the authors provide remediation design support for an active embankment
failure along State Highway 133 at milepost 21.7. The embankment failure has been an ongoing
challenge for the local CDOT maintenance staff over several years. The slope consists of
shallow colluvium overlying sandstone and shale bedrock of the upper Mancos Formation and
the lower Mesa Verde Formation. The highway platform was constructed with typical cut and
fill techniques leaving steep soil and rock slopes on the uphill side and soil embankments on the
downhill side. Groundwater seeps are present in the uphill ditch. The slide area is reactivated
each spring during the snowmelt, resulting in movement of inches to feet each year. Standard
practice by the maintenance crew involves filling the depressed roadway areas with cold patch or
milling and repaving the highway between the limits of the failure area (approximately 300
linear feet).

Three UAV surveys were performed: two photogrammetric and one lidar extending from the
river at 6,435 feet to more than 200 feet above the road. For all three surveys, heavy vegetation
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(nearly 100% cover) consisting of Gambel Oak, Pinion, Juniper, native grasses, and typical
undergrowth on the downslope portion of the survey created data processing challenges.
Software designed for processing photogrammetric surveys was used to develop 3D point clouds
and subsequent DEMs of bare earth terrain. One photogrammetric survey was used to develop a
cost comparison for various design recommendations and a construction bid package for the site.

Change Detection

As discussed in previous sections, a significant motivation for the authors’ use of UAV
photogrammetry is to perform change detection on both natural and excavated rock slopes. Sites
evaluated to date have yielded encouraging results, showing that a high degree of accuracy is
possible. This change detection can be used during emergency response to evaluate rock which
may have been impacted by the initial event; to create a record of event frequencies and volumes
which may be applied to an asset management plan; or, as limits of detection become smaller
with improved hardware and software processing, to measure erosion and deposition of material
that may ultimately lead to a future event.

I-70, MP 53 Data Collection and Quality Test Site (Lat. 39.228/Long. -108.260)

The site at MP 53 in De Beque Canyon was chosen as representative of typical locations where
data collection will be necessary if a larger scale operation is implemented. It is a steep-walled,
Mesa Verde Formation sandstone canyon approximately 800 to 1,000 feet deep. The site has
large loose rock blocks partially attached to the multiple sandstone cliffs which are interrupted
by steep grass covered slopes with blocks on the surface.

The authors organized initial collection of photogrammetric data with two vendors, but only one
was able to collect as a result of camera and mechanical failure. A UAV-lidar vendor scanned
the same area. Two data sets were collected from each vendor within the span of 1 to 2 days, so
there were presumably no changes to the site between the various data collection events. The
data were used to evaluate a variety of variables associated with data processing, such as camera
calibration, use of GCPs, and processing parameters. Change detection was performed on the
two data sets from each data collection method to determine the realistic limits of detection for
the methodology since essentially no change had occurred between the two data sets (see Figure
6). Additional photogrammetry data sets have been collected for this location using the lessons
learned and produced some of the highest density point clouds of the study. A second UAV lidar
vendor also performed a data collection at the site, flying from a higher altitude with more
advanced lidar equipment.

SH 133 MP 24.25

While on-site at MP 21.7 in January 2018, one of the authors was made aware of a new, small
rock-fall that occurred three miles east at MP 24.25. The rockfall was quickly removed by traffic
control crews, but it allowed for a focused change detection search of the area. A UAV survey
had been performed two months prior to the date of the incident, and a subsequent survey was
performed the day following the incident. Figures 7 and 8 below show the change detection
results performed using CloudCompare (2018) and source images of the area in question.
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Figure 6: M3C2 histogram plot showing the comparison of the UAV lidar point cloud and
the UAV photogrammetry point cloud for the 170 MP 53 test site surveys in April 2017,
The mean for this comparison was 0.02 m with a standard deviation of 0.25 m. The
variation between the models, flown within 24 hours of each other, is representative of the
lower LOD values capable with lidar models.
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Figure 7: Change detection showing displaced rock from slope and erosion/deposition of
soil
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Figure 8: () November 2017 image showing rock prior to fall (b) January 2018 image
showing rock following fall

CONCLUSIONS

The benefits of using UAV-collected lidar and SfM point cloud data are significant for rock
slope and geohazard projects. Technological advances, increased equipment availability and rule
changes by the FAA will increase the efficacy of UAV usage. The authors have shared a variety
of brief case studies where this technology has been applied to emergency geohazard response,
project development / remediation, and to perform change detection between two or more 3D
data sets. UAV-based SfM has become the preferred data collection method for these projects
because of the relatively low technological (and cost) requirements, the ability to collect
complete data in areas where TLS would have significant occlusion zones and data gaps, high
point density of the models relative to UAV-based lidar, and the ability to use colorized point
clouds and the original photos for geological engineering analysis from the office. A collection
of lessons learned related to SfM data collection, processing, and change detection analysis have
been presented, and are summarized below.

Summary of SfM Conclusions and Recommendations:

e Plan photo collection for a minimum effective overlap of eight, four in direction of flight, at
50% vertical overlap.

e Extend flights several images past extents to prevent poor data at edges of desired AOI.

e No apparent benefit in storing RAW image formats over JPG.

e UAV’s gimbal set to approximately 45 degrees below horizontal except when targeting
overhangs.

e Set image resolution and aspect ratio to maximize the use of the camera sensor and image
overlap.

e Separate camera calibration step not needed with PhotoScan (may not be the case with other
software).

e Plan flights for a point cloud density of at least 400 ppm?.

e Consider TLS for critical locations where possible but use UAV SfM for most locations. Use
UAV-based lidar where absolute positional accuracy and vegetation are issues.
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e Collect data without ground control points for most locations.
e Flight planning software can present a safety hazard in rugged terrain and should be used
with caution or not at all.

Summary of Change Detection Processing Conclusions and Recommendations:

e Alignment portion of change detection is critical and controls limits of detection (LOD).

e Preliminary LOD for UAV-based lidar is approximately 6 cm.

e Preliminary LOD for UAV-based SfM is approximately 30 cm (expected to improve with
better processing techniques).

e [Evaluate the possibility of dividing areas into smaller segments (0.1 centerline miles) for
processing/alignment efficiency and improved LOD.

