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HIGHWAY GEOLOGY SYMPOSIUM
HISTORY, ORGANIZATION, AND FUNCTION

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.

Since the initial meeting, 61 consecutive annual meetings have been held in 32 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
follows:

List of Highway Geology Symposium Meetings

No. Year HGS Location No. Year HGS Location
1%t 1950 Richmond, VA 2n 1951 Richmond, VA
39 1952 Lexington, VA 4t 1953 Charleston, WV
5" 1954 Columbus, OH 6" 1955 Baltimore, MD
7™ 1956 Raleigh, NC g 1957  State College, PA
o" 1958 Charlottesville, VA 10" 1959 Atlanta, GA
11" 1960 Tallahassee, FL 12t 1961 Knoxville, TN
13" 1962 Phoenix, AZ 14™ 1963  College Station, TX
15" 1964 Rolla, MO 16" 1965 Lexington, KY
17" 1966 Ames, IA 18" 1967 Lafayette, IN
19" 1968 Morgantown, WV 20" 1969 Urbana, IL
21" 1970 Lawrence, KS 22" 1971 Norman, OK



23 1972  Old Point Comfort, VA 24 1973 Sheridan, WY

25" 1974 Raleigh, NC 26" 1975  Coeur d'Alene, ID
27" 1976 Orlando, FL 28" 1977 Rapid City, SD
29" 1978 Annapolis, MD 30" 1979 Portland, OR
31 1980 Austin, TX 32 1981 Gatlinburg, TN
337 1982 Vail, CO 34™ 1983  Stone Mountain, GA
35" 1984 San Jose, CA 36" 1985 Clarksville, TN
37" 1986 Helena, MT 38" 1987 Pittsburg, PA
39" 1988 Park City, UT 40™ 1989 Birmingham, AL
41 1990 Albuquerque, NM 41" 1991 Albany, NY
43 1992 Fayetteville AR 44™ 1993 Tampa, FL
45" 1994 Portland, OR 46" 1995 Charleston, WV
47" 1996 Cody, WY 48™ 1997 Knoxville, TN
49" 1998 Prescott, AZ 50" 1999 Roanoke, VA
515t 2000 Seattle, WA 52" 2001 Cumberland, MD
53 2002  San Luis Obispo, CA 54" 2003 Burlington, VT
55" 2004 Kansas City, MO 56" 2005 Wilmington, NC
57" 2006 Breckinridge, CO 58" 2007  Pocono Manor, PA
59" 2008 Santa Fe, NM 60" 2009 Buffalo, NY

61" 2010  Oklahoma City, OK

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.

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 pro-tem of the Steering Committee.

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 on
Wednesday morning. The field trip is usually Thursday, followed by the annual banquet



that evening. The final technical session generally ends by noon on Friday. In recent
years this schedule has been modified to better accommodate climate conditions and
tourism benefits.

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
Jerrome, 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 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.

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 visited the Niagara Falls Gorge and the Devil's Hole Trail.

At the technical sessions, case histories and 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. Some of the more recent papers may
be obtained from the Treasurer of the Symposium.

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 30 persons have been granted Emeritus status. Ten are now
deceased.

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).

10



HIGHWAY GEOLOGY SYMPOSIUM
EMERITUS MEMBERS OF THE STEERING COMMITTEE

Emeritus Status is granted by the Steering Committee

R.F. Baker*
John Baldwin
David Bingham
Virgil E. Burgat*®
Robert G. Charboneau*
Hugh Chase*
A.C. Dodson*
Walter F. Fredericksen
Brandy Gilmore
Robert Goddard
Joseph Gutierrez
Richard Humphries
Charles T. Janik
John Lemish
Bill Lovell
George S. Meadors, Jr.*
Willard McCasland
David Mitchell
W.T. Parrot*
Paul Price*
David L. Royster*
Bill Sherman
Willard L. Sitz
Mitchell Smith
Steve Sweeney
Sam Thornton
Berke Thompson*
Burrell Whitlow*
W_.A. "Bill" Wisner
Earl Wright
Ed J. Zeigler
(* Deceased)



HIGHWAY GEOLOGY SYMPOSIUM
Medallion Award Winners

The Medallion Award is presented to individuals who have made significant contributions
to the Highway Geology Symposium over many years. The award, instituted in 1969, is a 3.5
inch medallion mounted on a walnut shield and appropriately inscribed. The award is presented
during the banquet at the annual Symposium.

Hugh Chase* 1970
Tom Parrott* 1970
Paul Price* 1970
K.B. Woods* 1971
R.J. Edmondson* 1972
C.S. Mullin* 1974
A.C. Dodson* 1975
Burrell Whitlow* 1978
Bill Sherman 1980
Virgil Burgat* 1981
Henry Mathis 1982
David Royster* 1982
Terry West 1983
Dave Bingham 1984
Vernon Bump 1986
C.W. "Bill" Lovell 1989
Joseph A. Gutierrez 1990
Willard McCasland 1990
W.A. "Bill" Wisner 1991
David Mitchell 1993
Harry Moore 1996
Earl Wright 1997
Russell Glass 1998
Harry Ludowise* 2000
Sam Thornton 2000
Bob Henthorne 2004
Mike Hager 2005
Joseph A. Fischer 2007
Ken Ashton 2008
A. David Martin 2008
Michael Vierling 2009
Richard Cross 2009
(*Deceased)
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HIGHWAY GEOLOGY SYMPOSIUM

FUTURE SYMPOSIUM SCHEDULE AND CONTACT LIST

2011 Kentucky Henry Mathis 859-455-8530 hmathis@iglou.com
2012  California Bill Webster 916-227-1041 Bill Webster@dot.ca.gov
2013 OPEN Mike Vierling 518-436-3197 Michael Vierling@thruway.state.ny.us

Chairman HGS
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61°' 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.

Michael Baker Jr., Inc.
4301 Dutch Ridge Road
Beaver, PA 15009
Phone: (724) 495-4079 Fax: (724)
495-4112
www.mbakercorp.com

Michael Baker Corporation has evolved into one of the leading
engineering and energy management firms by consistently solving complex
problems for its clients. We view challenges as invitations to innovate.
Baker has been providing geotechnical services since the mid-1950's.
Professional geotechnical engineers and geologists are supported by a
staff of highly trained assistants. Expertise covers most major facets of
geotechnical investigation and design, including geologic reconnaissance,
subsurface investigations, geotechnical analysis and design, and
geotechnical construction phase services.

Geobrugg North America,LLC.
551 W. Cordova Road, PMB 730
Santa Fe, New Mexico 87505
Phone: (505)438-6161
Fax: (505) 438-6166
www.goebrugg.com

Geobrugg helps protect people and infrastructures from the forces of
nature. These technologically mature protection systems are manufactured
in Santa Fe, New Mexico; but are installed world-wide. With its basic
component, the high-strength steel wire, our natural hazard mitigation
systems offer proven protection against rockfalls, avalanches, mudflows,
debris flows, and slope failures. With a bedrock belief in total customer
satisfaction, Geobrugg strives to provide exceptional assistance to our
customers in mitigating against natural hazard problems.
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Golder Associates, Inc.
670 N. Commercial Street, Suite 103
Manchester, NH 03101

Phone: (603) 668-0880 Fax: (603) 668-

1199
www.golder.com

Golder Associates is an international group of science and engineering
companies. The employee-owned group of companies provides
comprehensive consulting services in support of environmental, industrial,
and natural resources and civil engineering projects. Founded in 1960,
Golder Associates now has nearly 6,000 employees in over 150 offices
worldwide and has completed projects in more than 140 countries.

Hi-Tech Rockfall Construction, Inc.
PO Box 674
Forest Grove, Oregon 97116
Phone: (503) 357-6508
Fax: (503) 357-7323
www.hitechrockfall.com

HI-TECH Rockfall Construction Inc. specializes in rockfall safety problems
on highways, railroads, dams, construction sites and many other
locations. The principals of HI-TECH have over 50 years of combined
experience in the rockfall industry. Our highly skilled employees have
extensive experience in all types of rockfall drapery systems, rockfall
barriers, debris flow barriers, rock scaling, rock bolting, and shotcrete.
Commendations for safety excellence from the Associated General
Contractors of America and SAIF Corporation indicates the level of
attention that HI-TECH imparts to all of our employees in this very
specialized field
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Janod, Inc.

34 Beeman Way,
Champlain, NY 12919
Phone: (518)298-5226

Fax: (450) 424-2614
www.janod.biz

Janod has specialized in rock stabilization and rock remediation
since 1968

Janod was founded in 1968 by Douglas Journeaux, and at that time, soft
earth tunneling was the principle part of our operations. In 1970 Janod was
introduced to rock slope stabilization when called in by Quebec Cartier
Mining Looking towards the future of rock stabilization to perform some
emergency work along the railway. Janod has since become a specialist in
rock stabilization, and employs a combination of innovative mechanized
equipment and highly trained rock remediation technicians who have an
intimate knowledge of geology and influence of climatic conditions
unexposed rock structures. Janod takes pride in having successfully met
many different challenges at numerous and varied worksites throughout
North America.

Maccaferri, Inc.
10303 Governor Lane
Boulevard
Williamsport, Maryland 21795
Phone: (301) 223-6910
Fax: (301) 223 4590
www.maccaferri-usa.com

Maccaferri is a world leader in engineered environmental solutions. Our
expertise includes solutions in retaining wall systems (gabion, geogrid),
steep slopes, embankments, drainage systems, rockfall protection and
erosion protection. Part of a worldwide industrial group, Maccaferri has
more than 125 years of experience in soil stabilization. Traditionally known
for its double twist Gabions and Reno mattresses, Maccaferri has
extended its product range significantly over the last decade, enabling us to
offer an unrivalled range of wire, geosynthetic and natural fiber products to
the construction industry.
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Mountain Management /
IGOR Paramassi
1135 Terminal Way
Suite 106 Financial Plaza
Building
Reno, NV 89502
Phone: (866) 466-7223
Fax: (450) 455-8762
www.mountainmanagement.biz

Mountain Management is a new North American distributor and
manufacturer of rock fall barrier, erosion control and avalanche systems.
Our suppliers have more than 20 years experience in mitigation systems.
Our systems are guaranteed and have proven over the years to assemble
and install with more ease and less time required. We have the latest in
design and technology. Many of our products are patent protected and field
tested. Mountain Management Rock Fall protection systems are capable of
handling energies ranging from 50to 5000 Kilojoules. Submitted to testing,
our systems are the outcome of more than 20 years of combined field
experience and Rock Fall Simulation Studies.

Oklahoma Aggregates
Association
3500 North Lincoln Blvd.
Oklahoma City, OK 73105
Phone: (405) 524-7680
Fax: (405) 524-7677
www.okaa.org

OKAA is an organization of business leaders, in the Oklahoma aggregate
industry, working together to promote the use of aggregate products,
provide unequaled membership services, and develop a true working
relationship between aggregate producers and allied industries within the
State of Oklahoma and beyond.
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61°' HIGHWAY GEOLOGY SYMPOSIUM EXHIBITORS

Thanks to all participating exhibitors. The exhibit booths are in the
Centennial and Grand Ballrooms

AIS Construction, Inc.
6420 Via Real, Suite 6
Carpinteria, CA 93013
Phone: (805-684-4344 Fax: (805) 566-6534
www.aisconstruction.com

Michael Baker Jr., Inc.
4301 Dutch Ridge Road
Beaver, PA 15009
Phone: (724) 495-4079 Fax: (724) 495-4112
www.mbakercorp.com

Burgess Engineering and Testing, Inc.
809 N.W. 34" st.
Moore, OK 73160
Phone: (405) 790-0488 Fax: (504) 790-0788
www.burgessengineer.com

Central Mine Equipment Company
4215 Rider Trail North,
Earth City, MO 63045
Phone: (800) 325-8827 Fax: (314) 291-4880
WWW.Cmeco.com

Contech Construction Products, Inc.
820 Cincinnati Ave.
Tulsa, Oklahoma 74119
Phone: (918) 504-7630 Fax: (866) 671-6267
www.contech-cpi.com

Dataforensics
3280 Pointe Parkway, Suite 2000
Norcross, GA 30097
Phone: (678) 406-0106 Fax: (678) 367-0870
www.dataforensics.net

18


http://www.burgessengineer.com/

Gannett Fleming
601 Holiday Drive, Suite 200, Foster Plaza lll
Pittsburg, PA 15220
Phone: (412) 922-5575 Fax: (412) 922-3717
www.gannettfleming.com

Geobrugg North America,LLC.

551 W. Cordova Road, PMB 730
Santa Fe, New Mexico 87505
Phone: (505)438-6161 Fax: (505) 438-6166
www.goebrugg.com

Geokon, Inc.
48 Spencer Street
Lebanon, NH 03766
Phone: (603) 448-1562 Fax: (603) 448-3216
www.geokon.com

Golder Associates, Inc.
670 N. Commercial Street, Suite 103
Manchester, NH 03101
Phone: (603) 668-0880 Fax: (603) 668-1199
www.golder.com

Hi-Tech Rockfall Construction, Inc.
PO Box 674
Forest Grove, Oregon 97116
Phone: (503) 357-6508 Fax: (503) 357-7323
www.hitechrockfall.com

Horn and Associates, Inc.
216 North Main Street
Winchester, KY 40391
Phone: (859) 744-2232 Fax: (859) 744-5892
www.hornandassociates.com
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Janod, Inc.
34 Beeman Way,
Champlain, NY 12919
Phone: (518)298-5226 Fax: (450) 424-2614
www.janod.biz

KANE Geotech, Inc.
7400 Shoreline Drive, Suite 6
Stockton, CA 95219
Phone: (209) 472-1822 Fax: (209)0802
www.kanegeotech.com

Maccaferri, Inc.

10303 Governor Lane Boulevard
Williamsport, Maryland 21795
Phone: (301) 223-6910 Fax: (301) 223 4590
www.maccaferri-usa.com

Monotube Pile Corp.
1825 16™ St. N.E., P.O. Box 7339
Canton, Ohio 44705
Phone: (330-454 6111 Fax: (330) 454-1572
www.monotube.com

Mountain Management /
IGOR Paramassi
1135 Terminal Way
Suite 106 Financial Plaza Building
Reno, NV 89502
Phone: (866) 466-7223 Fax: (450) 455-8762
www.mountainmanagement.biz

Oklahoma Aggregates Association
3500 North Lincoln Blvd.
Oklahoma City, OK 73105
Phone: (405) 524-7680 Fax: (405) 524-7677
www.okaa.org
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Oklahoma Geological Survey
The University of Oklahoma
100 E. Boyd, Room N-131
Norman, OK 73019
Phone: (405) 325-3031 Fax: (405) 325-7069
www.ogs.ou.edu

Professional Service Industries, Inc.
801 S.E. 59" St.
Oklahoma City, OK 73129
Phone: (405) 632-8800 Fax: (405) 631-2180
www.psiusa.com

Roadbond Service Company
6413 Hill City Highway
Tolar, TX 76476
Phone: (817) 613-7095 Fax: (254) 835-5297
www.RoadbondSoil.com

Rotec International, LLC
7 Camino Don Patron
Santa Fe, New Mexico 87506
Phone; (505) 989-3353 Fax: (505) 984-8868
www.rotecinternational-usa.com

SIMCO Drilling Equipment, Inc.
802 Furnas Drive
Osceola, |IA 50213
Phone: (800) 338-9925 Fax: (641) 342-6764
www.simcodrill.com

Soil Nail Launcher, Inc.
2841 North Avenue
Grand Junction, CO 81501
Phone: (970) 210-6170 Fax: (970) 245-7737
www.soilnaillauncher.com
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Standard Testing and Engineering Co.
3400 North Lincoln
Oklahoma City, OK 73105
Phone: (405) 528-0541 Fax: (405) 528-0559
www.stantest.com

TenCate Geosynthetics, N.A.
14064 S. Hagen St.
Olathe, KS 66062
Phone: (913) 909-7150 Fax: (831) 665-5970
www.tencate.com

Tensar International Corporation
21622 Redcrested Glen Ct.
Spring, Texas 77388
Phone: (281) 217-9616 Fax: (281) 966-1513
www.tensar.com

Terracon Consultants, Inc.
5301 Beverly Drive
Oklahoma City, OK 73105
Phone: (405) 525-0453 Fax: (405) 557-0549
www.terracon.com

Williams Form Engineering, Corp.
251 Rooney Road
Golden, CO 80401
Phone: (303) 216-9300 Fax: (303) 216-9400
Williamsform.com

Zonge Geosciences, Inc.
7711 W. 6th Ave. Suite G
Lakewood, Co 80214
Phone: (720) 962-4444 Fax: (720) 962-0417
1800geophysics.com
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61° Highway Geology Symposium

Agenda
Monday, August 23™

11:00 AM to 5:30 PM
HGS Registration is open

12:00 PM - 5:00 PM
TRB Session - Asset Management in a World of Dirt
Location: Continental Room - 14th Floor

6:30 PM to 8:30 PM
Welcome Reception/ Ice Breaker Social
Location: Exhibition Areas in Centennial & Grand Ballrooms
Sponsored by: Oklahoma Aggregates Association

Tuesday, August 24"

6:30 AM to 8:00 AM
Breakfast Buffet
Location: Venetian Room - 14th Floor
Sponsored by: Janod

7:00 AM to 12:00 PM
HGS Registration is open

8:30 AM to 4:30 PM
Guest Field Trip
Location: Meet at Registration table

8:00 AM to 8:10 AM
Welcome, Opening remarks
Location: Grand Ballroom

8:10 AM - 8:40 AM

Geology and Mineral Resources of Oklahoma, Luza, Krukowski

Technical Session | - Geophysical and Imaging Applications /

Site Investigation Technigues

8:40 AM to 9:00 AM

Mapping Soft-Soil Zones and Top-of-Bedrock Beneath High-Traffic Areas of

Honolulu, Sirles, Batchko
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9:00 AM to 9:20 AM
Continuous Subsurface Profiling of Roads Using MASW
( Multi-Channel Analysis of Surface Waves) - Lee

9:20 AM to 9:40 AM
Subsurface Geotechnical Exploration Enhancement Through the Use of
Refraction Microtremor (ReMi) Geophysical Survey Techniques - Satterfield,
Roth, Hundley, Bryant, Miller

9:40 AM to 10:00 AM
Karst Features in Limestone Evaluated Utilizing an Accoustic Televiewer,
New I-70 Mississippi River Bridge, St. Louis, Missouri - Keller

10:00 AM to 10:20 AM - Break

Location: Exhibition Areas in Centennial & Grand Ballrooms
Sponsored by: HI-Tech Rockfall Construction

Technical Session |l - Geophysical and Imaging Applications /
Site Investigation Techniques

10:20 AM to 10:40 AM
Determination of In-Situ Density of Planned Roadway Cuts in Cemented
and Coarse-Grained Soils Using Geophysical Methods to Estimate
Earthwork Factors - Frechette

10:40 AM to 11:00 AM
Geophysical Methods Mapping Subsurface Evaporite Features Aid
Roadway Geometric Design - Homan, Sirles

11:00 AM to 11:20 AM
Site Characterization and Remediation in Karst Terrain - Fisher, McWhorter,
Fisher

11:20 AM to 11:40 AM
Geotechnical Investigation to Support Design of an ADA Compliant Access
Ramp on the South Rim of the Grand Canyon at Mather Point Overlook,
Grand Canyon National Park, Arizona - Mitchell

11:40 AM to 12:00 PM
Case Study Using Geotechnical Instrumentation to Monitor
Fill Foundation Stability, Buche, Kane

12:00PM to 1:20PM - Buffet Lunch

Location: Venetian Room - 14th Floor
Sponsored by: Management / IGOR Paramasssi
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Technical Session lll - Case Histories

1:20 PM to 1:40 PM
Construction of the Amelia Earhart Bridge - Henthorne

1:40 PM to 2:00 PM
Bridge Over Snake River: Geotechnical Engineering on Unstable ground
Hood, Norrish, Martens

2:00 PM to 2:20 PM
Road and Housing Construction on Reclaimed Coal Mine Spoil Undergoes
Settlement Damage in Southwest Indiana - West, Johansen

2:20 PM to 2:40 PM
Emergency Rock Remediation 1-40 - Journeaux

2:40 PM to 3:00 PM
Emergency Rock Slope Stabilization in the Ocoee Gorge, US Route 64, Polk
County, Tennessee - Bateman, Smerkanicz, Sneyd

3:00 PM to 3:20 PM - Break

Location: Exhibition Areas in Centennial & Grand Ballrooms
Sponsored by: Michael Baker Jr., Inc.