The use of remote sensing to facilitate management of geological hazards shows great
promise but significant additional work will be required to determine what techniques should be
applied to specific situations and needs. The additional, better data made available through the
use of UAV SfM and lidar can enhance the ability of geohazards professionals to approach the
estimation of likelihood with greater confidence, efficiency and consistency between sites and
corridors. Using UAVs for emergency response to geological hazards provides unique visual
perspectives that reduce risk to the traveling public and to CDOT staff and others involved in the
response.
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ABSTRACT

One of the common types of slope failures that affect slope cuts along roadways are
rockfalls. The main causes of rockfalls are geologic factors including unfavorable orientations of
discontinuities, undercutting of weak sedimentary units, and presence of boulders in
unconsolidated materials. Various US departments of transportation use proactive rockfall
management methodology such as the rockfall hazard rating system (RHRS). RHRS is along
other rockfall hazard rating systems rate slope dimension, geologic characteristics, climate, and
rockfall history. The most important hazard parameters, geologic characteristics require time
consuming data collection in the field. Remote sensing methods such as Google Earth/Google
Street View and high resolution digital surface models (DSMs) derived from
LiDAR/photogrammetry offer a fast and efficient methodology for rockfall hazard rating. This
research proposes a two-staged process where during stage 1) slope cuts are semi - quantitatively
rated based on geometric/geologic parameters measureable in Google Earth and visible in
Google Street View. During stage 2, slope cuts will further be evaluated using DSMs extracted
from photogrammetry or LIDAR. On DSMs, discontinuity surfaces indicative of future
likelihoods and past failure will be quantified. The combined result of the two stages will provide
a quantitative evaluation of rockfall hazard of slope cuts that may be used as a preliminary
rockfall hazard rating.

INTRODUCTION

Rockfalls pose hazards to motorists and cause enormous damage to roadways. The main
causes of rockfalls are the presence of unfavorably oriented discontinuities and undercutting of
strong rock units by underlying weak rocks. Discontinuities are natural breaks (bedding planes,
joints, foliation and fault planes) in rock or their intersections that may daylight on the slope face
leading to the generation of rockfalls. Such discontinuity orientation controlled failures are
subdivided into plane (Figure 1), wedge and toppling failures. Plane failure occurs when a
discontinuity sub parallel to the slope dips gentler than the slope face causes daylighting
conditions (Hoek and Bray, 1981). Wedge failure on the other hand results when the line of
intersections of discontinuities daylight onto slope surface (Hoek and Bray, 1981). On toppling
failures, Goodman (1989) wrote “If layers have an angle of friction ®j, slip will occur only if the
direction of the applied compression makes an angle greater than the friction angle with the
normal to the layers. Thus, toppling failure with a slope inclined o degrees with the horizontal
and discontinuities dipping at o can occur if (90 - ) + ®j < a”. To evaluate the kinematic
possibility of each of these structurally controlled failures, orientations of discontinuities and the
slope face along with friction angle circles are plotted on a stereonet. The other common mode of
slope failure leading to rockfalls is the result of differential weathering of weak rocks
interlayered with strong units leading to undercutting and eventual failure of the latter (Figure 2).
These failures are common where the geology is characterized by interlayered strong and weak
sedimentary layers.
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Figure 2: Undercutting-induced rockfalls.

Various US state departments of transportation (DOTs) employ proactive assessment of
rock slope cuts with respect to rockfall generation. The rockfall hazard rating system (RHRS),
first introduced by the Oregon DOT is a system of rating rock slope cuts hazard potentials based
on slope height, catchment ditch effectiveness, average vehicle risk, percent of decision sight
distance, roadway width, geologic characteristics, rock block size, climate conditions/presence of
water, and rockfall history. Each of these parameters are scored based on numerical exponential
scoring of 3, 9, 27, and 81. The RHRS is useful for the decision making process for designing
rockfall warning systems and identifying slope cuts that have higher potentials for generating
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rockfalls and are in need of remediation (Pierson and Van Vickle, 1993). Many state DOTs have
adopted the RHRS or modified it to fit their respective geologic conditions.

Geologic characteristics are the most important parameters as they are the main causes of
rockfall generation. Equal weighing of all parameters is cited as a problem with the RHRS as it
underestimates the important role of unfavorable geologic conditions (Russel et al., 2009).
Geologic conditions include structural unfavorability, degree of interbedding, degree of
undercutting, and average block size. These parameters characterize presence of unfavourably
orientated discontinuities and undercutting susceptible interlayered weak/strong rock units.
RHRS and other hazard rating systems’ evaluation of geologic characteristics require physical
investigations through field visits. As an alternative to field data collection, road level remote-
sensing methods such as videography, photogrammetry, and terrestrial LIDAR scans (TLS) have
become popular. The Missouri DOT uses scaled video captured from a vehicle to measure slope
length, slope height, ditch width, ditch depth, rock height, rock length (Maerz and Y oussef,
2012). Terrestrial LIDAR acquired from a vehicle can be used to collect discontinuity parameters
for kinematic analysis of rock slopes along transport corridors (Lato et al., 2009). This research
explores a two stage approach for preliminary rockfall hazard evaluation whereby the first stage
involves using the freely available Google Earth/Google Street View to geometrically (slope
height, length, aspect) describe slope cuts and identify the mode of failure (either discontinuity
orientation controlled or undercutting-induced). Once the mode of failure affecting a slope cut is
identified during the first stage, the second stage will quantify rockfall hazard from digital
surface models (DSMs) extracted from a 3D point cloud generated from TLS or 3D
photogrammetry.

ROCKFALL HAZARD RATING WITH GOOGLE EARTH/GOOGLE STREET VIEW

Swanger and Admassu (In Press) has modified the RHRS chart for parameters that are
measurable in Google Earth/Google Street View makes (Table 1). These parameters include
semi-quantitatively estimated slope profile (slope height, slope length, slope aspect, slope
inclination, and slope roughness), geologic characteristics (structural condition, degree of
interbedding, degree of undercutting, and average block size) and impact factors (sight distance
and catchment ditch width). Slope height can be measured from elevation differences between
slope crest and road level in Google Earth. Linear measurement tools in Google Earth can be
used to measure slope length and decision sight distance. The aspect of a slope can be
determined with Google Earth’s ruler tool which shows azimuth of a line drawn perpendicular to
a slope. Google Earth’s path tool can be used to construct an elevation profile from which slope
height and slope inclination can be measured. On the other hand, Google Street View provides
seamless 360° street level photographs. These present a close up view of slope cuts adjoining
roadways allowing visual inspection of geologic conditions. From Google Street View, one can
estimate the size of rock blocks in catchment ditches and rockfall voids by making visual
comparisons with objects of known dimensions such as road lane width, height of guard rails or
road signs. The presence of daylighting discontinuities and interbeded weak/strong rock units
can also be visually inspected.
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7
Table 1: Rockfal hazard parameters measurable in Google Earth/Google Street View.
Rockfall Hazard Rating System
Factor Score
3 Points 9 Points 27 Points 81 Points
Slope Height 25 to 50 ft 50 to 75 ft 75 to 100 ft >100 ft
® Slope Length 0 to 250 ft 250 to 500 ft 500 to 750 ft >750 ft
% Slope Aspect N E, W, NE, NW SE, SW S
E Slope 15t0 25 25 t035 degrees 35t0 50 >50 degrees
@ Inclination degrees degrees
8 Slope Possible Some minor Many Major rock
) Roughness launching launching launching launching
features features features features
Structural Discontinuous | Discontinuous | Discontinuous Continuous
Condition or Continuous | or Continuous fractures, fractures,
& fractures, fractures, adverse adverse
O 5 favorable random orientation orientation
o= orientation orientation
S I Degree of 1 to 2 weak 1 to 2 weak >2 weak >2 weak
S % Interbedding | interbeds, <6 in | interbeds, >6 in | interbeds, <6 in | interbeds, >6 in
O & Degree of 0to1lft 1to 2 ft 2104 ft >4 ft
6 Undercutting
Average 6to 12 in. 1to2ft 2to 5 ft >5 ft
Block Size
- o Sight >80% 60% to 80% 40% to 60% <40%
% 5 Distance
Q | Catchment 100%-95% 95%-65% 65%-30% 30%-0
& 3 Ditch
- Effectiveness