Technical Session IV - Geotechnical Applications

3:20 PM to 3:40 PM
Geotechnical Engineering for a Super-load Delivery over
Pennsylvanian Highways, Ruppen, Gaffney, Saylor

3:40 PM to 4:00 PM
Subsurface Stabilization of Problematic Soil Areas, President George Bush
Turnpike - Gregory

4:00 PM to 4:20 PM
Safe and Sound, Missouri Department of Transportation, Design - Build
Program of Replacing 554 Bridges - Szturo

4:20 PM to 4:40 PM
Using TDA (lightweight Tire Derive Aggregate ) as a Green
Alternative for Reconstruction of a Landslide Road Failure, McCormick

4:40 PM to 5:00 PM
Using LiDAR Laser Scanning for Geotechnical Characterizations in Rock
Priznar

5:00 PM to 5:10 PM
Field Trip Overview
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5:10 PM
ADJOURN FOR THE DAY

5:20 PM to 6:30 PM
Steering Committee Meeting
Location: Hilton Honors Lounge

Wednesday, August 25"

6:30 AM Boxed Breakfast provided (to take on bus)
Location: First Floor near
Sponsored by: Mountain Management / IGOR Paramasssi

7:00 AM to 5:30 PM
Highway Geology Field Trip
Lunch sponsored by Geobrugg
Drinks sponsored by Golder

6:00 PM to 7:00 PM Social Hour
Location: Grand Ballroom
Social Hour sponsored by: Maccaferri, Inc.

7:00 PM to 10:00 PM
HGS Annual Banquet
Location: Grand Ballroom

Thursday, August 26

6:30 AM to 8:00 AM Breakfast Buffet
Location: Venetian Room - 14th Floor
Sponsored by: Janod

Technical Session V - Slope Stabilization and Mitigation

8:00 AM to 8:20 AM
Assessment of the Garvin Landslides - Clarke, Nevels

8:20 AM to 8:40 AM
Rockfall Mitigation Field Techniques and Design - Wagner, Kane

8:40 AM to 9:00 AM
Flexible Facing Analysis for Soil Nailing - Brunet, Lovekin, Bertolo

9:00 AM to 9:20 AM
Use of Dimensional Modeling for Sizing Flexible Barriers Installations that
Mitigate Debri Flow Natural Hazards - Amend
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9:20 AM to 9:40 AM
The Latest in Testing Procedures and Technological & Installation
Developments in Rockfall Protection Barriers - Kalejta

9:40 AM to 10:00 AM
North Slope Landslide Investigation, US-62 Chickasha, Oklahoma - Nevels

10:00 AM to 10:20 AM — Break
Location: Exhibition Areas in Centennial & Grand Ballrooms
Sponsored by: Geobrugg

Technical Session VI - Soil Mechanics Related Studies

10:20 AM to 10:40 AM
Influence of Various Cementitious Additives on the Durability of
Stabilized Subgrades - Solanki, Zaman

10:40 AM to 11:00 AM
Understanding the Behavior of Integral Abutment Bridges Through Field
Instrumentation - Muraleetharan, Miller, Hanlon

11:00 AM to 11:20 AM
Importance of Soils Suction in Pavement Foundations - Bulut

11:20 AM to 11:40 AM
Influence of Moisture Content on the Pullout Capacity of Geotextile
Reinforcement in Marginal Soils - Hatamie, Miller

11:40 AM to 12:00 PM
Effects of Sample Preparation Method on Aggregate Shape Characteristics
Singh, Zaman, Commuri

12:00 PM CLOSING REMARKS-ADJOURN
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Geotechnical Asset Management
Symposium

“Asset Management in a World of Dirt”

Sponsored by:

TRB Committee AFP10 — Engineering Geology

TRB Committee AFP20 — Exploration and Classification of
Earth Materials

August 23, 2010 Oklahoma City, OK
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GAM Symposium at HGS:

“Asset Management in a World of Dirt”
August 23 - Oklahoma City, OK

Agenda

12:00 Opening/Introduction — Larry Pierson/Vanessa Bateman/Dave

Stanley

12:15 Keynote Speaker: J. Erik Loehr (University of Missouri) — Overview

of Geotechnical Asset Management

12:45 Blaise Hansen (WYDOT) — “Database Development for GAM”

1:15

1:45

2:15

2:30

3:00

3:30

4:00

5:00

Kirk Beach/Robert Liang (Ohio DOT/University of Akron) —
“Enterprise Database for GAM”

Chris Power (Mott MacDonald) — “GAM for United Kingdom
Highways”

Break

Matt DeMarco (FHWA) — “National Park Service Retaining Wall
Inventory”

Darren Beckstrand (Landslide Technology) — “Alaska’s Unstable
Slope Management Program — Field Data Collection and Management

”

John Thornley (HDL Anchorage) — “Geotechnical Asset Management
of Buried Structural Components”

Discussion

Closing
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The Geology Program’s Contribution to the Wyoming Department of
Transportation Asset Management Program

By Blaise Hansen, GIT, EIT, and Mike Schulte, PG

ABSTRACT

The Wyoming Department of Transportation (WYDOT) recognizes that implementing
Transportation Asset Management (TAM) programs is an essential component to improve cost
effectiveness and project scheduling. The Geology Program contributes to this process by
managing over 15,000 records of data pertaining to geotechnical engineering. Working with the
Information Technology (IT) program, the Oracle Application Express 3.2.1.00.10 software was
utilized to develop and design databases for Library, Geologic Maps, Aggregate Sources, and
Projects. Establishing a central storage location is indispensible to accessing, searching, and the
sharing of information. This has resulted in the ability to establish trends to enhance design
recommendations and to organize the increasing amount of geotechnical information obtained
with further investigations. The status of integration is almost 100% complete, with future
applications to include the ability to display information geographically and combining data with
other agencies for project development.

32



Notes

33



Enterprise Database System for Effective Geotechnical
Asset Management at QOhio DOT

Kirk Beach
Geology Program Manager
Office of Geotechnical Engineering
Ohio Department of Transportation
Columbus, Ohio 43223

Robert Y. Liang
Professor
Department of Civil Engineering
University of Akron
Akron, Ohio 44325-3905

Asset management has been recognized as an important agency function in performing
strategic and systematic evaluation of cost-benefits of various built infrastructures so that
maintenance, repair, or rehabilitation decisions can be made with well-defined objectives,
known conditions, constraints, and desired outcomes. Priority setting and resource
allocation, based on various scenario investigations, would ultimately help preserve
values of the built infrastructure, and extend their service life with optimum repair and
maintenance strategies. In short, asset management is about agency’s operating,
maintaining, and preserving the built infrastructure system in the most cost-effective
manner to achieve desired service objectives. To facilitate effective asset management,
there is a need for developing an enterprise level tool that is built on GIS based database
platform with internet connectivity. Ohio DOT has spent a considerable amount of effort
in developing a general tool for building their enterprise level geological hazard
management system. The developed tool can be easily adapted for their geotechnical
asset management as well. In this presentation, the makeup of the system in a GIS based
database platform will be briefly described with emphasis on analogies between the
database for geotechnical asset management and geological hazard management. The
four components of the system include: (a) an inventory module containing relevant
information such as traffic count, physical attributes of the inventory site, and
maintenance record, (b) heuristic condition rating matrices for each physical site, (c) a
repair and maintenance cost estimation module, and (c) a project tracking module. The
functionalities of each component will also be described in detail, again with particular
attention to its applications in asset management. More interestingly, the special tools
(Tablet PC with blue tooth connections with various site reconnaissance devices) for field
work in collecting physical conditions of the site, such as spatial coordinates, images of
features, wireless connections with different physical measurement devices and internet
connections, etc. As an illustrative example, ODOT current practice on collecting
mechanically stabilized wall (MSEW) performance data will be used to demonstrate the
usefulness of such an enterprise level Asset Management System. The challenges and
benefits in developing such an enterprise based geotechnical asset management system
will be discussed at the end of this presentation.
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Making Informed Decisions: Geotechnical Asset Management
for the UK Highways Agency

David Patterson (UK Highways Agency)
Christopher Power (Mott MacDonald)
Mark Rudrum (Arup)
David Wright (Atkins)
Abstract

The UK Highways Agency has responsibility for the maintenance and upkeep of a network of
over 7,000 km (4350 miles) of Motorway and major trunk roads in England. As with any
major road authority, this stewardship role includes management of a diverse range of assets
(pavements, structures, drainage, technology etc.) all of which are supported by the crucially
important Geotechnical Asset. The UK Highways Agency is no different from any US
federal, state or local transportation agency in that key budgetary decisions have to be made
across all assets that are balanced to provide a selected level of service provision for a
minimum optimum Whole Life Cost.

The Highways Agency has an established Geotechnical Asset Management (GAM) process in
place that is now underpinning the development of increasingly sophisticated Decision
Support Tools (DSTs). These DSTs are not yet fully integrated into the HA business, but are
now beginning to be recognised as a major part of the wider Agency Integrated Asset
Management (IAM) strategy.

This paper will describe the GAM processes of the UK HA. It will describe the collection of
Geotechnical Asset inventory and condition information (that underpins the entire process),
the storage of core data in a Geotechnical Data Management System (HA GDMS), the
importance of data quality and currency and the development of Decision Support Tools to
assist in long-term asset investment planning. It will describe current research and
development projects that are being undertaken to support the developing strategy of the HA
and will outline the vision of the Agency for a future integrated asset management strategy.
The paper will hopefully enable UK and US geotechnical practitioners to recognise that
despite major differences in scale and geographical location, we are all seeking to overcome
the same challenges, and that an exchange of experience can be extremely beneficial to future
developments.
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The National Park Service Retaining Wall Inventory and

Assessment Program (WIP): 3,500 Walls Later

Matthew J. DeMarco
Geotechnical Group Lead FHWA
Central Federal Lands Highway Division
Lakewood, CO
Matthew.DeMarco@thwa.dot.gov

Abstract

Beginning in 2004, the FHWA Federal Lands Highway Division (FLH) teamed with the
National Park Service (NPS) to develop and implement a retaining wall inventory and condition
assessment program supporting roadway asset management efforts underway throughout U.S.
Parks. The vast majority of Park earth retaining structures were built prior to 1960, with many
built circa 1935, making the assessment of this aging asset a high priority within the NPS.

The NPS Retaining Wall Inventory and Assessment Program (WIP) assesses wall performance
and develops preliminary repair/replace work orders by measuring, describing, and/or evaluating
nearly 60 wall parameters within five main categories: Location, Function, Geometrics,
Condition, and Required Action. Beyond the basic inventory aspects of the WIP, the condition
assessment considers 25 numerically rated wall elements along with apparent design criteria,
failure consequence, and cultural concerns to determine recommended actions and costs to
monitor, maintain, repair or replace a given wall. To date, approximately 3,500 walls have been
assessed in 33 National Parks, including 20+ wall types within a wide range of geographic
settings. Findings indicate the overall health of the 4 million square feet of inspected retaining
wall assets within the NPS is good, with approximately a third of the walls requiring minor
maintenance or repair and less than 3% of the total asset requiring substantial element repair or
complete wall replacement despite the relative old age of the inventory.

This presentation describes key development and implementation aspects of the WIP and
overviews the condition assessment and wall performance findings for the various wall types
encountered. In addition, remedial actions by wall type are discussed, identifying common wall
element distresses and deficiencies and recommended repair strategies. The soon-to-be-published
comprehensive WIP Procedures Manual will be made available to meeting participants at the
time of the presentation.
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Alaska’s Unstable Slope Management Program
Field Data Collection and Management

Darren Beckstrand, C.E.G.
Landslide Technology
10250 SW Greenburg Road, Suite 111
Portland, Oregon

Thomas Westover
Landslide Technology
10250 SW Greenburg Road, Suite 111
Portland, Oregon

Lawrence Pierson, C.E.G.
Landslide Technology
10250 SW Greenburg Road, Suite 111
Portland, Oregon

David Stanley, C.P.G.
Alaska Department of Transportation and Public Facilities
5750 E. Tudor Road
Anchorage, Alaska

Landslide Technology in partnership with the Alaska Department of Transportation and Public Facilities
(AKDOT&PF) have begun a multi-year project to implement an unstable slope asset management
program (USMP). Unstable embankments, and soil and rock slopes will be inventoried and rated
according to hazard and risk criteria initially developed by University of Alaska Fairbanks and
subsequently finalized by Landslide Technology and AKDOT&PF geotechnical and maintenance
personnel.

For such efforts in the past, it had been common practice to collect field data on paper forms and then

to transcribe the information into an electronic database. In order to automate this process and avoid
common data entry and transcription errors, an electronic database was prepared with data entry forms
that matched the rating system that accepted all field rating information, digital photographs, and GPS
positions. This concept is not new. Electronic field data has been used to collect similar field
information with a number of methods that require various hardware and software packages that range
from handheld GPS computers with custom database software to laptop computers with spreadsheets.
For the USMP, a ruggedized convertible tablet Windows-based computer with built-in GPS was selected
as the primary piece of hardware. This provided the benefits of a laptop computer, such as familiar
operations, large screen size, and ease of use with the added capabilities of a built-in GPS and pen-based
data entry. The tablet PC also allows the annotation of photographs in the field with notes and
conceptual mitigation measures. Other supporting hardware includes digital cameras with built-in GPS
and geotagging capabilities, and laser rangefinders.

The field data collection database was built using Microsoft Access as the database software. The
database was coded with the interoperability with Google Earth, enabling simplified visualization and
accessibility of rating data and site photographs. For more detailed geographic analysis and mapping,
the database functions well with ArcGIS software. Using this common software package will enable the
Department to easily augment the database in the future to add standard of service and life-cycle
information as the asset management efforts are completed and the ultimate goal of completing a
Geotechnical Asset Management system for unstable slopes is realized. This database will serve as the
basis for the gathering system wide information and managing data for this asset management program.
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MSE WALL CORROSION IN NEVADA - A CASE STUDY IN
GEOTECHNICAL ASSET MANAGEMENT

John D. Thornley, A.M. ASCE, P.E.!
Raj V. Siddharthan, M. ASCE, Ph.D., P.E.
David A. Stanley, J.D., C.P.G., L.G., LE.G.?

ABSTRACT

Transportation system geotechnical assets such as earth retaining structures may be difficult
to manage due in part to a shortfall in knowledge about their performance, service lives and life cycle
costs. One area of concern for geotechnical structures is the lack of understanding about the potential
for corrosion-related failure of buried reinforcements used in mechanically stabilized earth (MSE)
walls. Recently, the Nevada Department of Transportation discovered high levels of corrosion at two
wall locations in Las Vegas. The resulting investigations of these walls produced direct
measurements of metal losses and electrochemical properties of the MSE reinforced fill. One MSE
wall was replaced with a cast-in-place concrete tie-back wall at great expense.

It is shown in this paper that the original MSE reinforced fill approval electrochemical test
results at the two wall locations are significantly different from those measured in post-construction
investigations. The internal stability analyses (using AASHTO 2007 LRFD) of two un-repaired
MSE walls were also performed and determined that the estimated remaining service lives are
significantly less than the design life of 75 years.

Asset management alternatives evaluation contrasts the cost framework of wall failure, wall
replacement, and proactive initiatives such as corrosion monitoring and management. Although
monitoring programs for MSE walls are recommended (FHWA, March 2001), few owners of MSE
walls use monitoring as a routine management technique. This case study offers evidence that
corrosion monitoring of buried geotechnical components can be an effective tool in the toolbox of
transportation agencies across the United States.