ROCKFALL HAZARD RATING WITH DIGITAL SURFACE MODELS (DSMS)

DSMs from TLS and 3D photogrammetry for discontinuity characterization have been
shown to be useful to characterize discontinuity orientation, spacing, roughness (Lato et al.,
2009% Lato and Voge, 2012; Nguen et al., 2011, Sturzenegger and Stead 2009) and rockfall
hazard evaluation (Lato et al., 2009°, Nguen et al., 2011; Kemeney and Turner, 2008). Lato et al.
(2009°). LiDAR scans from different time periods can be used to identify sites of rockfall release
based on change detection (Lato et al., 2009° and Nguen et al., 2011).
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High resolution DSMs are mainly derived from terrestrial LIDAR (TLS) and 3D
photogrammetry. Both methods generate a cloud of points (each having X, y, z values as well as
RGB values) representing the surface of a scanned object, which in this case is a slope cut
(Figure 3). The LiDAR scanner shoots a laser onto a target and records the returned laser signal
to calculate x,y,z coordinates of every point from which the laser beam bounces. 3D
photogrammetric methods such as structure from motion (sfm), can also generate a point cloud
from overlapping photographs. From the 3D point cloud, a digital surface model (DSM) made up
of triangulated mesh can be generated (Figure 3). Geologic discontinuities can be identified as
flat surfaces on the DSM. Split FX (www.spliteng.com) or Maptek I-Studio
(https://www.maptek.com/products/i-site/i-site_studio.html) can be used to identify
discontinuities on DSMs and measure their orientations. The Split FX software can also calculate
area, elevation, centroid location in space of discontinuities. This data can be exported as .txt file.
The ability of TLS and sfm to scan steep inaccessible slope cuts, reduce the risk to personnel,
and create a permanent record of slope surface (Higgins and Andrew, 2012).

b)

Figure 3: a) point cloud from sfm photogrammetry and b) DSM made from triangulated mesh
surface.
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INTEGRATING GOOGLE EARTH/GOOGLE STREET VIEW WITH DSM

Various rockfall hazard parameters can semi-quantitatively be determined using the
methods described above. This research proposes a streamlined rockfall hazard methodology that
integrates evaluation of selected parameters from the Google Earth/Google Street View images
and further quantifying geologic parameters using DSMs. In Google Earth and Google Street
View, slope cuts can geometrically and geologically be characterized. Once the dominant
geologic control is identified, the occurrence of past rockfalls and likelihood of future events can
be quantified from DSMs. Therefore, a two staged approach for road level remote sensing based
rockfall hazard evaluation is proposed.

Stage 1- Google Earth/Google Street View:

The objective of this initial stage is to characterize cut slopes geometrically (slope height,
length, aspect) and identify geologic controls of rockfall generation. Slope profile parameters
such as slope height, slope length, slope inclination, and slope aspect can be collected from
Google Earth (Table 2). In Google Street View, the main geologic control (rockfalls are resulting
from unfavorable orientation of discontinuities or induced by undercutting) potentially causing
rockfalls can be visually identified (Table 2). Further, the type of structurally controlled failure,
plane, wedge or toppling can be identified (Table 2). From rockfall voids, orientations of
discontinuities bounding rockfalls can be estimated using slope aspect (determined in Google
Earth) as reference. Rockfall voids are bounded by at least three discontinuity surfaces. The
orientations of at least three surfaces (J1, J2, J3) bounding a rockfall void need to be estimated
from Google Street View (Figure 4). One of the three bounding surfaces, Jz, is an overhang
oriented nearly parallel to the slope face. The presence of J2 indicates past rockfalls and a
possible future release of rockfalls. Similarly for slopes affected by undercutting, the orientation
of exposed undercut surfaces, which in most cases are subhorizontal also indicate past rockfalls
and imminent rockfall. The estimate of orientation of undercut subhorizontal surfaces and joint
spacing controlling depth of undercutting can be estimated. Finally, a geodatabase in Google
Earth or Arc GIS can be built to organize the geometric and geologic attributes of each slope cut
as well as Google Street View images (Table 2).

Stage 2: Digital Surface Models (DSMs)

Once the preliminary slope profile and geologic data have been collected in Google
Earth/ Google Street View and a geodatabase is created, the second step is quantifying geologic
parameters that control rockfall release. DSMs can be used to quantify the two main geologic
controls, which are structurally-controlled or undercutting-induced failures. Depending on which
of the two controls are prevalent, two different approaches may be used.

Structurally Controlled Failures

From DSMs, discontinuities can be identified as exposed flat surfaces and their
orientation can be determined using software such as Split FX and Maptek I-Studio. Each
discontinuity centroid location, area, and elevation can also be determined in Split FX and
exported as a text file. In the case of structurally controlled failures, rockfall source sites are
defined as exposed voids that form after the release of rockfalls. As discussed above, such voids
are bounded by at least three discontinuity surfaces (J1, J2, J3). More rockfall voids indicate more
frequent past rockfall activity and a higher future likelihood of rockfalls. One of the three
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bounding surfaces, Jz, is an overhang oriented nearly parallel to the slope face serving as a
release surface for a previous rockfall (Figure 4). The presence of J indicates the presence of
past rockfall events and possibility of future a future release.

Table 2: An example of data table to record stage 1 and 2 data.

Sight information

Date 6/19/2017

Location West Rockingham County-VA/Route 33/Shendoah Mt.

Site Designation Rt 33-20 |

Lithology/Age Interbedded Sandstone and Shale/Miss-Devonian(320-410Ma)

Comments

Slope Profile Values

Slope Height 21 ft

Slope Length 355 ft

Slope Aspect 75°

Slope Roughness

Slope Inclination >50°

Geologic

Characteristics Veles

Structurally controlled

failures (plane, wedge,

topple) None

Orientation of release

surfaces (Dip Dir/Dip) None

Undercutting Induced One

failures undercutting

unit,

undercutting
depth 1 -2 ft

Orientation of Horizontal

undercut surfaces

Degree of

Undercutting 1-2 ft

DSM Parameters Values

Parameter A

Parameter B
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Figure 4: Sketch showing a rockfall void and bounding surfaces (J1, J2, and J3).

In this research, such surfaces are termed as rockfall release surfaces and are quantified
as Parameter A. Parameter A is weighted by elevation to give higher weight for high elevation
release surfaces.

Parameter A = [ X (J2ai * Zi/100) / Slope length*Slope Height] * 100

Where J2ai is the area of the rockfall bounding surface parallel with slope face, and Ziis the
centroid elevation in feet of an individual release surface in feet.

Parameter A score is added to Table 2.
Undercutting Induced Failures

The area of individual subhorizontal discontinuities (undercut overhangs) is proportional
to the depth of undercutting. The maximum depth of undercutting is controlled by spacing of
discontinuities. Therefore, the area of subhorizontal surfaces should be compared with
discontinuity spacing to evaluate how close a rockfall is to being released. An estimate of the
orientation of undercut surfaces and joint spacings should come from Google Street View
measurements or estimates. Parameter B evaluates how close undercut surfaces are to failing
based on maximum depth of possible undercutting before a rock block is released. Parameter B
compares the areas of exposed undercut surfaces to the maximum possible area of undercut
surfaces before a rockfall is released. As undercutting from higher elevation can generate more
energetic rockfalls, Parameter B is weighted based on elevation.
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Parameter B = [Z ( Ansi* Zi/100)/ = ( [Ansi / Wund] * Wung)] * 100

Where Ansis area of individual horizontal surfaces determined from discontinuity data measured
from DSMs

Ziis centroid the elevation of the flat discontinuity in feet normalized to a 100 ft height,

Wund is the average maximum depth of undercutting based on joint spacing estimated in
Google Street View,

Ans1/ Wund 1S an approximate length of individual horizontal surfaces.

Parameter B score is added to Table 2.

CASE STUDIES
Afton Mountain Cut — 1-64

The Afton mountain is a slope cut located on the westbound section of Interstate 64 in
Virginia (mile marker 101) with a slope aspect of 165° (Figure 5). The rock unit is a late
Proterozoic meta-basalt with a well-developed highly persistent south dipping foliation and
subvertical orthogonal joints. It is evident from Google Street View that rockfalls due to plane
failures along the southeast dipping foliation are prevalent.

Rockfall release surface (J2)

Figure 5: Google Street View image of Afton Mountain cut on 1-64 west bound.
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Parameter A

Several areas of past rockfall release sites are observed on the slope face (Figure 5).
Release surfaces were visually identified using Google Street View. Judging from the slope
aspect determined in Google Earth, rockfall release surfaces (J2) are near vertical (> 65°) with
dip directions between 135 and 175. Discontinuities with such orientations were selected on the
DSM (Figure 6). The  (J2ai * Ziint /100) was calculated to be 0.17 m? and the Slope length *
Slope Height is 311 m2.

Parameter A = [ X (J2ai * Zi/100) / Slope length*Slope Height] * 100
Parameter A = (0.17 m?/311 m?) * 100 = 0.05 (the maximum can be 100)

US 33 Cut

A slope cut on US 33 consisting of interlayered sandstone and shale units belonging to
the Hampshire formation of Devonian age is chosen as a site representing slope cuts with
undercutting-induced rockfall problems (Figure 7). The section of US 33 where it crosses the
Allegheny Mountains in western Virginia is prone to releasing undercutting-induced rockfalls
due to interlayering of strong layers with soft erodible layers. There is no evidence for
discontinuity orientation-controlled slope failures.

Parameter B

At the US 33 cut, 29 subhorizontal surfaces that are sites of undercutting have been
identified (Figure 7). Using Google Street View, the average spacing of joints parallel to the
slope face (Wund) that control the depth of undercutting was estimated to be 0.5 m. The area and
elevation of discontinuities was determined using Split FX.

Therefore,

Parameter B = X ((Ansi* Zi/100)/ Z ( [Ansi / Wund] * Waund)
T ( Ansi* Zi/100) = 0.19 m?

T ([Ansi / Wund] * Wund = 4.9 m?

B = 0.04 (the maximum can be 100)
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Figure 6: a) Triangulated mesh from cut slope along 1-64 highway in Virginia and b) selected release
surfaces.
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b)

c)

Figure 7: a) Google Earth Street View of a road cut along US 33 highway in Virginia showing
undercutting, b) mesh created from a LiDAR derived.

SUMMARY AND CONCLUSIONS

The increasing availability of road level remote sensing methods such as Google Street View
and high resolution DSMs offer a great opportunity for support of rockfall hazard rating.
Geologic parameters can be semi-quantitatively described by visual inspection. Once the
orientations of release surfaces or undercutting surfaces have been estimated in Google Street
View, DSMs can easily be used to and repeatedly to quantify rockfall hazard. More sites with
geological variation should be tested to refine the method. In conclusion the proposed method:

1) Demonstrates the use of road level remote sensing methods for safe and efficient rockfall
hazard rating.

2) Leads to automated rockfall hazard rating from DSMs derived from vehicles.

3) Allows time lapsed monitoring of slope cuts to evaluate long term performance of slope
cuts.

4) Leads to digital geospatial management of slope cut information.
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In addition to the methods discussed in this research, the use of Google Earth to identify
rockfall generation potentials from the back slope (natural slopes above cut slopes) that is not
visible from road level should be explored. The back slope is not visible from road level but
Google Earth aerial photos can provide preliminary information for further LiDAR or 3D
photogrammetric investigation. Finally, it should be noted that the proposed method or other
road level remote sensing methods should not replace field-based rockfall hazard analysis but
used as a preliminary evaluation technique.
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ABSTRACT

Ontario has over 16,500 km of provincial highways, many of which are subject to
rockfall hazards associated with slopes and rock cuts adjacent to the roadways. The recurrent
nature of rockfall hazards necessitates frequent monitoring and a method of prioritization for
remedial efforts. To date within Ontario this has been carried out by the application of the
Ontario Rockfall Hazard Rating System (RHRON) which acts to quantify relative hazard at a
given site, estimate the cost of remediation, and provides a basis for comparison between sites.

The RHRON System relies on on-site manual measurements, exposing employees to
some measure of traffic and rockfall hazard. In addition, manual measurements of the rock face
itself are limited to portions of the face which can be quickly and safely accessed. In order to
minimize the risk to employees, decrease the time required, and increase spatial coverage,
mobile terrestrial photogrammetry has been employed to generate 3D models using the Structure
from Motion Multi-View Stereo methodology. Using this technique, photographs are gathered at
highway speed along a pre-planned survey route and used as inputs to develop three-dimensional
photogrammetric models of the slope, from which many of the RHRON parameters can be
extracted.