By following asset management principles, transportation agencies can understand what assets they
have through inventorying processes, can understand the condition of the assets through condition
surveys, can set service lives and performance standards and use life-cycle cost tools to compare
alternatives for mitigation, rehabilitation or repair of the assets in order to meet the agency minimum
performance standards. Case studies such as this demonstrate that the essential link between
technical analysis and management principles can yield a more efficient and fiscally responsible
transportation system that can focus on preservation of assets while maintaining the agency required
level of service

! Geotechnical Engineer, Hattenburg Dilley & Linnell, LLC, 3335 Arctic Boulevard, Suite 100,
Anchorage, AK 99503; PH (907) 564-2139; FAX (907) 564-2122; email: jthornley@hdlalaska.com
? Professor, Department of Civil and Environmental Engineering, University of Nevada, Reno,
Mailstop 258, Reno, NV 89557-0258; PH (775) 784- 1411; FAX (775) 784-1390; email:
siddhart@unr.edu

3Chief Engineering Geologist, Alaska Department of Transportation and Public Facilities, 5800 E.
Tudor Rd. Anchorage, Alaska 99507; PH (907) 269-6236; Fax (907) 269-6231; email:
dave.stanley@alaska.gov
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Geology and Mineral Resources Of Oklahoma

LUZA, K. V., Oklahoma Geological Survey, Norman, OK 73019, kluza@ou.edu,
KRUKOWSKI, S. T., Oklahoma Geological Survey, Norman, OK 73019, skrukowski@ou.edu,
JOHNSON, K. S., Oklahoma Geological Survey, Norman, OK 73019, ksjohnson@ou.edu

ABSTRACT

Oklahoma is a region of complex geology with several mountain ranges, uplifts, and sedimentary
basins. The principal mountain belts, the Ouachita, Arbuckle, and Wichita occur in the southern
third of Oklahoma. These were sites of folding, faulting, and uplifting during the Pennsylvanian
Period. Principal sites of sedimentation were elongated basins that subsided more rapidly than
adjacent areas and received 10,000—40,000 ft of sediment. Major basins were confined to the
southern half of Oklahoma and included Anadarko, Arkoma, Marietta, Hollis, and Ouachita.
Rocks in Oklahoma, mostly sedimentary, are from every geologic period. Permian (about 46%)

and Pennsylvanian (about 25%) units comprise the majority of outcrops.

Oklahoma energy resources, particularly oil and natural gas, and coal, had a value of
$14.6 billion in 2006. Major nonfuel mineral production is widespread, but concentrated in
major mountain belts in the south and in the Ozark uplift in the northeast. Oklahoma raw
nonfuel minerals had a value of $684 million in 2006, ranking first in the nation in gypsum and
iodine production; second in tripoli; fourth in feldspar; seventh in industrial sand and gravel,
tenth in masonry cement; and eleventh in common clays. Other industrial minerals of significant
value included crushed stone (limestone, dolomite, gypsum, sandstone, rhyolite, and granite),
portland cement, and construction sand and gravel. Significant production also includes helium,
salt, building stone, and volcanic ash. Almost all Oklahoma mines are open pit except for salt
and 1odine produced from brine wells; helium from natural gas wells; and one underground

limestone mine.
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Mapping Soft-Soil Zones and Top-of-Bedrock
Beneath High-Traffic Areas in Honolulu

Phil Sirles', Zoran Batchko?
ABSTRACT

Two-dimensional passive surface-wave data were acquired, processed and interpreted for the
Honolulu High-Capacity Transit Corridor Project - Waipahu to Aiea - Ewa, Oahu, Hawaii. The
project consisted of two distinct geophysical objectives to meet geotechnical engineering needs:
first, to determine the lateral and vertical extent of soft-soil conditions; and second, to map the
depth-to-bedrock. The Refraction Microtremor (ReMi) method was used along both the
Farrington and the [King] Kamehameha Highways. Initially, blind tests were conducted to
determine the viability of the passive-surface wave seismic technique to meet project objectives.
Results were extremely correlative with known geologic conditions, based geotechnical boring
data, and the program progressed for the eastern portion of the HHCTCP.

Approximately 2.66-line miles of two-dimensional (2D) ReMi seismic data were acquired along
12 separate lines. Line locations were selected based on a variety of geologic settings and the
need for subsurface information between, below and beyond geotechnical borings. Results
indicate the seismic and geologic/geotechnical data could be integrated to yield valuable
information beneath the areas investigated. An example seismic section is shown below (taken
from Line 3). The seismic survey results provided good subsurface information regarding the
presence of-, lateral variation of-, and extent of- soft soils which would cause distinct problems
for design of deep foundations along the HHCTCP. Additionally the 2D seismic survey revealed
that basaltic bedrock can be encountered as shallow as 5 feet, to depths greater than 230 feet
beneath the existing highways. The method was extremely effective for meeting project
objectives in a timely, safe and economical fashion while not disrupting the flow of traffic along
two very busy highway corridors.

Example Seismic Section

(portion of Line 3)

! Zonge Geosciences, Inc., 1990 S. Garrison St. #2, Lakewood, Colorado, 80227. P: 720-962-4444, F: 720-962-

0417, phils@zonge.us
’ PB Americas , 444 Flower St., Ste 3700, Los Angles, CA, 90071 P: 213-362-9470, F: 213-362-9480

batchko@pbworld.com
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Continuous Subsurface Profiling of Roads Using

MASW (multi-channel analysis of surface waves)

Richard Lee, P.G., R.GP.
Quantum Geophysics

29 Richard Lee Lane, Phoenixville, PA 19460

ABSTRACT

Roads are especially challenging environments for doing geophysics. Traffic-induced ground
vibrations make it difficult to acquire good seismic refraction and microgravity data. Impervious
surfaces and crushed-stone covered shoulders make for poor SP (self-potential) coupling, and
buried piping and utilities often found in right-of-ways can impact electrical resistivity
measurements. GPR (ground penetrating radar) is a high-resolution profiling method but radar
depth of investigation is severely impeded by silty and clayey soils, a condition often found in
carbonate terrain. Also, GPR does not work on reinforced concrete roads because the lower
antennae frequencies required to look deeper cannot penetrate through the mat of reinforcement

steel.

MASW (multi-channel analysis of surface waves) is a relatively new seismic method that is
gaining acceptance in the geotechnical community. MASW identifies the vertical distribution of
shear wave velocities based upon the dispersion of surface waves (Rayleigh Wave). Since shear
wave velocities are a measure of material stiffness, the MASW method can map top of rock,
karst, zones of enhanced weathering, low strength materials, and fracture zones. MASW is non-
invasive, is not impacted by buried piping or other utilities in the right-of-way, and it is not
influenced by reinforcement steel. Upwards of 1,000 +/- feet of road can be surveyed at night

when interference from vehicle traffic is minimal.

We will show how MASW was used on a major interstate in Pennsylvania to identify the root
cause of sinkhole activity to depths of 80’ directly beneath the reinforced roadway, and to

identify a paleo-collapse feature in the carbonate rocks of Florida.
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Subsurface Geotechnical Exploration Enhancement through the use of Refraction

Microtremor (ReMi) Geophysical Survey Techniques.

Matthew Satterfield, EI, Project Engineer, PSI, Thornton, CO 303-424-5578
Nicholas Roth, PE, Senior Engineer, PSI, St. Louis, MO 314-432-8073

Paul Hundley, PE, Regional Engineer, Columbus, OH 614-876-8000

Steve Bryant, PE, Vice President, PSI, Portland, OR 503-279-1778

Kevin C. Miller, PE, Chief Engineer, PSI, St. Louis, MO 314-432-8073

ABSTRACT

Refraction Microtremor (ReMi) geophysical survey techniques have been growing in use over
the past few years. This technique records ambient ground noise on simple seismic refraction
equipment. Then, wavefield analysis of the noise allows picking of Rayleigh-wave phase
velocities. The data reduction is typically accomplished with proprietary analytical software.
Typically, a 1-dimensional shear wave velocity profile is obtained in the data reduction
processes. Certain software packages allow for the optimization of first-arrival time picks for the
development of 2-dimensional profile models based on P-wave velocities. These P-wave
velocity sections have proved effective in geotechnical applications, including the prediction of
rock rippability for excavation purposes, mapping lateral velocity variations across faults and
discontinuities, and in the search for voids resulting from underground mining and karst
activities. No subsurface exploration technique is perfect, but when various techniques are used
in conjunction on a geotechnical exploration, the results are often enhanced. This paper will
summarize the ReMi technique, but will concentrate on presenting a series of projects where the
ReMi technique was actually used in conjunction with other geotechnical exploration techniques
that resulted in enhanced understanding of the subsurface physical characteristics. The following
projects will be incorporated into the paper as examples of geotechnical exploration

enhancement with the ReMi survey techniques.

e  Wyoming Wind Farm Rock Quality and Seismic Site Class
e Arizona Road Drainage Rippability

e Texas Karst Topography Study

e [llinois Retail Development Underground Mining Study

e Ohio Commercial Development Rock Surface Profile and Rippability
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KARST FEATURES IN LIMESTONE EVALUATED UTILIZING AN ACOUSTIC
TELEVIEWER, NEW I-70 MISSISSIPPI RIVER BRIDGE, ST. LOUIS, MISSOURI

Adrian Keller, HNTB, Kansas City, MO, USA

ABSTRACT

Borehole televiewers are downhole inspection devices that can be utilized to view in-situ rock
conditions and should be considered by geotechnical engineers and geologists as a supplemental
means of investigating rock. The optical televiewer (OTV) produces a digital optical image and
the acoustic televiewer (ATV) utilizes reflected acoustic waves to produce images of the
borehole walls. Soft or fractured zones, solution features, open joints or other voids often
unobservable during traditional rock coring techniques can be detected and measured utilizing
this technology. The devices can be used to measure the strike and dip of joints, bedding planes,
shear surfaces, or other structural features, eliminating the need for expensive oriented cores or

downhole logging.

An acoustic televiewer was utilized in the fall of 2008 during the investigation phase for the New
I-70 Mississippi River Bridge in St. Louis, Missouri. An ATV was utilized in each of ten river
borings to produce images of the rock mass in the borehole and allow further investigation of the
voids identified during rock coring. Voids interpreted as karst features were readily identified in
the ATV logs in multiple borings and at similar elevations, suggesting connectivity.
Measurements of the void’s width, location in the borehole and orientation allowed a more
thorough understanding of the potential impact the karst features may have on the planned deep

foundations. An extensive grouting program was eliminated based on the results of the ATV.
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Determination of In-Situ Density of Planned Roadway Cuts in Cemented and Coarse-
Grained Soils Using Seismic Geophysical Methods to Estimate Earthwork Factors

Daniel N. Fréchette, Ph.D., P.E.?

ABSTRACT

Earthwork factors can be a challenging parameter to determine on roadway projects and can have
a huge impact on the cost of a project if not done correctly. Estimates that are wrong result in
additional costs associated with the need to obtain additional borrow material or dispose of
surplus material. The difficulty in estimating earthwork factors increases when working in
cemented and coarse-grained soils. These soils are typically hard or very dense, which make in-
place density data difficult to obtain. The majority of open-end drive samples obtained in these
soils are disturbed due to the presence of cohesionless soils or the large number of SPT hammer
blows required to advance the sampler. To overcome the limitations of obtaining in-situ samples
and subsequently in-place densities using traditional methods, seismic geophysical methods
consisting of seismic refraction and surface wave refraction microtremor (ReMi) can be utilized.
AMEC used these seismic geophysical methods to determine in-place density on a recent
roadway project in Arizona. The results obtained from the seismic geophysical methods were
checked against values obtained from soil core samples, sand cone and nuclear test methods.

The soil core samples were obtained in the deep roadway cut sections and the sand cone and
nuclear test methods were obtained in the shallow roadway cut sections. The seismic
geophysical methods provided reasonable estimates for in-place density when compared to the
more traditional methods in the cemented and coarse-grained soils tested. These methods should
be considered as an additional tool to obtain in-place densities for the development of earthwork

factors.

> AMEC Earth & Environmental, Inc., 1405 West Auto Drive, Tempe, Arizona 85284, 480-940-2320,
480-785-0970 (fax), daniel.frechette@amec.com
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Geophysical Methods to Map Subsurface Evaporite

Features to Aid Roadway Geometric Design

Mike Homan, P.E. Phil Sirles Justin Rittgers
Terracon Consultants, Inc. Zonge Geosciences, Inc. Zonge Geosciences, Inc.
10930 East 56" Street 1978 South Garrison Street, Suite 1978 South Garrison Street, Suite
Tulsa, OK 74146 3 3
(918)-250-0461 Lakewood, Colorado 80227 Lakewood, Colorado 80227
mhhoman(@terracon.com (720) 962-4444 (720) 962-4444
hils@zonge.us justinr@zonge.us
ABSTRACT

Surface sinks, distressed highway sections, voids and evaporite bedrock with variable weathering have
complicated highway design for the Oklahoma Department of Transportation (ODOT) in western Oklahoma.
ODOT contracted with Terracon Consultants and Zonge Geosciences to collect approximately 45,000 linear
feet of Direct Current Electrical Resistivity Imaging (ERI) data along Highway US-412 in Major County near
Woodward, Oklahoma. The data was collected, using the Dipole-Dipole technique, to aid the design and
construction efforts by identifying and discriminating between sections of highway underlain by solid gypsum
or gypsum containing voids (resistivity > 1000 ohm-meters) and sections containing combinations of claystone
and weathered gypsum (resistivity <100 ohm-meters).

Initial geophysical results were used to locate 18 confirming borings and identify the need and
locations of additional geophysical testing. Borehole data correlated with the resistivity models and allowed
for the assignment of resistivity ranges to specific lithologies which became the basis of all data interpretation
for the geophysical survey.

The results presented here show that ERI offers an accurate and cost-effective approach to mapping
lateral and vertical variations in material properties that can be directly associated with lithology. This can
help alleviate common issues confronted when making geologic interpretations based on limited data from
widely spaced borings. Two useful generalizations can be drawn about this specific project: 1) the highest
values of resistivity more often correlate with gypsum hosting numerous smaller (0.5-1.5 feet diameter) voids
than with large voids, and 2) large sections of the surveyed area (several 1,000s of feet) along US-412 are
underlain by clay, weathered gypsum and gypsum-clay as confirmed by the borings, and will not likely pose
many issues with regards to required mitigation efforts.

In summary, the ERI geophysical technique, as confirmed by the borings, successfully separated the
sections of highway into distinct areas underlain by claystone and weathered gypsum and sections with
gypsum dissolution features requiring different mitigation tactics. Success of the geophysical program can be
related to a well integrated geologic, geotechnical and engineering program where ODOT, Terracon and Zonge
personnel worked closely together to assess the subsurface data.

The results of the geophysical survey and boring program are being used in the final roadway design
process to minimize the potential of sinkholes or caverns and the resultant impact on the new roadway
construction. With the ERI and boring results delineating between those areas having gypsum rock and those
areas not having gypsum rock, the design team has been able to focus attention on those portions of the
alignment with existing or potential solution cavities. Thus, the design challenge is now on horizontal and
vertical alignment of the highway and minimizing cut depths into the subsurface profiles that have gypsum
rock and minimizing water seepage into the ground in those same areas.
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SITE CHARACTERIZATION AND REMEDIATION IN KARST TERRANE

Joseph A. Fischer, James G. McWhorter & Joseph J. Fischer”
ABSTRACT

Conventional geotechnical investigative tools and analyses in karst are often unsatisfactory.
Younger karsts of, for example Florida, require a much different understanding and approach
than the flat or folded older karsts within the continental U.S. Support solutions vary from large
mats, H-piles, drilled shafts and pin piles to jet grouting, high-mobility and low-mobility

grouting, sometimes with non-cementious grouts.

Whatever the project, any investigations should start with a geologic understanding of the
particular karst terrane below the site/area of interest. In most locales, information is available

from state and federal sources as well as, perhaps, local universities.

Generally, conventional soil mechanics investigations, whether or not combined with
geophysics, are inadequate to define the vagaries of a subsurface consisting of cavernous
bedrock with weathered and open seams, and soft and/or weak soils below apparently competent
materials. The often-solutioned nature of the subsurface can also provide an opportunity for
undiluted contaminants to reach domestic ground water supplies, particularly during

construction.

Potential solutions are many, but generally represent a significant increase in cost over
conventional structural/pavement support. However, defining the support solution usually
results in increased costs and time overruns, as well as creating a need for increased funds to
provide a suitable foundation while protecting domestic groundwater supplies. In addition, the
provision of qualified construction inspection at karst sites is vital as the amount of geotechnical

investigation required to adequately define all hazards is either impossible or cost prohibitive.

* Geoscience Services, 3 Morristown Rd., Bernardsville, NJ 07924 - Phone: 908-221-9332 — Fax 908-221-0406 —
E-mail: geoserv@hotmail.com (all authors).
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Geotechnical Investigation to Support Design of an ADA Compliant Access Ramp on the
South Rim of the Grand Canyon at Mather Point Overlook,

Grand Canyon National Park, Arizona

Gregg S. Mitchell Michael L. Rucker
HDR Engineering, Inc. AMEC Earth & Environmental, Inc.
3200 East Camelback Road, Suite 350 1405 West Auto Drive
Phoenix, AZ 85018 Tempe, AZ 85284
(602) 952-5760 (480) 940-2320
gregg.mitchell@hdrinc.com michael.rucker@amec.com
ABSTRACT

A geotechnical investigation was performed to support design of improvements to the Mather Point
at Grand Canyon National Park, including a new Americans with Disabilities Act (ADA) compliant
ramp to be located within an existing approximately 1H:1V natural slope along the edge of the South
Rim. The slope, extending about 60 feet from the existing Rim Trail to an approximately 1,000-foot
vertical drop below, consists of a thin veneer of soil and talus intermingled with loose, dislodged
boulders and large rock blocks overlying dolomitic limestone of the Kaibab Formation.

The original geotechnical investigation scope included geologic mapping, geophysical surveys, and
test borings along the ramp alignment. However, worker safety considerations required that the
investigation be performed remotely, behind existing safety railings. Geologic mapping focused on
the Mather Point rock outcrop with visual assessment of the actual ramp alignment. Geophysical
surveys and core borings were performed along the existing trail and other accessible areas.
Mapping at exposed rock surfaces indicated a complex geology including three highly-persistent
joint sets extending vertically through 8- to 12-foot thick layers of dolomitic limestone exhibiting
alternating relative hardness and competence. Geophysical and coring results confirmed apparent
rock conditions.

The investigation indicated variable rock conditions both laterally and vertically across the site, such
that rock anchoring and over-excavation would likely be necessary and a field-fit approach to
construction would be required. Inspection and approval of the stabilized cut slope prior to ramp
construction are stipulated in the construction specifications.

Geologic mapping, geophysical surveys, and traditional boring methods each provided unique data
and were effectively combined to characterize the geologically complex site, considering that direct
site access by investigators was not possible. The project demonstrated that these investigative
methods can all be important components of a geotechnical investigation and can be effectively used

together on geologically complex sites.
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Case Study Using Geotechnical Instrumentation to Monitor Fill
Foundation Stability
BUCHE, Matthew,

KANE GeoTech, Inc., 7400 Shoreline Dr. Suite 6,
Stockton, CA 95219,
matt.buche@kanegeotech.com
KANE, William F.,

KANE GeoTech, Inc., 7400 Shoreline Dr. Suite 6,
Stockton, CA 95219,

william.kane@kanegeotech.com

ABSTRACT

Highway reconstruction projects may involve time and/or economic constraints requiring
accelerated work schedules. Such projects commonly include fill placement and MSE walls to
construct new abutments. Accelerated work schedules can result in rapid loading increments, a
cause for concern when placed upon underlying soft soil foundations. When subjected to rapid
loading, foundations can experience increased lateral deformation, a catalyst for failure. To
avoid embankment failure, geotechnical instrumentation has been used to assess soil foundation
performance during construction. Methods of analysis and determination of loading thresholds
based on lateral and vertical displacements of foundation soil are outlined by Saye and Ladd
(2004). The application of the method was used in 2009 for monitoring purposes at a site in the
Western United States. Geotechnical instruments were installed to observe soil foundation
settlement and horizontal displacement to analyze its performance during construction. The
technique allowed project managers to monitor embankment stability, identify a potential

problem, and avoid a catastrophic failure by temporarily removing fill.
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Construction of the Amelia Earhart Memorial Bridge.
Bob Henthorne,
Chief Geologist, Kansas Dept. of Transportation,

2300 Van Buren, Topeka, KS 66611

ABSTRACT

The replacement of the Amelia Earhart Memorial Bridge has been ongoing for several years. The
contract to construct the new Tied Arch Structure was let in 2009, with the winning bid going to
Archer Western INC. The construction of the bridge has required a host of geotechnical
monitoring tools from Pile Driving Analyzers, Cross-hole Sonic Logging, and under water
cameras. The construction will entail pile bent, and drilled shaft foundations as well as retaining

walls placed on stabilized soil.

This paper will discuss the construction sequence for the bridge includeing several major

successes as well as one catastrophic failure!
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Bridge over Snake River: Geotechnical Engineering on Unstable Ground

Kirk Hood Norman Norrish Jamie Martens
Wyoming Department of Wyllie & Norrish Rock HNTB Corporation
Transportation Engineers Inc. 715 Kirk Drive
5300 Bishop Blvd. 17918 NE 27th St Kansas City, MO 64105

Cheyenne, WY 82009 Redmond, WA 98052 (816) 527-2348

(307) 777-4418 (425) 861-7327 jamartens@hntb.com

Kirk.Hood@dot.state.wy.us nnorrish@msn.com
ABSTRACT

The Wyoming Department of Transportation intends to improve US Highways 26/89 south of
Jackson in Teton County, Wyoming beginning at milepost (MP) 140.69 and extending northerly
through Hoback Junction terminating at MP 142.50. The route is located in mountainous terrain
adjacent to the confluence of the Snake and Hoback Rivers and crosses Federal, State, County,
and privately owned properties. The corridor is heavily traveled by commuters, commercial
vehicles, and seasonal recreational traffic. Landslides have significantly impacted the
transportation infrastructure within the project limits. An active landslide is located near the
west abutment of the existing bridge over the Snake River, and construction of the existing
bridge in 1950 re-activated a portion of the slide mass. Since construction, the abutment has
experienced periodic movement as evidenced by inclinometer readings and settlement of the
abutment. Subsurface conditions consist of colluvium/landslide and alluvial terrace deposits
overlying sandstone, siltstone, and shale of the Cretaceous-aged Aspen Formation. Key
components of the project include installation of three rows of ground anchors in the vicinity of
the west abutment for landslide mitigation, construction of a new, two-hinged arch span bridge
over the Snake River, and construction of an approximately 1,000 linear foot long anchored
soldier pile and lagging retaining wall to accommodate roadway realignment. Design challenges
included definition of the “active slide”; development of stability models consistent with inferred
stratigraphy, current topography and documented displacement history; and integration of
reinforcement anchors with bridge foundation elements to avoid conflicts. Construction
sequencing is vital to install and commission as many of the ground anchors as possible prior to

the excavations required for the bridge foundation elements.
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Road and Housing Construction on Reclaimed Coal Mine Spoil Undergoes Settlement
Damage in Southwest Indiana

Terry R. West and Nils I Johansen, P.E., Dept of Earth & Atmospheric Sciences, Purdue
University, W. Lafayette ,IN and University of Southern Indiana, Evansville, IN,
respectively (trwest@purdue.edu)

ABSTRACT

Coal mining in Pennsylvanian-aged rocks of southwestern Indiana has occurred for over 100
years. Seventeen counties from Terre Haute to Evansville have experienced both surface and
underground coal mining. Since coal measures in Indiana dip southwest toward the Illinois
Basin, geologic units show increased overburden thickness as they extend westward. Shallow
strip mines prevailed in the early history of mining, but increased stripping capacity occurring in
later years allowed for deeper extraction. Underground room and pillar mining was conducted on
the deeper coal seams beyond the limits of strip mining at the time of extraction.

Early in mining history, reclamation of surface strip mines was virtually non-existent.
Abandoned mine lands consisting of cast-over strip piles prevailed long the eastern boundary of
the coal-bearing strata. In recent years, however, Federal mining laws have required that strip
mines be properly reclaimed with the land surface restored to that which was present before
mining. With this history in mind, we find that for recent strip mine areas, the overburden
thickness is typically about 100 feet and the mined areas are carefully reclaimed to mimic their
original contours. A primary consideration for reclamation is to allow the surface material to
support vegetation, including row crops, pasture and forestation. Consequently, the surface
material is left in a loose condition so as not to discourage plant growth.

Currently some reclaimed land is being sold by mining companies for development as housing
tracts. Roads and house lots are then developed on the reclaimed land. In southern Warrick
County, north of Evansville and near Interstate 164, problems have developed in a housing area
on the reclaimed mine spoil. Foundation settlement leading to interior damage in homes has
occurred. Streets have also undergone major settlement. In the paper these settlement problems

are discussed and mitigation procedures are addressed.
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Interstate 40, Emergency Rock Remediation,

Haywood County, North Carolina

Daniel Journeaux, Jody C. Kuhne, LG, PE Noel Philippon Peter C. Ingraham, P.E.
President North Carolina DOT Janod Contractors Inc. Golder Associates Inc.
Janod Contractors Geotechnical Engineering 34 Beeman Way 670 North Commercial
Inc. Asheville Area Office Champlain, NY 12919 St., Ste. 103
34 Beeman Way PO Box 3279 (518) 298-5226 Manchester, NH, 03101
Champlain, NY 12919 Asheville, NC 28802 daniel@janod.biz (603) 668-0880

(518) 298-5226 (828) 298-3228 pingraham@golder.com

daniel@janod.biz jkuhne@dot.state.nc.us
ABSTRACT

On Saturday morning, October 24, 2009 at 02:30 there was a massive rock slide on Interstate 40 in
North Carolina at Mile Marker 3.4 just by the border of Tennessee. The volume of material was in
the range of 80,000 cubic yards and some of the blocks were the size of city busses. Phillips and
Jordan out of Knoxville Tennessee were called in as the emergency contractor to remove the material
from the slide and find a subcontractor for the rock remediation in the slope. Noel Philippon of
Janod arrived on site Monday October 26" and there was a scaling crew on site to begin the initial
scaling on October 28", Since the slide was still active every precaution was being taken to monitor

the slope for movement while the scaling and material removal operations were taking place.

Jody Khune the State Geotechnical Engineer mapped out the slope and concluded that the slope
consisted of several potential wedge failures and the initial consensus was that it was very likely that
there could be further rockfalls from the same failure plane. The initial plan was to drill and blast up
to where the failure plane daylighted 900 feet further up the slope. When that proved to be too
expensive NCDOT short listed contractors to bid on installing 50,000Inft of rock anchors in 60 days
to stabilize the structure. The team of Phillips and Jordan and Janod were the successful bidders on
the project and the contract work started on December 28, 2009. There were several challenges on
the project that became exponentially more complicated due to the fact that the work was to be
performed during the worst weather of the year for that area and in one of the most severe winters in
the last 30 years. Due to the time restraints in designing such a complicated project there were
several changes to the design that were proposed by Janod. The presentation will discuss in detail

the design and construction challenges that were not only met but exceeded most predictions.
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EMERGENCY ROCK SLOPE STABILIZATION IN THE OCOEE GORGE,
U.S. ROUTE 64, POLK COUNTY, TENNESSEE

Vanessa Bateman, P.G., P.E.°, Jay R. Smerekanicz, P.G.°, and Deana Sneyd, P.G.’

On November 10, 2009, a large rockslide struck U.S. Route 64 in the Ocoee Gorge in Polk County,
Tennessee, following an intense rainfall event associated with tropical storm Ida. The slide damaged the
roadway and a sidewalk, blocked access to a boat ramp, and impacted area access as well as the local
economy.  Approximately 15,000 cubic yards of falling rock, soil and forest vegetation buried the
roadway to a height of nearly 25 feet. An adjacent historic concrete faced timber crib dam operated by
the Tennessee Valley Authority (TVA) was not impacted by the slide. An initial smaller slide occurred
early in the morning closing the roadway and mobilizing maintenance, repair and TV crews to site.
Observation of the slope during the initial cleanup indicated a larger slide mass was failing and provided
sufficient warning to evacuate workers clearing the initial rock debris before the main slide fell, avoiding
potential loss of life. Television news crews on site to cover the initial smaller slide obtained rare video
footage of a major rockslide occurring.

Originally called the Copper Road because it was constructed to haul ore west along the Ocoee River
valley to Cleveland, Tennessee, U.S. Route 64 is a vital east-west two-lane highway providing the only
principal access between extreme southeast Tennessee and adjacent North Carolina. The roadway
follows the winding Ocoee River, the site of the whitewater events of the 1996 Summer Olympic Games.
The river and roadway traverse the Cherokee National Forrest, providing access to outdoor enthusiasts.
The roadway also serves as the primary route for emergency and commercial vehicles serving the towns,
tourist camps and whitewater rafting outfits in the area. In the 1960’s, the roadway was realigned and
widened as part of the regional roadway improvements; the widening design included removal of the toe
of planar beds steeply dipping towards the roadway. The rock slope, like many within the Ocoee Gorge,
has been monitored closely the Tennessee Department of Transportation (TDOT) under their rockfall
hazard monitoring program, and had been scheduled for repairs/maintenance.

The rocks in the Ocoee Gorge consist of late Precambrian, complexly folded, thin to medium bedded,
low-grade metasediments, including slates, phyllites and metagraywackes. Differential weathering of thin
beds of slate and phyllite bounded by more competent metagraywacke can lead to planar and wedge
failure of steeply dipping beds, intersecting joints and cleavage planes. Exposure of these weak beds in
the toe of the slope, in conjunction with over 5 inches of rain over a 24-hour period, led to planar sliding
failure of a portion of the rock slope. Remediation included scaling of loose rock and soil; trim blasting
of remaining beds on the slope to remove the potential for further rockfall; installation of pattern rock
bolts throughout the slope; and installation of drains at the toe of the slope. Due to the proximity of the
TVA dam, blasting vibrations had to be monitored. Limited access along the two-lane highway hampered
rock slope mitigation construction.
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Geotechnical Engineering For A Super-Load Delivery Over Pennsylvania Highways

Chris Ruppen, Don Gaffney & Dave Saylor; Michael Baker Jr., Inc.
ABSTRACT

This fast-track project required delivery of two new steam generators in September 2009 to support
Three Mile Island’s license renewal to continue operations through 2034. The delivery was managed
by AREVA NP, Inc., with Baker providing route planning and engineering support. The route to
TMI from their off-loading point in Maryland was characterized by its 75-mile length, hilly terrain,
narrow rural roadways, and many water crossings. The steam generators on their transporter units;
coming in at 825 tons, 153-feet long, 18-feet wide and 24-feet high each; were the largest loads ever

transported on Pennsylvania and Maryland highways.

The geotechnical challenges included foundation support or temporary bypasses at several
bridges, stability of sections of roadway, and consideration of pavement structure. One section of the
route originated as an Indian hillside trail along a stream in the 1600’s had hadn’t progressed much
past black-topping in the centuries since: it was in very poor shape with the entire roadway showing
signs of creeping toward the adjacent river. Additional portions of the overall route required detailed
pavement analyses, subgrade settlement, and design of temporary roadways to bypass bridges
lacking the capacity to support the load. Temporary bypasses were designed with various gradations

of aggregate with geotextile and geogrid reinforcement for additional aggregate stability.

Baker’s geotechnical team uniquely combined existing techniques and theory to model the
transporters. Embankments were analyzed for local and global stability which found the existing
roadways theoretically capable of satisfactorily supporting the transporters. Flexible pavement
design methods are based on repetitive vehicle loads, but our model viewed each transporter as a
temporary structural load and analyzed the structural response from a pavement-and-subgrade
strength position. This required analysis of how the wheels of the transporter interacted with each
other and how the stress from the combined wheels distributed through the pavement to the subgrade

soils.

The true test came as the transporters passed. Any failure of the roads during the move
would have been devastating to the project as it would have meant a complete stoppage in traffic
while the road could be made safe to pass the transporters or the transporters could be rerouted.
Success is measured in performance in line with analyses. Baker’s geotechnical team’s analyses
permitted the transport of the generators without extraordinary and expensive stabilization

construction or extended disruption of private land owners and traffic along the route.
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Subsurface Stabilization of Problematic Soil Areas
President George Bush Turnpike

Dallas County, Texas

Garry H. Gregory', Ph.D., P. E., D.GE
! Principal Consultant, Gregory Geotechnical,
2001 West 44™ Avenue, Stillwater, OK 74074

405-714-3689 ggregory@gregeo.com

Adjunct Professor of Civil Engineering — Oklahoma State University

ABSTRACT

When the North Texas Tollway Authority (NTTA) planned to construct the $400 million
President George Bush Turnpike (PGBT) in Dallas, County, Texas, one of the challenging
engineering aspects was subsurface stabilization of problematic soil areas along the proposed
route. These problematic soil areas consisted of two closed landfills, a system of water treatment
plant backwash lagoons, a deep rubble fill area, a steep slope area adjacent to an active landfill,
and roadway embankments constructed of high plasticity clays. The PGBT design required a
variety of improvements in the problematic soil areas including earthfill embankments to
approximately 10 m (33 ft) in height, MSE Walls to approximately 8 m (26 ft) in height, and
excavation cuts to approximately 7 m (23 ft) deep in one of the closed landfill areas. These areas
were stabilized with a variety of subsurface techniques including, dynamic compaction, lime-fly
ash slurry injection, compaction grouting, deep soil mixing, vibro-concrete columns, geogrid
reinforcement, and fiber-reinforced soil (FRS). Geotechnical instrumentation was installed to
monitor vertical and lateral deformations in the stabilized areas to verify performance prior to
construction of pavements. The geotechnical design was completed in late 2001 and construction
was completed in early 2005. To date the project has performed as expected in the stabilized

areas.
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Safe and Sound, Missouri Department of Transportation, Design - Build Program of
Replacing 554 Bridges

John F. Szturo R.G.,
Senior Geologist, HNTB Corporation,
715 Kirk Drive, Kansas City, MO 64105

Ph 816.527.2275, jszturo@hntb.com

ABSTRACT

The Missouri Department of Transportation plans to replace 802 of Missouri’s most worn
out bridges in five years — by Oct 31%, 2014. The 802 bridges are divided into two groups. 248
have been identified for rehabilitation by multiple design bid build processes and 554 will be

completely replaced by a single design build contract.

The Missouri Highways and Transportation Commission selected KTU Constructors to replace
554 bridges in a single design-build contract. Some key provisions of KTU’s proposal: Quoted
price of $487 million. Committed to finish by Dec. 31, 2013, — 10 months earlier than required.
Average bridge closure for 493 bridges will be 45 days — nearly half of what a normal MoDOT
bridge project would take. Overall, the schedule will demand one bridge be turned over every

two and a half days during the project duration.

The schedule will necessitate completing the subsurface investigations and foundation
recommendations for all 554 bridges within the first 18 months of the project, or about two every

three days.

Many creative and innovative methods were used to form the logistics necessary to perform the
geotechnical engineering for 554 bridges for the 18 month schedule. The logistics dealt with

scheduling borings, drilling, sampling, testing, reporting, recommendations and plan production.
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Using TDA (light weight Tire Derived Aggregate) as a green alternative for reconstruction
of a landslide road failure

William V. McCormick, CEG,
Kleinfelder Inc.,
2240 Northpoint Parkway,

Santa Rosa, California, 95407 USA

(707) 571-1883, bmccormick@kleinfelder.com

ABSTRACT

A 300-foot-long stretch of road in California has been plagued with re-occurring landsliding and
a previously failed retaining wall, making it unusable. Available funds prevented a more robust
retaining wall mitigation that would have required multiple rows of tiebacks. Previous failures
have resulted in loss of (clayey) earth materials needed for slope reconstruction and stability
analysis indicated that a stable slope could not be constructed due to environmental setback
restrictions from an adjacent wetland and creek. An alternative design was developed using light
weight (50 pcf) Tire Derived Aggregate (TDA, shredded waste tire fill) which is available free of
charge for civic projects in California. The light weight TDA significantly reduced the driving
force for future sliding. The ultimate design consisted of a geo-grid reinforced engineered soil
buttress at the base of the slope, continuous blanket drain to address spring activity and
alternating layers of TDA and soil in the upper portion of the road prism. Over 330,000 tires were
removed from waste dumps and utilized as permanent fill on this road and made the project

feasible by reducing costs up to 36%.
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Using LiDAR Laser Scanning for Geotechnical Characterization in Rock

Nick Priznar, Engineering Geologist, ADOT, Geotechnical Design Section
Virgil Coxon, ADOT, Survey Section
ABSTRACT

For several year’s two sections of ADOT have collaborated on the use of laser scanning for
acquiring very accurate three dimensional data in previously inaccessible terrain for geotechnical
assessments The application LiDAR appears to hold promise to reduced field investigation costs,
increase the amount of usable data collected, and greatly reduce the level of exposure to field

personnel while performing rock mass characterization studies.