While the use of terrestrial photogrammetry to complement site investigations is well
established, performing surveys from a mobile platform allows users to increase spatial coverage
per time period while limiting their exposure. Analysis of individual models allows the
extraction of many of the RHRON parameters. By collecting multi-temporal data, users are also
able to detect changes over time, identify prevalent rock fall source and accumulation zones, and
better assess the effects of previously employed remedial actions. A review of the methodology
and results for several rock cuts monitored in the South Eastern region of Ontario will be
presented.
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INTRODUCTION

Rock cuts adjacent to Ministry of Transportation of Ontario (MTO) infrastructure
represent a geohazard which must be monitored to manage the ongoing safety of MTO personnel
and highway users. Currently, monitoring is accomplished primarily through site inspections
with the application of the Ontario Rockfall Hazard Rating System (RHRON) which rates each
rock cut to allow prioritization of mitigation efforts (1, 2). The inspection and subsequent
RHRON rating of each rock cut is either done by MTO Engineers or contracted out to
consultants qualified in the use of the system. The RHRON rating level dictates the time
between inspections. However, manually rating each site presents a number of hazards and
limitations. Even though the surveys are conducted with traffic controls present, performing the
ratings manually subjects workers to traffic hazards near high volume highways, and rock fall
hazards when working beneath steep slopes. These potential hazards could be reduced by
collecting data from a remote platform. In addition, remote sensing facilitates the inspection of
areas on a slope which are difficult and potentially hazardous to access in person. The use of
remote sensing technologies, which can collect high resolution three-dimensional (3D) data,
captures the topography of the slope at a unique point in time. Collection of multi-temporal
datasets permits analysis of the changes in geometry, thereby documenting changes occurring on
the slope over time (3, 4). From this information, the locations of slope activity, the volume and
size of material moving or accumulating, and the time period over which the activity is occurring
can be assessed. When combined with climate data, this information provides insights into the
potential causes of rockfall events.

There are a number of proven remote sensing techniques including photogrammetry,
LiDAR, and GB-InSAR which can be used for rock hazard assessment. Photogrammetry has
been chosen for further investigation in this study as it is capable of providing high quality
results and widespread coverage at a low cost.

Digital photogrammetry involves the reconstruction of 3D models from sets of
photographs covering a target feature. Using a ‘Structure from Motion Multi-View Stereo’
(SfM-MVS) approach, conjugate points between two or more overlapping photographs are
identified and 3D coordinates are assigned to each point. While not discussed exhaustively in
this paper, readers are referred to James and Robson, 2012, Westoby et al, 2012, and Smith et al.,
2016 for a more detailed explanation of SIM-MVS and the generation of 3D models from
photographs (5, 6, 7). SIM-MVS photogrammetry represents a proven, fast, and low-cost
technology which can complement current practices for road cut inspections.

In addition to supporting change detection analysis, photogrammetry models can produce
point clouds which can confirm or aid in the extraction of RHRON parameters, as well as
providing a medium for information transfer. Once processed, a point cloud is easily
transferable, allowing personnel to retroactively analyse sections of the rock face which were
difficult to access in the field as well as to manipulate the model in 3D space. Experienced users
can quickly and accurately identify hazardous segments, as stipulated in the RHRON workflow,
from these models. Within these segments, RHRON parameters such as the crest angle, clear
zone width, height, joint orientation, joint persistence, block size, and volumetric rockfall
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quantities can be extracted, both as single values and as a measure of their variability across the
segment.

The RHRON system has been applied to generate ratings for each rock cut in Ontario,
which are labelled as Class A, B or C, with Class A being the most hazardous. It is not necessary
to collect or process photogrammetric data for every rock cut within the 16,500km of highway
monitored by the MTO. Rather, data collection can be focused on Class A and Class B sites
which may present recurring problems. In addition, retroactive construction and analysis of
models can be completed if sites begin to present problems in the future.

High-speed photogrammetry involves the collection of photographs from a vehicle
moving at highway speeds. The photographs are then used as inputs to the construction of 3D
models. Many of the benefits described in this paper including change detection, remote slope
assessment, and data extraction from point clouds are achievable through other remote sensing
technologies or the application of photogrammetry from a different platform. However, mobile
terrestrial photogrammetry can allow data collection to cover large areas at low cost without
impeding the flow of traffic or acquiring permits for UAV and helicopter flights over
transportation corridors.

OVERVIEW

This paper presents some preliminary results of incorporating mobile terrestrial
photogrammetry into rock cut inspections. Testing began in the summer of 2017 with the
intention of assessing the feasibility of collecting photogrammetric data at highway speeds
ranging from 50km/h, on highway off ramps, to 100km/h on 400 Series highways. It is also
permissible to collect data at speeds as low as 25km/h where required (4). Eleven rock cuts
adjacent to highways were selected as test sites based on the range of different geometries they
offered (Figure 1), and their proximity to Kingston, Ontario. Ten of the rock cuts chosen are
located on a five kilometer long segment of Highway 15, labelled as Study Area 1 in Figure 1, to
the Northeast of Kingston. Models from this segment were used to establish the feasibility of
high speed photogrammetry and vary from 2-10m in height and 10-120m long. Only four of the
outcrops in this area are rated using the RHRON system as the remainder are too small to pose a
hazard to users of the roadway. Study Area 2 was chosen as it represents a more complex site,
and is rated as a Class A site. The outcrop reaches 12 meters tall and is 100m meters long. It
also displays significant curvature as the site is located on an off ramp connecting Highway 137
to the 1000 Islands Parkway. Surveys were completed on a bi-weekly basis throughout June and
July 2017 to assess whether photographs captured at highway speeds were able to produce high
quality models capable of being used in a detailed assessment of a slope. After establishing
feasibility, subsequent analysis refocused on optimizing camera settings, lens type, and camera
orientation for future surveys.
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One of the primary advantages of photogrammetry over other remote sensing
technologies is the portability, low cost and low quantity of required equipment. The equipment
used in this study consisted of a Nikon D5300 camera (24 MegaPixels), a Nikon AFS 35mm DX
rectangular frame lens (f 1.8), a Nikon DX 10.5mm fisheye lens (f 2.8), and a Solmeta N3 global
positioning system (GPS) which was mounted on the camera. It is also important to note that the
Nikon D5300 has a DX (crop) sensor effectively magnifying the focal length of each lens by a
factor of 1.5. Due to constraints discussed later in this paper, photographs were captured in ‘fine
JPEG’ format. For the purposes of change detection, LIDAR scans were captured using a FARO

Focus 3D X130 laser scanner (8).