LiDAR was used to supplement and analyze rock mass discontinuity orientations on high cut
slopes on 1-8, MP 20, Telegraph Pass, In Yuma County, Arizona in 2008. Due to the limited
and potentially hazardous access to the rock cut face ADOT and its collaborators extracted
orientation data from an existing LIDAR point cloud that was originally generated to create a
digital terrain model for the highway corridor. Three dimensional data sets of discontinuity
surfaces with similar orientation properties were grouped together and displayed on the point
cloud image. The average orientation of these groups was downloaded into a standard rock slope

stability programs and used to augment the analysis of proposed mitigation for the site.

Laser scanning was also utilized to study the geometry and behavior of an unlined, historic rock
tunnel on SR 191. The structural support elements and rock reinforcement in the crown and side
walls have shown distress and degradation. Interior laser scans of the tunnel were conducted on
50-ft centers and then interpreted in conjunction with panoramic photographic techniques to
locate and inventory a steel rib canopy and some 2,443 rock bolts supporting the tunnel. The
scan data were invaluable in designating which elements were candidates for replacement or
repair. The scans were also used to locate and project discontinuities which were assessed for

rock fall inside the tunnel and at the approach portals.
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Assessment of the Garvin Landslides

Christopher R. Clarke, P.E. James B. Nevels, Jr., P.E., Ph.D
Geotechnical Lab Supervisor Geotechnical Consultant
Oklahoma Department of Transportation, 605 Mimosa Dr., Norman, OK 73019
Materials Division (405) 818-2897
200 N.E. 21* Street, Oklahoma City, OK 73105- inevelsl@cox.net
3204

(405) 522-4994
cclarke@odot.org

ABSTRACT.

A shallow landslide failure in a highway cut-section slope occurred on January 13, 2005 in high
plasticity residual clay soils creating a costly maintenance problem. The site location was
approximately 3.1 miles east of Garvin in McCurtain County, Oklahoma along the westbound
lanes of US 70 highway. The north facing cut-section slope failure designated as slide A was
investigated in 2005, and repairs were recommended and completed in the summer of 2006. The
repair solution applied was a counterfort trench drain system. Two additional slides have recently
occurred designated as slide B and slide C in February 2010 and March 2010, respectively. Each
of these two new landslides are relatively the same size as slide A and are spoon shaped. The
standard Oklahoma Department of Transportation (ODOT) Roadway Design slope design of 3:1
was applied to the north facing cut-section slope in the original construction.

This paper continues with the enhancement of the mechanisms of stability degradation
discovered with slide A, addresses more detail in the site investigation and geologic description,
and further assesses the back calculated shear strength. Also investigated is the question of why
slide A survived when slides B and C failed. Upon further review the moblizied shear strength at
the time of these recent as well as the original slope failure was more likely the fully softened
shear strength rather than the assumed residual shear strength.

Unique to the investigation of slides B and C is the application of moisture diffusion and
matric suction associated with the mechanisms of stability degradation, and a detailed back
analysis 1s made to estimate the slip surface utilizing dynamic cone soundings (DCP)
supplemented with borings and closely spaced moisture content sampling are made. Critical to
the study is the evaluation of the fully softened shear strength reasoned to be the operating shear
strength of these first time slides. The factor of safety for a 3-dimensional analysis is estimated
from the investigated 2-dimensional analysis.The GSTABL7 as well as the Geotase computer
programs look into alternate stabilization methods that were not considered in the repair of slide
A.
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ROCKFALL MITIGATION FIELD TECHNIQUES AND DESIGN

WAGNER, Dane A., KANE GeoTech, Inc., 7400 Shoreline Drive Suite 6, Stockton, CA 95219,
dane.wagner@kanegeotech.com

KANE, William F., KANE GeoTech, Inc., 7400 Shoreline Drive Suite 6, Stockton, CA 95219,
william.kane@kanegeotech.com

ABSTRACT

Rockfall is a geologic hazard that results in the catastrophic loss of life and substantial property
damage to roadways, railways, and infrastructure. Over the past fifty years, rockfall mitigation
practice has seen rapid advancement, with the greatest technological strides occurring in the last
ten years. During this time, the design methodology has also matured from empirical field
methods to a system of quantitative analysis producing design loads and forces. The design of
mitigation systems must take into account a variety of factors and physical characteristics to
properly provide safety. Current design practices today focus on both the safety and economic
costs of mitigating hazardous slopes by involving a qualified geotechnical investigation and
analysis with a consideration on practicality. Analysis methods such as the Rockfall Hazard
Rating System (RHRS) and the Colorado Rockfall Simulation Program (CRSP) have allowed for
the determination of site specific mitigation options. Choosing the proper mitigation approach
must incorporate analyses with crucial information from the field and may involve active,
passive, or a combination of mitigation solutions. After the proper mitigation system has been
selected for the specific site, system design incorporates the quantitative data from the analyses
to engineer for the variety of loads subjected upon the system; including those on the system, the
foundation, and the anchors and/or bolts. This paper reviews the state of current rockfall
mitigation practice and provides a comprehensive approach to analysis and design for use by

geologists and engineers.
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Flexible Facing Analysis for Soil Nailing

Ghislain Brunet Jonathan Lovekin Paola Bertolo
Maccaferri, Inc Maccaferri, Inc OFFICINE MACCAFERRI
10303 Governor Lane Blvd., 10303 Governor Lane Blvd., S.p.A.
Williamsport, MD 21795-3116 Williamsport, MD 21795-3116 Via Kennedy 10
Ph: 301-223-6910 Ph: 301-223-6910 40069 Zola Predosa
gbrunet@maccaferri-usa.com jlovekin@maccaferri-usa.com Paola.Bertolo@maccaferri.com
ABSTRACT

Soil nailing is a technique in which soil slopes, excavations or retaining walls are reinforced by

the insertion of relatively slender elements - normally steel reinforcing bars. The bars are usually
installed into a pre-drilled hole and then grouted into place or drilled and grouted simultaneously.

A rigid or flexible facing system is used to stabilize the soil between the anchors.

Flexible facing systems have been used for many years to maintain and improve stability
between the anchor system. Despite this long use, the design methods usually take into account
only the anchor design to reach the expected safety factor. No calculation method exists to help
the designer choose the correct facing type and evaluate the facing behavior against the load of
the unstable material layer. The geomechanical properties and the load can change with time
(e.g: by softening and weathering phenomena).

To solve this lack of knowledge Maccaferri has developed the BIOS System (Best Improvement
Of Slopes). With this new approach it is easy for the designer to verify the effectiveness of the

selected facing system, checking the work both for Ultimate and Serviceability Limit State.

The Ultimate limit state check is necessary to avoid total collapse of the entire system. The
Serviceability limit state check is necessary to avoid having the system be under designed with
respect to the potential deformation of the mesh. This check takes into account the long term
behavior of the slope material. Large debris displacement over time can produce unacceptable
deformation of the system between the nails. This can lead to interference with the protected

structure or deeper stability problems in the slope.
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Use of Dimensional Modeling for Sizing Flexible Barriers Installations That Mitigate
Debris Flow Natural Hazards

Frank Amend,
Geobrugg North America,

PO Box 7453, Rocky Mount, NC 27804-0453
(T) 252-937-2552, E-mail: frank.amend@geobrugg.com

ABSTRACT

The previous large-scale fires in California and the resultant mudflow disasters that were
produced have demonstrated that some kind of properly designed flexible barrier could be useful
in handling the complex forces present in a fluid/slurry torrent and could be a tool to effectively
stop debris flows and/or mitigating such hazards. Intensive research has been conducted which
identified flow volumes, velocity, and density resulting in pressure as the primary design
parameters and have acknowledged specific engineering criteria necessary for use in debris flow
applications. Such research has included 1:1 laboratory testing with small-scale, artificially
generated debris flows, real-scale 1:1 field-testing as well as computer simulations modeling the

behavior of barriers during such events.

A design model for debris flow barriers (based on a finite element software program, but
not included in the paper) has been calibrated and verified by real-scale field-testing and is the
only known valid model for tested barrier type ((GB) ring-net barriers) in debris flow
applications. During the model’s development, it become clear that each application site where a
debris flow barrier would be considered requires specific dimensioning to be completed for each
barrier as no “one-size-fits-all” criteria exists for a properly designed solution. Furthermore, the
loading associated with debris flows vastly differs from that of rockfall, thereby necessitating

different barrier design criteria.

This research has led to an initial dimensioning model for flexible barriers to be used for
debris flow mitigation, which is currently being applied in numerous cases. These barriers have
been installed and impacted by actual debris flows. The subsequent observations have provided
invaluable information regarding performance, design assumptions, and maintenance

requirements including cleanout.
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The Latest in Testing Procedures and Technological & Installation Developments in
Rockfall Protection Barriers

John Kalejta Jr.
Geobrugg North America, LLC
Geobrugg Protection Systems
551 Cordova Rd., PMB 730
Santa Fe, NM 87505
Tel: 505-220-1404

E-mail: john.kalejta@geobruge.com

www.geobruge.com

ABSTRACT

The latest rockfall protection barriers are tested under the most rigorous vertical drop conditions
according to the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL). More recently,
rockfall barriers have been tested and certified under the ETAG 27 guideline of the European
Organization of Technical Approvals (EOTA). The EOTA test certification is comprised of two so-called
Service Energy Level (SEL) tests: the barriers are loaded with two hits of 33% of the nominal energy
without intermediary maintenance. The Maximum Energy Level (MEL) test is then performed with

100% of the nominal energy.

Geobrugg’s newest rockfall barriers, the GBE series, have verified a residual useful height corresponding
to the highest category, A, of the ETAG 27. In other words, after the MEL test, a residual height of at
least 50% of the nominal barrier height was attained in the impact field. The GBE rockfall barriers, with
full European Technical Approval certificates, protect against impact energies up to 1,000 kJ with over
50% residual height in the impact field, require no secondary mesh and have simple anchorages due to
lower force transmission. Higher energy versions of the GBE barrier, up to 3,000 kJ, are under

development.

The time spent installing rockfall protection barriers is a large factor in project cost calculations. These
new technological breakthroughs were developed to facilitate rapid installation by contractors through
modular design, the use of lightweight components and partial factory pre-assembly. A recent installation
case in New Mexico will be presented. The ultimate goal of any project is the most economical solution

to rockfall and safety problems without compromise of the technical solution.
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North Slope Landslide Investigation, US 62
Chickasha, Oklahoma

James B. Nevels, Jr., Ph.D., P.E.!

ABSTRACT.

Shallow landslide failures in highway embankments constructed in medium to high plasticity
create costly maintenance problems. The site location of the embankment landslides recently and
currently under investigation are in Grady County, Oklahoma within the Chickasha city limits
along the west approach embankment over the old St. Louis & San Francisco Railroad line on
US 62 highway. The south slope embankment slope failures were investigated in 2005 were deep
seated slides and were repaired at a contract cost of $400,000 plus in 2008. The north

embankment slopes are now under study, but they are noticeably shallow seated.

This paper investigates the mechanisms of stability degradation that leads to these shallow
slope failures. The basic reason for these slope failures is because of right of way restrictions the
side slopes were built steeper than the standard Oklahoma Department of Transportation
(ODOT) side slopes set at 3:1 in order to accommodate a four lane widening. Unique to this
investigation is the application of moisture diffusion and matric suction associated with the
mechanisms of stability degradation. Further in the investigation a detailed back analysis is made
to estimate the slip surface, and in doing so the use of dynamic cone soundings (DCP)
supplemented with borings and closely spaced moisture content sampling are made. Critical to
the study is the evaluation of the fully softened shear strength reasoned to be the operating shear
strength of this first time slide. Finally the study looks into the use of 2-dimensional slope
stability analysis to estimate a 3-dimensional slope failure. The GSTABL7 and the newer
Geostase computer programs are utilized. These computer solutions look into alternate

stabilization methods that were requested.

1. James B. Nevels, Jr., P.E., Ph.D., LLC, Consulting Geotechnical Engineer,
605 Mimosa Dr., Norman, OK 73069-8622.
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Influence of Various Cementitious Additives on the Durability of Stabilized Subgrades

Solanki, Pranshoo, Doctoral Candidate, School of Civil Engineering and Environmental Science,
University of Oklahoma, 202 West Boyd Street, Room 334, Norman, Ok, 73019-1024,
Ph: 405) 325-4236 Fax: (405) 325-4217 E-mail: pranshoo@ou.edu

Zaman, Musharraf M. , David Ross Boyd Professor and Aaron Alexander Professor, Associate Dean for
Research and Graduate Education, College of Engineering, University of Oklahoma ,
202 West Boyd Street, Room 107, Norman, OK, 73019,
Ph: (405) 325-2626 (Office) or (405) 325-4536 (Secretary) Fax: (405) 325-7508 E-mail: zaman@ou.edu

Dean, Jeff , Oklahoma Department of Transportation, Pavement Engineer, Oklahoma Department of
Transportation, 200 N.E. 21% Street, OKC, OK 73105,
Ph: (405) 503-1463 E-Mail: jdean@odot.org

ABSTRACT

Durability of pavement materials induced by changes in climatic conditions namely, freeze-thaw
and wet-dry (W-D), have been recognized by pavement engineers as a major factor in poor
pavement performance. The repeated action of F-T and W-D deteriorates the integrity of the
pavement structure through changes in the engineering properties of pavement material such as
resilient modulus and unconfined compressive strength. To this end, durability of stabilized soil
specimens was evaluated by conducting F-T cycling, W-D cycling, vacuum saturation and tube

suction tests.

The soils used in this study are three commonly encountered subgrade soils in Oklahoma. These
soils belong to Port series (CL-ML), Kingfisher series (CL), and Caranasaw series (CH). Three
different cementitious additives, namely, 6% lime, 10% class C fly ash (CFA) and 10% cement
kiln dust (CKD) are used. Specimens are compacted at near optimum moisture content with a
target density between 95% and 100% of the maximum dry density. After compaction,
specimens are cured for 7 days and tested for durability against F-T and W-D cycles in
accordance with ASTM D 560 and 559 test methods, respectively. Also, specimens are tested for
durability using two time-efficient procedures, namely, vacuum saturation in accordance with
ASTM C 593 test method and tube suction test. Preliminary results indicate that F-T and W-D
durability of stabilized subgrade soils is influenced by characteristics of both soil and additive.
Also, durability evaluated using vacuum saturation test produced good correlations with residual
strength of specimens subjected to F-T and W-D cycles indicating that vacuum saturation could

be used as a time-efficient and inexpensive method for evaluating durability of stabilized soils
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Understanding the Behavior Of Integral Abutment Bridges Through Field Instrumentation

K. K. "Muralee" Muraleetharan 1, Gerald A. Miller 2, and Bryce Hanlon 3
1 School of Civil Engineering and Environmental Science, The University of Oklahoma,
202 W. Boyd, Room 334,
Norman, OK 73019, Phone: 405-325-4247, Email: muralee@ou.edu
2 School of Civil Engineering and Environmental Science, The University of Oklahoma,
202 W. Boyd, Room 334,
Norman, OK 73019, Phone: 405-325-4253, Email: gamiller@ou.edu
3 EST, Inc., 3201 South Berry Road,
Norman, OK 73072, Phone: 405-307-8378,

Email: bryce.hanlon@estinc.net

ABSTRACT

Integral Abutment Bridges (IAB) or jointless bridges are bridges without any joints

within the bridge deck or between the superstructure (decks and girders) and the abutments. An
IAB provides many advantages during construction and maintenance of a bridge. The behavior
of abutments in an IAB is, however, poorly understood. Soil-structure interactions occurring
during heating and cooling of the bridge at the abutments are complex, especially in skewed and
long span IABs. This paper describes a field instrumentation effort to understand these soil-

structure interactions.

The North bound I-44 Bridge over the Medicine Bluff Creek in Comanche County near

Lawton, Oklahoma was instrumented for this project. This is a 210 feet long, three span [AB
with a 100 skew. Three abutment piles were instrumented with strain gages, earth pressure cells
and tilt meters were placed on abutment walls, crack meters were placed between the bridge deck
and the pavement, and thermistors were placed on the bridge deck, and the girders. The data
collection began in June 2009. This paper will discuss the results from these instruments during
heating and cooling of the bridge and will provide insight into the soil-structure interaction

between the abutment and the piles supporting them and the surrounding soil.

102



NOTES

103



Importance of Soil Suction in Pavement Foundations

Rifat Bulut
Oklahoma State University
School of Civil and Environmental Engineering
207 Engineering South
Stillwater, Oklahoma 74078
Phone: 405-744-7436
Fax: 405-744-7554

E-mail: rifat.bulut@okstate.edu

ABSTRACT

This paper reports on several soil suction measurement methods, and use of soil suction in
pavement foundations. These techniques have been widely used in engineering practice and in
research laboratories. Each of these techniques has its own limitations and capabilities, and
active research into improving these techniques and their use in engineering practice is ongoing
in universities, research laboratories, and private sector. This paper outlines working principles,
calibration, measurement, and application areas of the filter paper method, tensiometers,
thermocouple psychrometers, transistor psychrometer, chilled-mirror psychrometer, thermal

conductivity sensors, and electrical conductivity sensors.
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Influence of Moisture Content on the Pullout Capacity of Geotextile Reinforcement in
Marginal Soils
Kianoosh Hatami, Lina Garcia and Gerald A. Miller
School of Civil Engineering and Environmental Science (CEES), University of Oklahoma,

Norman, OK, USA

ABSTRACT
Departments of transportation across the U.S. are invariably faced with a persistent problem of
landslides and slope failures along highways. Repairs and maintenance work associated with
these failures cost these agencies millions of dollars annually. An ideal solution for the
construction or repair of slopes and embankments is to reinforce them using geosynthetics and
large quantities of coarse-grained, free-draining soils to stabilize these structures. However, such
coarse-grained soils are not readily available in Oklahoma and many other parts of the U.S.
Consequently, the production and transportation costs for these materials can be prohibitive
amounting to millions of dollars annually. A possible solution to this problem would be to use
locally available soils that are of marginal quality (e.g. soils with more than 15% fines content)

but are significantly less expensive.

One main concern in internal stability of reinforced soil slopes constructed with marginal soils is
the pullout capacity of reinforcement when the soil moisture content increases significantly.
Current design guidelines and test protocols for reinforced soil slopes in North America do not
include specific procedures to account for the reduction in interface strength due to increased

moisture content.

In this study, a moisture reduction factor (MRF) was introduced to account for the influence of
moisture content on the soil-geotextile reinforcement interface strength in reinforced soil
structures constructed with marginal soils. The MRF values were determined through large-scale
and small-scale pullout tests on an Oklahoma marginal soil at different moisture content values.
The variation of the MRF value with the soil moisture content is presented and discussed. It is
found that the pullout capacity of geotextile reinforcement in a marginal soil can especially be

affected on the wet side of the soil optimum moisture content.
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Effects of Sample Preparation Method on Aggregate Shape Characteristics
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ABSTRACT

Hot Mix Asphalt (HMA) is a mixture of aggregates and asphalt binder, aggregates contributing to
approximately 96 % of the total weight of the HMA mixture. The performance of HMA greatly
depends upon the aggregate shape characteristics such as angularity, 2D form, texture and sphericity.
These aggregate shape parameters may change while they go through different process of HMA
production and sample preparation. Hence, it becomes vital to quantify these aggregate parameters in
predicting the performance of HMA mixes.

A laboratory study was undertaken to evaluate the effects of sample preparation method on the
aggregate shape characteristics. The loose HMA mix was collected from the Haskell Lemon plant in
Norman. A Superpave Gyratory Compactor (SGC) was used to prepare 6” diameter x 6.7 height
samples at four different target air voids (5 %, 7%, 9% and 12%). These samples were cut and cored
to get final samples of size 4” diameter and 6 height. The sample size 4 diameter x 6” height is
recommended by the American Association of State Highway and Transportation Officials
(AASHTO) for conducting performance testing (dynamic modulus, flow number and flow time) of
HMA mixes. Aggregates were retrieved from these samples after burning in a National Center for
Asphalt Technology (NCAT) oven. In addition, original aggregate and loose HMA mix aggregate
samples were used to compare them with other aggregates retrieved from SGC compacted samples.
A total of six different types of aggregate were used in this study: original aggregates, plant burnt
aggregate, 5% air voids aggregates (AVA), 7% AVA, 9% AVA, and 12% AVA. Each aggregate type
was divided in coarse aggregates (retained 1/2” and #4) and fine aggregates (retained #8 and #16). A
total of 36 aggregate samples were used to measure aggregate shape characteristics using an
Aggregate Imaging System (AIMS).

A statistical method, called Analysis of Variance (ANOVA), was used to compare six types of
aggregate shape parameters. It was found that coarse aggregates exhibit more sensitivity to changing
their shape parameters compared to fine aggregates. The texture and 2D form of coarse aggregate
particles changes while they go through different process of sample preparation and HMA
production. On the other hand, fine aggregate particles do not show any significant change in their
shape characteristics. No significant change was observed in angularity and sphericity for both types
of aggregates. These results are expected to develop a better understanding of HMA mixture
behavior in light of aggregate properties pertaining to aggregate shape.
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GEOLOGY AND MINERAL RESOURCES OF OKLAHOMA

LUZA, K. V., Oklahoma Geological Survey, Norman, OK 73019, kluza@ou.edu,
KRUKOWSKI, S. T., Oklahoma Geological Survey, Norman, OK 73019, skrukowski@ou.edu,
JOHNSON, K. S., Oklahoma Geological Survey, Norman, OK 73019, ksjohnson@ou.edu

Oklahoma is a region of complex geology with several mountain ranges, uplifts, and sedimentary
basins. The principal mountain belts, the Ouachita, Arbuckle, and Wichita occur in the southern
third of Oklahoma. These were sites of folding, faulting, and uplifting during the Pennsylvanian
Period. Principal sites of sedimentation were elongated basins that subsided more rapidly than
adjacent areas and received 10,000—40,000 ft of sediment. Major basins were confined to the
southern half of Oklahoma and included Anadarko, Arkoma, Marietta, Hollis, and Ouachita.
Rocks in Oklahoma, mostly sedimentary, are from every geologic period. Permian (about 46%)
and Pennsylvanian (about 25%) units comprise the majority of outcrops.

Oklahoma energy resources, particularly oil and natural gas, and coal, had a value of
$14.6 billion in 2006. Major nonfuel mineral production is widespread, but concentrated in
major mountain belts in the south and in the Ozark uplift in the northeast. Oklahoma raw
nonfuel minerals had a value of $684 million in 2006, ranking first in the nation in gypsum and
iodine production; second in tripoli; fourth in feldspar; seventh in industrial sand and gravel;
tenth in masonry cement; and eleventh in common clays. Other industrial minerals of significant
value included crushed stone (limestone, dolomite, gypsum, sandstone, rhyolite, and granite),
portland cement, and construction sand and gravel. Significant production also includes helium,
salt, building stone, and volcanic ash. Almost all Oklahoma mines are open pit except for salt
and iodine produced from brine wells; helium from natural gas wells; and one underground
limestone mine.

INTRODUCTION

The soils, topography, and vegetation of Oklahoma depend on its local geology and
climate. The highest elevation (4,973 ft) in Oklahoma is on Black Mesa in the northwest corner
of the Panhandle; the lowest elevation (287 ft) is in the southeast corner of the State. Mean
annual precipitation varies from less than 20 in. in the Panhandle to over 55 in. in the Ouachita
Mountains. The distribution of vegetation in Oklahoma is very diverse. Piflon Pine—Juniper is
found in the northwest; central Oklahoma is a mosaic of forest, woodland, and grassland
vegetation; and cypress bottoms occur in sloughs and back swamps in southeast Oklahoma.

Oklahoma is a region of complex geology where several major sedimentary basins are set
near mountain ranges and uplifts (Fig. 1). About 99% of all outcrops are sedimentary.
Remaining outcrops are (1) igneous rocks, mainly in the Wichita and Arbuckle Mountains; (2)
metamorphic rocks in the eastern Arbuckles; and (3) mildly metamorphosed rocks in the core of
the Ouachita Mountains. Rocks formed during every geologic period occur in Oklahoma. About
46% of Oklahoma has Permian rocks
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Fig. 1. Major geologic provinces of Oklahoma (modified from Northcutt and Campbell, 1995)
resulted from tectonic uplift and downwarping mainly during the Pennsylvanian Period.

exposed at the surface. Other extensive outcrops are Pennsylvanian (about 25%), Tertiary
(11%), Cretaceous (7%), Mississippian (6%), Ordovician (1%), and Cambrian (1%);
Precambrian, Silurian, Devonian, Triassic, and Jurassic rocks each are exposed in less than 1%
of Oklahoma (Fig. 2).

GEOLOGY

Upper Cambrian through Mississippian rocks in Oklahoma are represented by marine
sediments deposited in a broad epicontental seas. This basin, which extended across almost all
parts of the southern Midcontinent, was a shelf-like area that received thick and extensive
sediments of marine carbonates interbedded with thinner marine shales and sandstones. The
sedimentary units thicken into protobasins such as the Anadarko, Ardmore, Arkoma, and other
basins. Sediments were deposited later upon and across the present-day major uplifts. Strata
subsequently were stripped away during Pennsylvanian uplift and erosion.

Orogenic activity during the Pennsylvanian Period sharply uplifted crustal blocks,
subdividing the broad, shallow-marine protobasins into a series of well-defined basins. Orogenic
activity was limited to folding, faulting, and uplift. Pennsylvanian orogenic pulses caused (or
contributed to): (1) folding and thrusting of the Ouachita fold belt; (2) raising of the Wichita,
Criner, Arbuckle, and Nemaha uplifts; and (3) pronounced down-warping of the Anadarko,
Ardmore, Arkoma, and Marietta basins (Fig. 1).

Pennsylvanian strata in Oklahoma consist of sequences of marine and nonmarine shale,
sandstone, conglomerate, and limestone that thicken markedly into rapidly subsiding basins.



Fig. 2. Generalized geologic map and cross sections that show the subsurface configuration of
rock units in Oklahoma.

Thick wedges of terrigenous clastic sediments were shed from nearby uplifts, and thinner
carbonate sequences were deposited on shallow-water shelf areas distal to the uplifts.
Successively younger Pennsylvanian units commonly overlap older units at the margins of the
basins and across some uplifts. Thin coal beds are abundant in Desmoinesian strata, mainly in
the Arkoma basin and the Cherokee platform. Total thickness of Pennsylvanian strata in various
basins is 10,000—15,000 ft in the Anadarko, Ardmore, Arkoma, and Marietta basins, and about
4,000 ft in the Hollis basin. In most shelf or platform areas, Pennsylvanian strata typically are
1,500—4,000 ft thick.

Permian strata are limited to the western half of Oklahoma. Clastics were eroded from
the Ouachitas on the east, the ancestral Rocky Mountains on the west, and the Wichita
Mountains in southwest Oklahoma. Sediments accumulated mainly in the Anadarko basin,
Hollis basin, and the Panhandle. Early Permian carbonates and shales, both gray and redbeds,
are overlain by a major evaporate and redbed sequence in Middle and Late Permian. Evaporites,
salt and gypsum/anhydrite, thicken into basins that continued to subside faster than adjacent
uplifts and arches. Permian strata are as much as 7,000 ft thick in the Anadarko basin, 4,000 ft
thick in the Hollis basin, and 1,000-3,000 ft thick in nearby shelf or platform areas.

The major outcrop of Mesozoic rocks is in the Gulf Coastal Plain of southeast Oklahoma.
Cretaceous strata occur in an eastward-trending belt about 175 mi long and as much as 40 mi



wide. Beds mostly consist of nonmarine sandstone and clay units at the base. The sequence
passes upward into marine limestone and shale beds and terminates with nonmarine sandstone
beds. A second area of Mesozoic rocks, Triassic and Jurassic, is in the northwest corner of the
Oklahoma Panhandle. Especially prominent is the Morrison Formation, a nonmarine deposit that
contains uranium in the western United States.

Tertiary sediments are confined to the High Plains of western Oklahoma and the
Panhandle. The principal unit, the Ogallala Formation, consists of Pliocene sand and clay
derived by stream outwash from the Rocky Mountains and caliche units. Some volcanic ash and
lacustrine deposits also occur.

Three major mountain regions, Ouachita, Arbuckle, and Wichita, occur in the southern
part of Oklahoma (Figs. 1 and 2). The Ouachita Mountains in southeast Oklahoma is an arcuate
fold belt that consists mostly of Mississippian and Early Pennsylvanian sandstone and shale units
(Stanley, Jackfork, Johns Valley, and Atoka formations). Locally, sediments about 30,000 ft-
thick, were deposited in a great trough through Morrowan and Atokan time. The depocenter
shifted northward in Atokan time to the southern part of the Arkoma basin. The trough was
destroyed during the Ouachita orogeny (Desmoinesian), with northward thrusting and complex
folding of Ouachita-facies rocks to form the present-day Ouachita Mountains. Resistant units of
steeply dipping sandstone form long, sinuous mountain ridges and hogbacks that tower 1,000—
1,500 ft above intervening shale valleys.

The Arbuckle Mountains in south-central Oklahoma make up an area of low to moderate
hills containing 15,000 ft of folded and faulted sediments ranging in age from Cambrian to
Pennsylvanian (Ham, 1969). About 89% of these sedimentary rocks are limestone and dolomite
units; the remainder are shale and sandstone units. Rocks in this part of southern Oklahoma
were thrust upward and folded and faulted during several mountain-building episodes in the
Pennsylvanian Period. The sedimentary cover was eroded from the underlying Precambrian
granites in a 150-square-mile area in the southeast part of the Arbuckle Mountains, making this
the largest exposure of Precambrian rocks in the State.

In the Wichita Mountains of southwest Oklahoma, granite, rhyolite, and gabbro are the
dominant rocks. These are Middle and possibly Early Cambrian in age and are flanked by
scattered outcrops of Cambrian and Ordovician limestone and dolomite units like those of the
Arbuckle Mountains. The Wichita fault blocks were thrust upward and slightly northward
during several Pennsylvanian uplifts, at which time the cover of pre-Pennsylvanian sediments
were eroded. The igneous rocks form mountains that rise 500—1,000 ft above the surrounding
plain of Permian red beds.

A portion of the Ozark uplift occurs in northeast Oklahoma. This deeply dissected
plateau formed in gently dipping Mississippian limestone and chert beds. Caves, solution
cavities, and other karst features are more prevalent here than in any other part of Oklahoma.

Much of the geologic discussion was taken from Johnson and Mankin (1971), Johnson
and others (2001), and Johnson (2008a-c). General discussions of Oklahoma geology are
presented by Ham and Wilson (1967), Ham (1969), and Johnson and others (1988).



MINERAL RESOURCES

Because of its geologic history, Oklahoma has abundant mineral resources that include
petroleum (crude oil and natural gas), coal, non-fuel minerals (e.g., lead, zinc, gypsum,
limestone, sand and gravel), and water. The value of petroleum, coal, and non-fuel minerals was
about $14.6 billion in 2006, making the minerals industry the greatest source of revenue in the
state in recent years. Industrial minerals production value was about $684 million in 2006.

Although Oklahoma has an important history mining metals, none are mined today.
Underground mining in the Miami-Picher field of northeast Oklahoma yielded about 1.3 million
tons of lead and about 5.2 million tons of zinc from 1891 to 1970. Oklahoma led the nation in
zinc production almost every year from 1918 through 1945. About 1.9 million tons of copper-
shale ore were mined southwest of Altus, Oklahoma, between 1964 and 1975. Principal
metallogenic provinces of Oklahoma are in the northeast (Ozark uplift) and in the Ouachita,
Arbuckle, and Wichita mountains.

Industrial minerals are nonfuel, nonmetallic minerals with economic potential. They are
mined for local, national, and international markets. Industrial mineral industries are active in all
Oklahoma counties. Some of the most important regions producing industrial minerals are the
Wichita, Arbuckle, and Ouachita Mountains, and the Ozark uplift.

Crushed-stone and building stone resources include limestone, dolomite, granite, and
rhyolite; other major construction resources are cement (made from limestone and shale) and
sand and gravel deposits along modern and ancient rivers. Industrial sand (high-purity silica
sand) is used for glassmaking, foundry sands, ceramics, and abrasives. Enormous resources of
gypsum in western Oklahoma provide raw materials for wallboard, plaster, portland cement (as a
retarder), and soil conditioners (Fig. 3). Thick layers of rock salt underlie most of western
Oklahoma, and natural springs emit high-salinity brine to several salt plains. Oklahoma iodine,
produced from deep brines in the northwest, is the nation’s sole domestic supply. Other
important industrial minerals in Oklahoma include clays and shales (to make brick and tile),
tripoli, and volcanic ash (abrasives and/or absorbent materials).

The total estimated value of $684 million for industrial mineral production in 2006ranked
Oklahoma 32" of 50 states. Leading nonfuel commodities during 2006 were crushed stone ($253
million), sand and gravel ($91.9 million), industrial sand ($40.4 million), iodine (withheld), and
gypsum ($27.4 million). Construction materials accounted for a large majority of Oklahoma’s
mineral value, (55%) in 2006: crushed stone, construction sand and gravel, and gypsum (cement
was withheld as company proprietary data; United States Geological Survey, 2006).

Raw materials for portland and masonry cements are limestone (for calcium) and clay or
shale (for alumina and silica). Oklahoma has these in abundance; they are discussed separately
below. Historically, local demand, along with cheap, readily available energy, was responsible
for the beginning of the cement industry in Oklahoma. Three plants currently manufacture
cement in Mayes, Pontotoc, and Rogers Counties. In the recent past, cement manufacture
accounted for nearly one third the value of Oklahoma industrial minerals production.

Much of the data herein are based upon Johnson, 1969, 1977, 1999), Morris (1982), and
the Oklahoma Department of Mines (ODOM) (2006-2007); the reader is referred to these and
others cited herein for additional commodity information.



Fig. 3. Major mineral resources (exclusive of oil and gas) in Oklahoma. Helium (He) and iodine
(I) not shown in explanation.

ENERGY (FUEL) MINERALS

Petroleum Resources: prehistoric Americans utilized oil and tar from petroleum seeps for
medicinal purposes and adhesives; early settlers used oil for lubricating and lamp oil. The first
recorded production was 30 bbls of oil in 1891, but the first profitable oil well was completed in
1897 at Bartlesville. Petroleum production has occurred in 74 of 77 Oklahoma counties.

Discoveries between 1905 and 1928 established Oklahoma as an oil state with many oil
fields, e.g., Glennpool, Cushing, and Oklahoma City. Continuous exploration has found
additional major oil and gas fields (Fig. 4A-C). Oklahoma led the nation in petroleum production
from 1907 through 1923; presently it is the fifth leading producer of oil, behind Texas, Alaska,
Louisiana, and California. Behind Texas, Oklahoma typically shares second or third place with
New Mexico in producing natural gas.

Over 500,000 wells have been drilled in Oklahoma looking for petroleum; about 120,000
still produce. Cumulative production through 2008 was about 14.9 billion bbls of oil and 99.1
trillion cu ft of natural gas. Oklahoma produced 1.7 trillion cu ft of natural gas and 65 million
bbls of oil in 2008 (Oklahoma Corporation Commission, 2009).

Coal Resources: vast resources of bituminous coal occur in eastern Oklahoma. Over 200 million
tons were produced since coal mining began in 1873. Since the 1950s almost all Oklahoma coal
has been mined by surface methods: it is safer, recovers more coal, and costs less (Fig. 5).
Surface mining is restricted to mining depths of 50-100 ft, so only a portion of coal resources are
recoverable. Coal beds are typically 0.8—10.0 ft thick, have 0.4%—6.5% sulfur, and contain
11,500-14,500 Btu per pound. Production peaked at about 57 million tons in 1981; with about



Fig. 4. (A) Loffland Brothers Rig 32 used to drill Lone Star Producing Company’s deepest
producing gas well in North America; (B) deep producing oil well at the University of
Oklahoma’s north base campus; and (C) shallow producing oil well near Chelsea, Oklahoma.