69™ HGS 2018: A. MacPhail, D. Gauthier, J. Hutchinson

METHODOLOGY

Data capture is intended to be performed by two people with one designated driver and
one photographer. A survey route is first designed to maximize the number of sites which can be
visited over a certain time period. When traveling at speeds of greater than 80km/h it is often
necessary for the vehicle to collect data over two passes of the rock face which must be taken
into account during survey planning. Alternatively, a single pass may be adequate so long as two
cameras are used to acquire data. The exact number of photographs required is dependent on the
speed of the vehicle, the distance from the rock cut to the camera, the field of view of the lens
and the desired quality of the resultant model. A typical data acquisition campaign for the slopes
shown in this paper would attempt to capture a minimum of one photograph for every 2-4m
travelled along a rock face, although more photographs will typically result in a more complete
model. The weather must also be monitored prior to the specified day of the survey to ensure
adequate natural lighting during the data collection work. Ideal weather for photogrammetry is
bright but cast-over days, ideally producing uniform shadowing on rock faces. Time of day and
orientation of the slope should also be considered where possible, to provide maximum natural
lighting on the slope.

During the approach to study sites, the photographer manually optimizes the camera
settings based on the geometry and lighting of the upcoming slope. This involves manually
altering the three primary camera settings, shutter speed, aperture, and ISO, to ensure the
resulting photographs are well exposed, sharp and in focus. This is necessary as the lighting
conditions on a rock face can change over short distances depending on the relationship between
the aspect of the slope and the position of the sun. Vegetation coverage, especially in the form of
trees surrounding the slope, can also have significant impact on the lighting conditions on a rock
face. Darker and more uniform colouring in photographs can negatively impact the ability of the
software to identify conjugate points between photographs resulting in lower quality models.
The most important camera setting to consider with regard to high speed photogrammetry is the
shutter speed. When moving at highway speeds it is crucial to ensure the shutter speed is
adequate to produce sharp photographs minimally affected by motion blur. Typically a
minimum shutter speed of 1/4000 was found to be necessary when travelling at speeds of over
60km/h.

As the vehicle comes adjacent to the beginning of a target feature, data collection is
initiated with the camera oriented orthogonal to the overall strike of the slope. The photographer
should attempt to maximize the number of photographs gathered as the vehicle drives past a site
maintaining a minimum horizontal overlap between photographs of 50% (9).
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PROCESSING WORKFLOW Collect photographs

The construction of photogrammetric models throughout this »L
study was done using the commercial SIM-MVS software Agisoft Mask reflectiveand
Photoscan Pro, Version 1.2.4 (9). Figure 2 describes a generalized non-stationary
workflow for photogrammetric model construction (modified from 10) portions ofimages

which mirrors the processing steps in Photoscan.

i

Establish scale

While not necessary for model generation, model scaling was

done using a geotagger attached to the camera which adds GPS co- b
ordinates to the EXIF data for each photograph. This enables the Generate sparse
calculation of accurate distance and volume measurements in later pointcloud usinga
processing steps. Other potential scaling options include LiDAR point Structure from
clouds, georeferenced survey targets fixed to the slope, and locating Motion Approach
objects of known dimensions on the slope itself prior to collecting data. 1
Previous work has shown that the addition of geotagger data generally Generate dense
scales models to within 3% of true scale although there are occasionally | pointcloud usinga
problems resolving the orientation of the models in 3D space (11). Multi-View Stereo
These orientation issues can be exacerbated when moving at highway approach

speeds as the precision of the geotagger decreases with the rapid
movement of the vehicle.

Interpolate mesh

Models were typically taken to the ‘dense cloud’ stage of
processing where multi-temporal comparisons could be made using a workflow within
vector based algorithm. In some cases, a mesh was also interpolated .

hrouch the d it cloud and used as the basis f del Agisoft Photoscan Pro,
through the dense point cloud and used as the basis for mode vVersion 1.2.4
comparison.

Figure 2: Processing

Change Detection

Two sites were chosen to test the achievable limit of detection for models produced using
mobile terrestrial photogrammetry. As all of the sites investigated in this study are well
maintained by the MTO, a number of rocks were actively placed or moved on safely accessible
areas of the rock face to determine the limits of detection for change. The overall procedure
followed was the same for both study sites and involved collecting baseline LiDAR scans,
collecting a ‘before change’ photogrammetry model, modifying the slope, collecting an ‘after
change’ photogrammetry model, and comparing the results. The LiDAR scans were assumed to
be representative of the true shape and orientation of each site and were used to scale and
validate the photogrammetry models.

Processing of the photographs was done in Agisoft Photoscan V 1.2.4 (9), following the
procedure described above, to produce a dense cloud end product. The dense point clouds were
then aligned and scaled using the open source software package ‘CloudCompare’ (12). Change
detection was primarily performed in CloudCompare using the vector based M3C2 algorithm
(13). However, in some cases a mesh for the before and after change models was interpolated
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using the program Polyworks (14). In these cases the two resultant meshes were compared using
a shortest distance approach within Polyworks.

RESULTS AND DISCUSSION
Models

Figure 3 below a typical series of end products from a high speed photogrammetry survey
processed in Agisoft Photoscan. Once produced, dense clouds are typically used during change
detection due to their compatibility with the M3C2 algorithm. However, a mesh can also be
interpolated based on the dense cloud points which can reveal valuable information relating to
the structure of the rock mass. Mesh generation is done using built-in methods in Photoscan
which employs a Poisson Surface Reconstruction algorithm to produce a solid polygonal surface

(9).

In addition to enabling geometric and volumetric calculations of sections of the slope,
capturing photographs allows one to reconstruct a high quality scene representative of a site at a
given point in time. This can be extremely useful model, allowing personnel who were unable to
visit a site in the field to gain a more complete understanding of the geometry, failure mechanism
and active processes in the area.

Figure 3: Modeling results for site E-137-2 (Study Site 2) shown as a dense cloud, a
colourless mesh, and a coloured mesh.
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Lens Type

One of the benefits of using Photoscan Pro is that the software is equipped to support
different lens types, including a calibration for both fisheye and rectangular frame lenses. This
allowed a comparison of the two lens types used in this study, a 35mm rectangular frame and a
10.5mm fisheye lens, showing that the 10.5mm fisheye was the optimal lens to use in mobile
photogrammetry. The primary benefit of using a fisheye lens was to allow a greater field of view
to be captured in each photograph. While the focal lengths of the two lenses are different, we
found models produced using a fisheye lens tended to be closer to the true shape of the rock cut
when compared to LiDAR scans. Figure 5 shows a comparison of models produced using both a
fisheye and rectangular frame lens to a LIDAR model of the site. It was found that the shape of
models produced using the fisheye lens were closer representations of the true shape of the site
as indicated by LiDAR models. The radial field of view using the fisheye lens also allowed
photographs to capture debris in the ditch as well as oblique joint faces which would be difficult
to capture using a rectangular frame lens. An example of the field of view of both lenses from
the nearside highway lane is shown in Figure 4 below.

10.5mm Fisheye Lens Photograph 35mm Rectangular Frame Lens Photograph

Figure 4: Field of view for a 10.5mm fisheye lens (Left) and a 35mm rectangular frame lens
(right).

10
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Plan View Fisheye Lens Model

View from Road >

Rlan View Rectangular Frame Lens Model

Figure 5: (Top) Photogrammetry model produced using a 10.5mm fisheye lens shown in
true colour. (Bottom) Photogrammetry model produced using a 35mm rectangular frame
lens shown in true colour. An aligned LiDAR model is shown in both images in orange and

yellow.

RHRON Input Extraction

The RHRON system is based on a Rockfall Hazard Rating System (RHRS) developed by
the Oregon Department of Transportation which was modified for use in Ontario (1, 15). It
provides a mechanism for rating and comparing the hazard of rock cuts adjacent to highways
throughout Ontario. The system has two separate levels of application depending on the degree
of hazard posed by the rock cut. The lowest level is a preliminary assessment which results in a
‘Basic RHRON score’. A Basic RHRON assessment consists of evaluating four factors which
are rated from 0 (good) to 9 (bad) and averaged to calculate the Basic RHRON score. The four
factors include:

F1 — Magnitude — The quantity of potentially unstable rock on a slope

F2 — Instability — An estimate of the temporal probability and frequency of rockfall
F3 — Reach — An estimate of the probability a falling rock will reach the highway
F4 — Consequences — An estimate of the potential consequences of rockfall

11
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The Basic RHRON score is then combined with the crest angle, defined as the upward
angle between the edge of pavement and the highest unstable rock, to classify the slope as Class
A, B, or C. Reassessment of all sites is conducted every five years. Sites historically labelled as
Class C are assessed from a vehicle while Class A and B sites require inspectors to approach the
slope on foot (1).

Given their higher hazard rating, Class A sites are then evaluated more thoroughly by the
application of a Detailed RHRON rating scheme. The first step in a detailed evaluation is to
separate the length of the slope into segments which display similar failure mechanisms and
degree of hazard. Twenty different parameters are then analysed to determine the detailed
RHRON score (1).

Table 1: Detailed RHRON sections and parameters including an indication of the
possibility of extraction from photogrammetric models

Detailed RHRON Assesment Factors
Rockfall History and Quantities Face Geometry
RHRON Factor Description Can Be Extracted from RHRON Factor Description Can Be Extracted
Models? from Models?
. With multitemporal ;

P1 History of Rock Falls ) P12 Height yes
modeling

P2 Largest Expected Fall or slide volume Yes P13 Crest Angle yes

P3 Total quantity of potential falls or slides Yes P14 Clear Zone Width yes

P4 Face Irregularity Yes

P5 Face Looseness ?

Rock Mass Properties Traffic Data
RHRON Factor Description Can Be Extracted from RHRONM Factor Description Can Be Extracted

Models? from Models?

P6 Joint Orientation/Persistance Yes P15 Ditch Effectiveness ?

P7 Intact Strength no Plg Overspill ?

P8 Shear Strength no P17 Average Vehicle Risk no

P3 Block Size yes P18 Decision Sight Distance no

P10 Slake-Durability Index no P19 Available Paved width no

P11 Water Table ? P20 Remediation Cost no

The input factors for a detailed RHRON analysis are listed in Table 1. In addition to
allowing retroactive visual inspection of sites and change detection, model generation can allow
users to accurately extract a number of the basic and detailed RHRON parameters (Table 1).
Capturing regular, sequential models can increase the number of RHRON factors users can
assess to include the rockfall history, ditch effectiveness, overspill, and seasonal water table
height. Extracting detailed RHRON parameters from models could decrease the time required for
personnel on site and increase the accuracy of measurements in the field.

Due to time constraints, personnel availability, site accessibility, and the length of road
which must be monitored, many of the volumetric and geometric parameters are currently
visually estimated in the RHRON system. While this has proved effective, the ability to extract
these parameters from point clouds when considering remediation options would be useful. The
use of photogrammetry to monitor sections of highway could provide a platform to accurately
measure many of the parameters which are currently difficult to directly or quickly estimate on
site. Specifically, photogrammetry models permit users to extract the parameters contained
within the ‘Rockfall History and Quantities’ and ‘Face Geometry’ sections of a detailed RHRON
assessment.

12
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Figure 6 below shows two examples of point clouds being used to extract data relevant to
an engineering evaluation of a rock face. The upper image shows the estimation of the crest
angle, defined as the upward angle from the edge of the pavement to the uppermost point of
instability. Geometric factors such as the angle of the slope, ditch depth, and clear zone width
are important in RHRON ratings and can be swiftly extracted from point cloud data. The lower
image in Figure 6 shows an example of joint set extraction and stereonet construction from point
cloud data. In some rock cuts there are site accessibility constraints which can add unnecessary
hazard to manual measurements being taken on the rock face. Point clouds can provide a
mechanism to safely and accurately extract joint set orientation data and analyse potential failure
modes.

Figure 6: (Top) Cross section of a point cloud used to estimate the Crest Angle. (Bottom)
Extraction of joint orientation data from a point cloud to a stereonet.

Change Detection

Analysis of time sequential models permits the detection of change, whether due to loss
of material from the slope face or gain of material on the slope face or at the toe and beyond. It is
important to detect as small a change as possible, while removing the effects of noise from the
analysis. The limit of detection (LOD) represents the threshold separating noise and true change.
The limit depends on the quality of the models and the quality of the alignment. When
considering photogrammetry models there are a range of variables affecting model quality
including the distance from the camera to the target feature, the camera’s sensor size and pixel
count, the focal length of the lens, and environmental factors such as the lighting on the rock face
(16).

In order to examine the limit of detection, ‘before change’ and “after change’ models of
two slopes were constructed using photographs taken minutes apart with the same camera and
lens, and with minor changes introduced by moving blocks on the slope. The two resulting

13



69™ HGS 2018: A. MacPhail, D. Gauthier, J. Hutchinson

models should therefore be identical with the exception of the small changes made to the slope
between the two surveys. As the two models should be almost identical, any changes preventing
a perfect alignment can be interpreted as noise produced during the modeling process or
registration errors produced while running the iterative closest point (ICP) algorithm used to
align the two point clouds. The practical LOD referenced for Site 1 and Site 2 below is therefore
quantified as two times the Root Mean Squared (RMS) of the alignment between the ‘before
change’ cloud and the ‘after change’ cloud (11). One of the limitations of using this method to
assess the LOD is that the RMS error represents an average of the registration error across the
entire rock face but the quality of the alignment between the two models may be spatially
variable.

Site 1

Site 1 is a rock cut approximately 3m tall and 85m in length (Figure 6) adjacent to a
highway with a posted 80km/h speed limit (Latitude: 44.448N Longitude: -76.267W). Figure 7
below shows the ‘before change” model with the sizes and location of the rock moved between
surveys.