Fig. 5. Coal mining in northeast Oklahoma.

1.5 million tons mined in 2008 (Oklahoma Geological Survey, 2009). Most Oklahoma coal
generates electricity or is made into coke for steelmaking.

INDUSTRIAL MINERALS

Nonmetallic minerals are distributed widely in Oklahoma (Fig. 3), and are mined
primarily for local, regional, and national markets. Crushed stone and dimension stone resources
include limestone, dolomite, and granite deposits; other construction resources are limestone and
shale for cement, and sand and gravel deposits along modern and ancient rivers. Industrial sand
(high-purity silica sand) in the Arbuckle Mountains is used in glassmaking, foundry sands,
ceramics, and abrasives. Enormous reserves of gypsum in western Oklahoma are mined for
wallboard, plaster, portland cement (a retarder), and soil amendments. Thick layers of rock salt
underlie western Oklahoma at depths of 303,000 ft; natural salt-water springs emit brine to
several salt plains in the region. In northwest Oklahoma, three companies produce iodine from
deep oil-field brines (7,000—10,000 ft deep). Oklahoma is the sole domestic producer of iodine.
Other important nonmetallic minerals from Oklahoma are clays and shales (brick and tile), and
tripoli and volcanic ash (abrasives, pigments, and absorbents).

Iodine: iodine is a grayish-black, nonmetallic element, solid at ordinary temperatures. In
northwest Oklahoma, it is dissolved in iodine-rich natural brines (100-1,560 ppm 1odine; 300—
350 ppm in most producing wells) 6,000—10,000 ft below the surface (Fig. 6). Oklahoma iodine
brines are the richest in the world (Krukowski and Johnson, 2006). Major production comes from
near Woodward and Vici, in Morrowan (basal Pennsylvanian) sandstones in a south-trending
paleo-valley called the “Woodward trench.” Production is also a byproduct of oil and gas drilling
into other Paleozoic rocks (sandstones, limestones, and dolomites) with iodine-rich brines. After
brines are treated chemically, iodine crystals are precipitated. Effluent brine is treated and re-
injected downstream into the producing formation (Cotton, 1978).



Fig. 6. Tochem Corporation’s iodine plant near Vici, Oklahoma.

Iodine production in Oklahoma began in 1977. Three plants in Oklahoma are the sole
domestic source of iodine; they yielded about 4.8% of global output in 2006 (Lyday, 2007). The
last reported production was 1,570 metric tpa in 2005 valued at $16.79 per kg (Lyday, 2007).
The U.S. Geological Survey (USGS) reported iodine at $21.10 for 2009 (Angula, 2010). Major
uses include catalysts, stabilizers, radiopaques, human and livestock nutrition, biocides and
disinfectants, pharmaceuticals, photography, and colorants.

Gypsum: enormous resources of high-purity gypsum occur in western Oklahoma. Blaine and
Cloud Chief Formations (both Permian) gypsums are 5-30 ft thick and 95%-99% pure, and 25—
100 ft and 92%-97% pure, respectively (Fig. 7). Total gypsum resources are estimated at 48
billion short tons. Gypsum beds typically form hills in the semiarid climate, and gypsum layers
are nearly flat lying, so the gypsum is best mined in open pits (Johnson, 1978).

Oklahoma ranked fourth in U.S. gypsum production in 2009 (Angulo, 2010), down from
first place in 2008 (Angulo, 2009). The latest figure reported by the ODOM was 4,969,157 short
tons produced in 2007 (Oklahoma Department of Mines, 2006—-2007); about 1,000,000 short tons
less were mined in 2009. Uses include plaster for interior walls and wallboard, special plasters
for medical and other uses, retarders in portland cement, fillers, road metal, and soil conditioner.

Tripoli: tripoli is a white to cream-colored, microcrystalline, high-purity silica. It is porous,
lightweight, and friable. It is derived from a partly siliceous, parent sedimentary rock from which
soluble carbonate minerals were leached (Quirk and Bates, 1978). Important tripoli deposits
occur in northeast Oklahoma; first mined in the Missouri-Oklahoma tripoli district in 1869.



Fig. 7. Texas Gypsum Company’s Cloud Chief gypsum quarry near Fletcher, Oklahoma.

Deposits typically are 220 ft thick and occur in Mississippian cherty limestones beneath only 2—
10 ft of overburden.

Excavated tripoli is dried, crushed, and screened to various sizes. Ground tripoli is used
mainly as a paint additive, as a mild abrasive, or in buffing and polishing compounds. It is prized
for its abrasiveness, resistance, porosity, permeability, absorption, and low specific gravity. One
company operates several pits in Ottawa County. The USGS reported the average value of tripoli
at $129 per metric ton as an extender and filler in 2008, mostly in paints (93% of production);
and $208 per ton as an abrasive (5% of production; Dolley, 2009). The ODOM (2006-2007)
reported production at 44,793 short tons in 2007.

Industrial Sand: two operators in the Arbuckle Mountains (Fig. 8) mine high-purity silica sand
(Ordovician Simpson Group); plant-run sand contains 99.8% silica and normally only 0.01%—
0.03% iron oxide (Ham, 1945). Ordovician sand also occurs in northeast Oklahoma; outcrops of
Cretaceous sands of 98.5%-99.5% silica occur south and east of the Arbuckles. Alluvium from
the Arkansas River near Muskogee produces feldspar sand for glassmaking: processed sand
includes about 75% quartz (silica), about 25% feldspar, and < 0.04% iron oxide. Oklahoma
produced 1.64 million metric tons of industrial sand in 2006 valued at $40.4 million (excluding
feldspar). In 2009 Oklahoma ranked fourth in U.S. industrial sand production (Dolley, 2010);
and fourth in feldspar (Fig. 9A-C) production based solely on the Arkansas River feldspar sand
operation (Cordier, 2010).

Glass manufacturing plants in Oklahoma and adjacent states use the industrial sands to
produce container glass, flat glass, tumblers, tableware, and Pyrex”. Other uses include foundry
sand, ceramics, sodium silicate, and silica flour (for ceramics, abrasives, and inert filler).

Clay and Shale: clay and shale for making red brick and tile occur in almost every county. Some
areas have light-firing clay, low-grade refractory clay, and clay for stoneware and pottery. Clay
for lightweight aggregate is common in eastern Oklahoma.
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Fig. 8. Hydraulic mining of high-purity silica sand of the Oil Creek Formation in U.S. Silica
Company’s Mill Creek quarry.

Specialty clays also occur in Oklahoma, such as bentonite associated with, and altered
from, volcanic ash. A company in Dewey County mines bentonite for absorbents. High oil prices
and a corresponding increase in petroleum exploration drilling provide the recent impetus to find
bentonite in Oklahoma. Oil service companies need raw materials for drilling fluids proximal to
actual oil field drilling. Helpful reports on clay and shale in Oklahoma are Bellis (1972) and
Johnson and others (1980).

Shale has been important to the construction industry in Oklahoma, even before
statehood. Over 120 brick plants have operated since 1888, mostly in central Oklahoma (Morris,
1982). An excellent history of brick making in Oklahoma is Robison (1980). Five brick plants in
Oklahoma can manufacture 450 million bricks per year. Shale is also a major ingredient for
cement manufacture as a source of silica and alumina. In 2007 Oklahoma produced 1,304,528
million short tons of clay and shale (Oklahoma Department of Mines, 2006-2007). The USGS
reported Oklahoma as seventh in U.S. production of common clay; 1.05 million metric tons
valued at $4.06 million (Virta, 2007).

Helium: a colorless, odorless, and nonpoisonous gas, helium is the second lightest element. A
plant near Keyes in the Panhandle extracts helium from natural gas in the Hugoton and Keyes
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Fig. 9. Some dredge operations in Oklahoma: (A) Arkhola Sand & Gravel Co. feldspar sand
operation in the Arkansas River; (B) Dolese Bros. Co. sand and gravel operation near Newcastle;

and (C) Dolese Bros. Co. sand and gravel operation near Mustang (note producing oil well below
upper right hand corner).
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gas fields. Once managed by the U.S. Bureau of Land Management, helium plants were
privatized over the last two decades. Major uses of helium include cryogenics, pressurizing and
purging, welding cover gas, controlled atmospheres, leak detection, breathing mixtures, and
others.

Helium was a strategic mineral during the Cold War; purging rockets and jet engines was
crucial to the U.S. Department of Defense. The U.S. Government, therefore, controlled its
production and sale. When the Cold War ended, helium lost its strategic significance, and its
production and sale was privatized. Only Oklahoma, Texas, and Kansas produce Grade A helium
in the U.S.

Limestone (Figs. 10-11): limestone is abundant in northeast Oklahoma, in the Wichita and
Arbuckle mountains, and in southeast Oklahoma (Rowland, 1972). Its main use is for concrete
aggregate in highway and other construction, railroad ballast, cement manufacture, glassmaking,
and making chemical-grade lime. Other uses include dimension stone and pulverized limestone
or ground calcium carbonate (GCC), the latter used in construction materials such as roofing
shingles and asphalt paving; animal feed additives; in soil conditioners; in flue gas
desulphurization; and in dust control in coal mines. In western and Panhandle areas, caliche
substitutes for some purposes.

Arbuckle and Wichita mountains limestones are several hundred to several thousand feet
thick; their outcrops cover large areas. These are an almost unlimited resource. Principal markets
for crushed limestone are Oklahoma City and Dallas-Fort Worth metropolitan areas. Usable
limestones supplying local markets in southeast, northeast, and north-central Oklahoma
commonly are 10-50 ft thick. In 2007, 93 companies reported mining 48,094,063 tons of
limestone in 36 of 77 counties, accounting for 57% of all tonnage mined in Oklahoma
(Oklahoma Department of Mines, 2006-2007).

Fig. 10. Martin Marietta Materials limestone (West Spring Creek Formation) quarry near Troy,
Oklahoma. Primary crusher near center of photograph.
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Fig. 11. The Goodland Limstone, 65
ft thick, is mined near Idabel,
Oklahoma.

Sandstone: sandstone deposits in eastern Oklahoma are mostly hard; are gray, brown, or buff;
and some are suitable for dimension stone or aggregate. Most sandstone in western Oklahoma is
soft or friable; is reddish-brown; is suitable only locally for building material. Several operators
in east-central Oklahoma quarry sandstone for dimension stone. In eastern Oklahoma, several
quarries mine sandstone for riprap and aggregate.

Granite: granite and similar igneous rocks of the Wichita and Arbuckle mountains in southern
Oklahoma produce dimension stone for monuments and building trades (Fig. 12A-B); crushed
granite and rhyolite mostly for railroad ballast; and intermittently for aggregate and rip-rap. A
brick company tested Wichita-Mountains granite in 2006, for use as grog in brick manufacture.
Granitic rock in Oklahoma is Precambrian and Cambrian in age. Colors are red, pink, gray, and
black; textures range from finely to coarsely crystalline.

Quarries in Greer, Kiowa, Johnston, and Murray counties regularly produce granite and
rhyolite. In 2007 Oklahoma produced about 4,570,242 short tons of granite and rhyolite
(Oklahoma Department of Mines, 2006-2007).

Sand and Gravel: sand and gravel deposits are widespread and accessible throughout
Oklahoma. Principal deposits occur along major rivers, in terrace remnants of Pleistocene
riverbeds, and in Tertiary deposits in the northwest (Figs. 9A—C). Gravels are common in
western Oklahoma; Wichita and Arbuckle mountains vicinities; and Cretaceous rocks south of
the Arbuckle and Ouachita mountains.

Sand and gravel are used in construction chiefly as aggregate. The paving industry uses
vast amounts in both asphalt and portland-cement concretes. The ODOM (2006—-2007) reported
that 272 companies produced 23,339,108 short tons of sand and gravel in 59 of 77 counties in
Oklahoma in 2007. These figures included industrial sand and some fill-dirt production.

Chat: Chat is crushed limestone, dolomite, and chert generated as a waste byproduct from
mining and milling lead/zinc ores in the Tri-State district of northeast Oklahoma. It exists in
large stockpiles in Ottawa County. Historically used for railroad ballast, today the majority is
aggregate for asphalt mixes. A single hauler produced 252,081 short tons in 2007 (Oklahoma
Department of Mines, 2006-2007).

14



Fig. 12. (A) Granite dimension stone quarry near Troy, Oklahoma, and (B) polishing granite at
Willis Granite Products near Granite, Oklahoma.

15



Dimension Stone: This is stone finished to a specified dimension and/or shape (Fig.12A) It
typically is quarried in rectangular blocks, sawed into slabs for finishing (usually a smooth
surface or high luster polish), and used in buildings, monuments (Fig. 12B), furniture, industrial
applications, and other uses. Fieldstone, flagging, and rubble, are sold in their natural state, or
broken into diverse shapes and sizes for building, paving, decorating, or other purposes (Mead
and Austin, 2006).

Oklahoma sandstones, limestones, dolomites, and granites are suitable for building and
ornamental purposes. Commercial and home construction use of native stone is extensive in
Oklahoma in recent years. The ODOM (2006-2007) reported 137 companies produced 741,674
short tons of dimension stone in nine counties in 2007.

Salt: thick Permian salts underlie western Oklahoma at depths of 30-3,000 ft and more (Jordan
and Vosburg, 1963). Individual beds are 5-25 ft thick and interbedded with thin shale and
anhydrite layers. Salt beds are suitable for underground or solution mining, but only the latter has
taken place in Oklahoma.

Brines formed by dissolution of salt in the shallow subsurface discharge as salt springs at
the surface; emissions range from 150 to 3,000 tpd of salt per site (Fig. 13). The springs
produced salt commercially since the earliest twentieth century, and even earlier by prehistoric
people. Small operators tapped the salt plains in the north- and southwest, each producing about
2,000—-10,000 tpa of solar salt in iron drying pens. Native Americans precipitated salt from brines
onto feathers or small branches for barter. Cargill Incorporated produced 127,990 short tons of
solar salt from the Big Salt Plain in Woods County in 2007 (Oklahoma Department of Mines,
2006-2007) for use in water softeners, stockfeed, and road de-icing.

Fig. 13. Cargill, Incorporated’s operation at Big Salt Plain, Woods County, Oklahoma.
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Miscellaneous Minerals: asphaltite formed when crude oil migrated to or near the surface:
lighter hydrocarbons evaporated; thicker, heavier residues impregnated rocks or filled voids.
Sources of asphaltite are sedimentary rocks in and around the Arbuckle and Ouachita mountains
(Jordan, 1964). Smaller deposits occur similarly in the Wichita Mountains and northeast
Oklahoma. Sulphur and Dougherty districts in the Arbuckles produced about 3 million tons of
asphaltite between 1891 and 1960. The Ouachitas produced asphaltite between 1890 and 1916.
Asphaltite used for road-surfacing and also for roofing pitch, paints, varnishes, rubber
substitutes, and electrical-wire insulation. High oil prices recently renewed interest and
exploration for asphaltite.

High-purity dolomite occurs in the Arbuckle Mountains (Ham, 1949); it is quarried for its
high-purity at one site and for crushed stone at two others. The high-purity Royer Dolomite is
about 500 ft thick; other dolomites are 400—500 ft thick. Smaller lower grade deposits, are in
northeast and western Oklahoma. Uses of dolomite include dimension stone, glassmaking flux,
animal feed, and soil amendments.

Lime is manufactured in Sequoyah County from high-calcium, Silurian St. Clair
Limestone mined by surface and underground methods. Other high-calcium limestone deposits
occur in northeast, south-central, and southeast Oklahoma. Uses include steelmaking, flue gas
desulphurization, soil stabilization, paper manufacturing, sanitation and water treatment, and
production of stuccos, plasters, and mortars.

Volcanic ash occur in western and east-central Oklahoma (Burwell and Ham, 1949), the
result of airborne ash and dust accumulating from Tertiary and Pleistocene volcanic eruptions
primarily in New Mexico and Wyoming. It is used as an abrasive in polishing powders, scouring
soaps, and cleansing powders; in pozzolan cement; and in insulating compounds.

SUMMARY

Oklahoma geology is complex with several sedimentary basins set near mountain ranges
and uplifts. The state contains many classic areas where fundamental concepts of geology,
petroleum exploration, and minerals production were formulated through the years. Oklahoma
has abundant mineral resources that include crude oil, natural gas, coal, and non-fuel minerals.
Nonmetallic minerals are mined primarily for local, regional, and national markets. Crushed
stone and dimension stone resources include limestone, dolomite, and granite deposits. Other
construction resources are limestone and shale for cement and high-purity silica sand for
glassmaking, foundry sands, ceramics, and abrasives. Gypsum is mined for wallboard, plaster,
portland cement, and soil amendments. Oklahoma is the sole domestic producer of 1odine.
Other important nonmetallic minerals from Oklahoma are clays and shales, tripoli, salt, and
volcanic ash.
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ABSTRACT

Two-dimensional passive surface-wave data were acquired, processed and interpreted for
the Honolulu High-Capacity Transit Corridor Project - Waipahu to Aiea - Ewa, Oahu, Hawaii.
The project consisted of two distinct geophysical objectives to meet geotechnical engineering
needs: first, to determine the lateral and vertical extent of soft-soil conditions; and second, to
map the depth-to-bedrock. The Refraction Microtremor (ReMi) method was used along both the
Farrington and the Kamehameha Highways. Initially, blind tests were conducted to determine
the viability of the passive-surface wave seismic technique to meet project objectives. Results
were extremely correlative with known geologic conditions, based geotechnical boring data, and
the program progressed for the eastern portion of the HHCTCP.

Approximately 2.66-line miles of two-dimensional (2D) ReMi seismic data were
acquired along 12 separate lines. Line locations were selected based on a variety of geologic
settings and the need for subsurface information between, below and beyond geotechnical
borings. Results indicate the seismic and geologic/geotechnical data could be integrated to yield
valuable information beneath the areas investigated. An example seismic section is shown below
(taken from Line 3). The seismic survey results provided good subsurface information regarding
the presence of-, lateral variation of-, and extent of- soft soils which would cause distinct
problems for design of deep foundations along the HHCTCP.