For this survey, the rocks were initially part of the slope during the ‘before change’
models and were removed before capturing the photos for the ‘after change’ models. As such,
the change detection below primarily reveals a loss of material from these locations. Change
detection at this site was performed using the program Polyworks which compares two meshed
models using a shortest distance approach (14). Figure 8 below shows the results of the change
detection at Site 1 where the limit of detection was found to be approximately 10cm.

Rocks moved between surveys

Figure 7: Rock cut mesh (top) derived from images taken with a fisheye lens. Inset images
show the locations and approximate volumes of rocks being moved between surveys.
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Rocks moved between surveys Change not detected
Figure 8: Change detection map highlighting the locations of rocks moved between surveys.
Scale bar units are in meters; limit of detection +/- 10cm as shown by grey colour.

Site 2

The outcrop at Site 2 is approximately 15m tall and 110m in length and is located on a
highway off-ramp with a speed limit of 50km/h (Latitude: 44.369N Longitude: -75.977W). All
of the photos taken during this survey were taken using a Nikon 10.5mm DX fisheye lens which
was able to capture the full height of the rock cut in every photo. After the ‘before change’
survey the rock face was approached and a number of rocks were repositioned. In addition,
sections of accumulated talus were removed from areas near the base of the rock slope. All of
the induced changes were concentrated on the steeply dipping face outlined in Figure 8 below.

At a speed of 50km/h the limit of detection was found to be Scm. Differences between
models at this site were compared using the program CloudCompare (12) and calculated using
the vector-based M3C2 algorithm (13). Each of the changes induced on site were identified
within the Scm LOD in the resultant change map (Figure 10). Error caused by model alignment
is also visible as loss (blue) in the upper right corner of Figure 10. While alignment errors are
not always easy to detect, they are typically located in areas with low point densities or areas
where data is not available due to occlusions.
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Photogrammetry Model

A

Figure 9: Photogrammetry model (top) and LIiDAR model (bottom). The section of the face
where modifications were made between surveys is outlined by the black box.
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Figure 10: Change detection map of E-137-2 (Top) with the bottom image showing the
locations on the slope where modifications were made between surveys. The degree and
distribution of change is indicated in the histogram to the right of the colour scale. Units

on the scale bar are reported in meters with the 5cm LOD shown in grey. The blocks

moved on the slope range in volume from 10-45cm?®.
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LIMITATIONS

Despite the success found in being able to generate models at highway speeds, a number
of key limitations were also discovered over the course of the study.

Decreasing Image Capture Rate Over Time

Cameras are rated for a certain value of ‘frames per second’ (fps) which is inherent to a
certain camera model. A typical consumer digital single lens reflex (DSLR) camera is capable of
capturing approximately 5 fps which is adequate for high speed data collection. However,
cameras use a ‘buffer space’ to handle images. Each time a camera takes a photograph, the data
is temporarily stored in the buffer before being stored permanently on the SD card. When
continuously capturing images, the buffer can fill, lowering the fps of the camera to below its
reported value. For rock cuts greater than 100m in length, the size of the buffer begins to
become important as it can prevent users from capturing data with the overlap required by
processing software. For the Nikon D5300 used in this study we found that the fps decreased
from 5fps to 3.3fps when continuously capturing photographs for over 10 seconds. The buffer is
also affected by the file size of the photograph being stored. While it would generally be ideal to
capture minimally processed RAW images to prevent data loss, they represent a larger file size.
The Nikon D5300 used for this study was only able to capture 1 RAW photograph per second
when continuously capturing images for more than 10 seconds. Therefore, JPEG images were
collected in order to allow adequate overlap between photographs.

Rock Cut Geometry

Generating models using remote sensing techniques typically requires moving the data
acquisition unit to a number of different vantage points in order to limit line-of-sight occlusions
in the final integrated model. One of the primary drawbacks of capturing photographs from a
vehicle is the limited line of sight available from the highway. As all of the photographs are
collected from a uniform height, areas obscured from the perspective of the highway will be
occluded in the final model.

Vegetation

Vegetated surfaces present a number of challenges from a modeling perspective. These
challenges are not specific to high speed photogrammetry but are important considerations when
assessing model quality and limitations. The primary impact of vegetation in mobile surveys
relates to the inability of the processing software to identify conjugate points in vegetated areas.
As vegetation can move between photographs and is typically of uniform colour, the point
density in vegetated sections of rock faces is often orders of magnitude lower than point density
on solid rock faces devoid of vegetation. When using data collected at highway speeds,
vegetated sections of the slope are often occluded in the final model because the software cannot
identify points in these regions. This problem is present when using other photogrammetry
platforms (e.g. Unmanned Aerial Vehicle (UAV), helicopter, handheld) but is exacerbated by the
speed of the vehicle. The second problem posed by vegetation relates to its impact on change
detection. As vegetation grows and diminishes seasonally, the comparison of multi-temporal
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surveys can show false, spurious change resulting from vegetation growth or loss. This can be
resolved through investigation of the two photosets, and removal of data points collected from
vegetation, but adds time to the processing workflow.

CONCLUSIONS

This study tested the feasibility and potential applications of gathering and processing
photogrammetric data from a mobile terrestrial platform. High speed data collection has proved
capable of producing high quality models which can be used as part of an engineering
assessment of rock slopes. The platform, methodology, and required training to enable data
capture are simplistic when compared to other remote sensing techniques. In addition, high
speed photogrammetry can be implemented at low cost, requiring only a consumer grade camera
and lens in addition to processing software. A number of the key points discussed in this paper
relating to the deployment of high-speed photogrammetry are summarized below:

e Data collection requires a minimum of two people, a camera, and a vehicle.

e User experience with photography is necessary using the current methodology as camera
parameters such as the shutter speed, aperture, and ISO must be manually altered to
account for variable lighting conditions on rock faces over the course of a survey.

e Fisheye lenses are more typically more effective than rectangular frame lenses due to
their larger, and more radial, field of view.

e When travelling over 80km/h, photographs must often be collected over two passes to
ensure adequate coverage. A minimum of one photograph every four meters is
recommended during data collection.

e High-speed photogrammetry can be effectively employed on sites where hazards are
visible from the line of sight available from the passenger window of a car.

e Collecting multi-temporal data can allow the construction of change maps revealing and
quantifying changes to the slope over time.

e Models can be used to extract data pertinent to an RHRON hazard assessment without
exposing workers to unnecessary hazards.

Many of the benefits of generating 3D models of sites are achievable through the
application of other remote sensing technologies or by employing photogrammetry from a
different platform. However, high-speed photogrammetry offers an easily deployable option to
quickly collect data capable of producing high quality results. While not without its limitations,
collecting data at highways speeds has the potential to allow systemic coverage of large areas at
a low cost. Even if the data is not processed at the time of collection, photographs can be stored
and used as model inputs in the future to provide multi-temporal data describing sites of interest.

Work on this project is currently ongoing at Queen’s University, with the support of the
MTO, to further define the advantages and limitations of high speed terrestrial photogrammetry.
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