Results indicate that thick soft-soil conditions exist; and, that the basalt bedrock has
considerable relief. The bedrock can be encountered as shallow as 1.5 m (5 ft), to as deep as 70
m (230 ft) in this area beneath the existing highways. An innovative application of 2D seismic
testing successfully mapped the lateral and vertical variability of the soft-soils beneath areas with
very high traffic volume, without interrupting vehicle flow. The method was extremely effective
for meeting project objectives in a timely, safe and economical fashion while not disrupting the
flow of traffic along two very busy highway corridors.
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INTRODUCTION

In August 2008, Zonge Geosciences, Inc. (Zonge) conducted an innovative seismic
survey west of Honolulu, Hawaii. Figure 1 outlines the project area, which generally lies
between Waipahu and Aiea. Objectives of the seismic investigation were two-fold: 1) Determine
the thickness and lateral variability of soft-soil deposits; and, 2) Determine the depth-to-bedrock.

To meet the objectives a 2D ReMi survey was performed. The surveys were conducted in
areas of very high traffic volume along segments of the Farrington and [King] Kamehameha
highways. The project follows the proposed alignment for the Honolulu High-Capacity Transit
Corridor Project (HHTCP). The seismic data were acquired in (coned-off) traffic lanes, medians,
and along sidewalks. Line locations were selected depending on crew safety, day of the week,
and lane closure/accessibility. Geologic and geotechnical data were provided, in the form of
boring logs and shear-wave velocity data, to aid the seismic interpretation.

In general terms, the geologic setting does not vary considerably over the 8.05 km (5-mile)
survey area; that is, there are overburden soils overlying bedrock. However, for engineering
design purposes the stiffness of the overburden and the depth to the bedrock are critical
parameters. These design data are most commonly obtained with geotechnical drill holes,
sampling and lab testing. Beneath most of the Honolulu area, the overburden materials are
described as a complex series of soils that range from coarse-grained, loose- to very-dense sands
and gravels (with cobbles) to fine-grained, very soft to very stiff clays. In addition to these
coarse- and fine-grained soils, interbedded layers of coralline, mudflow or clinker deposits are
also present within the overburden. Across this project area bedrock is defined as basalt.
Outcrops and boring logs indicate that the bedrock has significant variability in the degree of
weathering, fracture density, and other lithologic characteristics (i.e., vuggy, pillows, etc.).
Depth to bedrock was anticipated to vary significantly beneath this portion of the HHTCP project
site, with no consistent or regional dip. Similarly, the stiffness of the (undifferentiated)
overburden was expected to vary considerably.

Figure 1: Project location map showing the area of investigation (red box).
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Topographic relief on the bedrock surface is generally attributed to erosional features
such as paleo-channels or relief caused at the time the basalt flow was deposited. As a result, the
subsurface soil/bedrock interface is complex. The water table is typically shallow due to the
proximity to the coast. Numerous borehole logs identifying soil classification, bedrock lithology,
and associated geotechnical properties of the subsurface materials encountered were made
available for correlation with the seismic data.

SCOPE AND METHOD

The primary focus of the seismic survey was to define the thickness and lateral variability
of the overburden soil deposits; and, to a lesser extent the soil / bedrock interface. The
combination of a need for subsurface imaging, the complex geologic setting, and the field
conditions of an urban, noisy, heavy traffic project area created a unique opportunity to apply a
relatively new seismic method. The ReMi method was selected because it is not affected by
saturated soil conditions, since it produces shear-wave velocity profiles.

The ReMi field method was selected because it satisfies all the conditions and survey
needs described above. ReMi is relatively new, but it is becoming a standard and robust
geophysical method for use in urban settings to derive the IBC site classification (Louis, 2001).
ReMi is a one-dimensional (1D) ‘seismic sounding’ technique that measures passive-surface
wave dispersion to model the shear-wave (S-wave) velocity distribution with depth. The S-wave
velocity sounding is obtained below a surface array of standard refraction-type geophones and
recording equipment. The 2D approach has been utilized to image the soil / bedrock interface
beneath rivers and in urban settings where noisy site conditions prohibit use of refraction,
reflection, or active surface-wave (MASW) seismic techniques.

Line lengths were adjusted on-the-fly based on access, as dictated by local traffic control,
as well as based the need for access to commercial businesses. Twelve locations were selected
for seismic testing; however the actual line position was not finalized until the field conditions
were assessed daily. Approximately 5.121 line km (16,800 feet) of data were acquired.

Independent line maps were generated using Google Earth images which are reasonably
accurate; an example is shown on Figure 2 (next page). They indicate the general line location
and nearby intersections and the geotechnical boring locations. Note that some of the line
segments represent a continuous profile. For example, Lines 2, 3, 4 and 5 combine for over 1.68
line km (5,500 feet) of continuous 2D profile. An average of approximately 457 to 487 line m
(1,500 to 1,600 feet) was acquired daily.

INSTRUMENTATION AND APPROACH

Seismic ReMi data were acquired along the proposed HHCTCP site using a 24-channel
Seismic Source DAQ LinklII seismograph. Analog signals from vertically-oriented geophones
are collected in the DAQ seismograph where it is anti-alias filtered, converted to a digital signal,
transmitted to the laptop. DAQ LinkII units have 24 channels; however, 48 receivers were placed
on the ground along the survey line at 10 foot intervals to move along more rapidly in traffic.
The receivers were 4.5-Hz low-frequency geophones, mounted on plates for the asphalt and
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Figure 2: General 2D ReMi line location map - seismic line is white [showing date
acquired] and geotechnical boreholes (e.g., B-217) shown with yellow markers [Google
Earth background image). Results from Line 3 are presented in Figures 3a and 3b.

concrete surface. Using a roll box, the 24 geophone array would increment by 4 receivers for
each recording. Thus a 1D sounding was produced every 12.2 m (40 ft) along the line.

Although ReMi is a passive surface-wave technique, an uncorrelated active source was
used to augment the ambient energy. A rubber-tired backhoe was typically placed 30 to 60 m
(100 to 200 ft) off the end of the line. The un-timed source was placed off the end of the line to
decrease the affect of side-swipe and apparent phase velocity measurements caused by energy
propagating into the side of the receiver array from the heavy traffic. No timing was required for
the backhoe source which thumped and drove around to create additional high-amplitude surface
waves that would propagate in a more classic cylindrical wave front ‘down-the-line’.

DATA PROCESSING

ReMi is a surface-wave survey technique. Inversion of the Rayleigh wave dispersion
produces a one-dimensional shear-wave velocity profile through an empirical relationship. That
is, to model S-wave velocity the ReMi method uses ambient noise, or vibrational energy that
exists at a site without the use of correlated input energy from hammers or explosives with
triggering mechanisms (like those used on refraction and reflection surveys). Ambient or
vibrational energy can be anything from traffic to construction activities, tidal energy and
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microtremor earthquakes. The HHCTCP site was rich with all of these noise sources, and the
energy from a backhoe added extra ‘in-line’ seismic energy to produce quality results.

For nearly all the sounding locations along the project corridor at least ten, unfiltered, 30-
second ambient energy records were recorded using a 2 msec sample rate. In order to get
through busy intersections quickly, only five 30-second records were acquired. For quality
analysis purposes, records were collected with and without the backhoe source. It was found the
backhoe source greatly increased the frequency content (i.e., amplitude and spectrum) of the
recordings.

According to Louis, 2001 (/), noise records which included the hits from the backhoe
were processed using the SeisOpt® ReMi™ software, © Optim Inc. Four processing steps were
used to derive a 2D ReMi Vs profile:

Step 1: Generate a velocity spectrum from the (10) time series. This is a Fourier frequency
analysis which plots slowness (p) versus frequency (f) curve (i.e., a p-f curve). The distinctive
shape and slope of dispersive surface waves is an advantage of the p-f analysis because body
waves and airwaves do not have dispersive (i.e., frequency dependent) velocity.

Step 2: Pick the Rayleigh-wave dispersion curve. The picks are made along the lowest edge of
the p-f ‘envelope’ which bounds the dispersive-wave energy. Using the procedure outlined by
Pullammanappallil and others, 1993 and 1994, (2 and 3) because higher-mode Rayleigh waves
have phase velocities above those of the fundamental mode, the ReMi approach preferentially
yields the fundamental-mode surface wave phase velocities

Step 3: Model a shear wave velocity sounding. The ReMi method interactively forward-models
the normal-mode dispersion data with a code adapted from Saito, 1979 and 1988 (4 and 5). The
modeling iterates on phase velocity at each period (frequency). The analysis approach and the
propagation properties of surface waves allow velocity reversals (e.g., a low Vs layer beneath a
high Vs layer) to be successfully modeled.

Step 4: Generate 2D shear wave profiles. After a series of 1D soundings have been modeled, the
data are entered into a smoothing algorithm that produces a 2D smooth-model of a series of 1D
models.

The 2D profiles generated in Step 4 produced cross-sections of the subsurface with
soundings spaced at 12.2 m (40 ft). Although independent data from geologic drilling and
geotechnical tests (e.g., lithologies and blow counts) were integrated with the results, they were
not used to fix or constrain the model inversion in Step 4. The geologic data are interpreted with
the shear-wave results. Soil stiffness and rock competency (e.g., from RQD), and the depth
bedrock was encountered are important parameters for understanding and analyzing the 1D
models from Step 3, and then generating interpretations from the 2D profiles.

RESULTS

As might be expected for a data set that covers over 5 km (16,000 ft) of proposed
HHTCP alignment, only a small sample of results can be presented in this paper. Lines 3 and 4
provided some of the most dramatic and significant results from the project. Their results are
included and discussed below.
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ReMi profiles for data acquired along Line 3 are presented on Figures 3a and 3b. A
portion of Line 4 is presented on Figures 4. The figures were created to allow comparison from
line to line; that is, each figure uses the same color scale (i.e., Vs velocity), and horizontal to
vertical exaggeration. Each figure presents only 231.6 m (760 feet) of 2D ReMi data. This length
was determined by the geotechnical design team to be most useful for integration with plans and
profiles. Stationing along the ‘distance’ axis is project stationing, and elevations were taken
from profile drawings.

Geotechnical borings locations have been posted on the figures for interpretation of
material property data with the S-wave velocity results. A few of the boring locations are
approximate as they had not yet been drilled when the seismic survey was performed. Two
velocity contour values have been identified on each cross-section: 1) a 183 meters per second
(m/s) (600 feet per second - ft/s), a contour that represents the interpreted transition from
undifferentiated soft or loose soil deposits to stiff or dense soil deposits; and, 2) a 610 m/s (2,000
ft/s) contour that best depicts the top-of-bedrock. Respectively, the contour lines shown were
selected based on: the IBC classification for soft soils (i.e., Vs < 600 ft/s); and, an average S-
wave velocity for the depth-to-bedrock as determined from boreholes. Analysis of all the data
indicated the average Vs of about 610 m/s (2000 ft/s) best represents the velocity interface
between undifferentiated overburden / stiff soils and basalt at this site. The soil/bedrock
interface, as described on the geologic logs of each borehole, shows a wide variation in the
degree of weathering (e.g., slightly- to highly-weathered), as well as a significant difference in
the fracture density (e.g., moderately- to intensely-fractured).

By closely inspecting each boring log along each ReMi profile an actual bedrock Vs
velocity at that location could be determined. Using the available borings, depths to bedrock
and velocities obtained at that depth (as determined by 2D ReMi) yield a range between about
550 to 730 m/s (1,800 and 2,400 ft/s). The correlation between the degree of weathering and
fracture density and an increase or decreases of seismic-wave velocity in rock formations is well
documented (i.e., Caterpillar Performance Handbook, Edition 35, 2004, charts for rippability).
Similarly, a variation was observed at independent boring locations. For this project, , an
‘average’ or ‘apparent’ velocity interface of 610 m/s (2000 ft/s) is used to distinguish the
soil/bedrock contact.

As previously described, ReMi is a seismic technique that averages the subsurface bulk
properties beneath the receiver line (i.e., a 70 m or 230-feet,). Each sounding represents that
bulk or average shear-wave velocity (processing Step 3). Using data acquired beneath over 350
soundings the smooth models shown on Figures 4 and 5 are the best representation of the depth
to- and geometry of- the basalt contact between, below and beyond geotechnical drill hole
control. As anticipated at this site, the ReMi data indicate significant variation and relief on the
bedrock surface; additionally, there is considerable correlation between boring logs and bedrock
depths as interpreted by 2D ReMi profiling.

As shown on Figures 3a and 3b, east of boring B-218 along the profile there is a definite
deepening of the bedrock surface to greater than about 60 m (200 feet) beneath Station 64900 on
Line 3. This trend is confirmed further east along Line 4 (Figure 4) at approximate station 65050



61 HGS 2010: Sirles and Batchko 9

near boring B-110. Note boring B-110 terminated at 54 m (~177 feet) bgs without encountering
bedrock, which confirms the deep bedrock contact. Along this east end of Line 4 (Figure 4) the
depth to bedrock determined by 2D ReMi imaging is the deepest within the survey area
(approximately 70 m or 230 ft).

It should be noted that the 70 m (230 foot) depth is the absolute maximum resolvable
depth with the field set-up and instrumentation used for this investigation. The true depth to
bedrock may not be resolvable in this area, compared with other places along the line(s), because
of the depth-to-bedrock and the wavelengths that could be measured using a 70.1m (230-foot)
line length. However, the shape, size and approximate depth of this anomalously deep bedrock
are substantiated by the data. As this long continuous profile continues east toward Line 5 (not
included here), bedrock slowly rises to less than about 30 m (100 feet) and continues to rise to
within 3 m (10 feet) of the ground surface. Also shown on Figure 4 is a stretch beneath Line 4
where a very thick layer of soft soil (<183 m/s or 600 ft/s) was detected. The lateral variability
and thickness of the soft soils was not anticipated at this site.

CONCLUSIONS

Acquisition of 2D seismic data along the HHCTCP project detected the presence of thick
and laterally variable soft soils, as defined by the IBC standard, and also yielded good imaging of
the soil/bedrock contact. The ReMi method was selected because of its ability to acquire seismic
data in very noisy — high-traffic environments and to distinguish between saturated soils and
basaltic bedrock based on their shear-wave velocity. Correlation with geologic logs with low
SPT blow counts in soft soil intervals and for depth-to-bedrock was good. The seismic and
geologic data show a relatively narrow range of S-wave velocities that could be appropriately
interpreted as the soil/basalt contact. The ReMi data clearly identify areas of thick soft soil
deposits, in excess of 18.3 m (60 ft) thick using the S-wave velocity IBC classification between
soft and stiff soils (<183 m/s or <600 ft/s). Boring logs and ReMi data collectively indicate that
the basalt interface may be identified by velocities ranging from about 550 m/s (1,800 ft/s) if
intensely weathered and highly fractured, to greater than 730 m/s (2,400 ft/s) in areas with lesser
fracture density or little weathering at the soil/bedrock interface. Overall, the geometry of the
bedrock surface, its relief and depth, is illustrated by using a velocity contour of 610 ms/ (2,000
ft/s). Bedrock was well defined over long segments of the proposed HHCTCP site, and
correlation with shallow downhole shear-wave velocity measurements (made by another
contractor) correlate with the 2D ReMi results.

The method proved that it can be used when basaltic bedrock is shallow (e.g., 3 m bgs
orl0 feet), and when it is quite deep (60+ m bgs or 200+ ft bgs) with a 24-channel seismic set-up
using a 70.1 m (230-foot) long spread. Additional uncorrelated surface-wave energy (generated
by a backhoe) significantly added to the quality of the p-f curves and thus the ability to pick the
surface-wave dispersion data. Quality of the ReMi data ranged from good to very good, which is
directly attributed to the use of the backhoe and the tidal (low-frequency) energy present near the
coast. Although the basaltic bedrock velocity clearly varies across the site, additional analysis of
geotechnical data regarding degree of weathering and fracture density would likely narrow the
velocity range used to define depth-to-bedrock.



61 HGS 2010: Sirles and Batchko 10

REFERENCES

1. Louie, J, N., Faster, Better: Shear-wave velocity to 100 meters depth from refraction
microtremor arrays: Bulletin of the Seismological Society of America, v. 91, 2001, p.
347.

2. Pullammanappallil, S.K., and Louie, J.N., Inversion of seismic reflection travel times
using a nonlinear optimization scheme: Geophysics, v. 58, 1993, p. 1607-1620.

3. Pullammanappallil, S.K., and Louie, J.N., A generalized simulated-annealing
optimization for inversion of first arrival times: Bulletin of the Seismological Society
of America, v. 84, 1994, p. 1397-1409.

4. Saito, M., Computations of reflectivity and surface wave dispersion curves for layered
media; I, Sound wave and SH wave: Butsuri-Tanko, v. 32, no. 5, 1979, p. 15-26.

5. Saito, M., Compound matrix method for the calculation of spheroidal oscillation of the
Earth: Seismological. Research Letters, v. 59, 1988, p. 29.



61° HGS 2010: Sirles and Batchko

Figure 3a. 2D ReMi results from Line 3 (continued on Figure 3b).
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Figure 3b. 2D ReMi results from Line 3 (continuation from Figure 3a).
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Figure 4. 2D ReMi results from a portion of Line 4 (small portion of Line 4 only).
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ABSTRACT

Roads are especially challenging environments for doing geophysics. Traffic-induced
ground vibrations make it difficult to acquire good seismic refraction and microgravity data.
Impervious surfaces and crushed-stone covered shoulders make for poor SP (self-potential)
coupling, and buried piping and utilities often found in right-of-ways can impact electrical
resistivity measurements. GPR (ground penetrating radar) depth of investigation is severely
impeded by silty and clayey soils, a condition often found in carbonate terrain. Also, GPR does
not work on reinforced concrete roads because the lower antennae frequencies required to look
deeper cannot penetrate through the mat of reinforcement steel.

MASW (multi-channel analysis of surface waves) is a relatively new seismic method that
is gaining acceptance in the geotechnical community. MASW identifies the vertical distribution
of shear wave velocities based upon the dispersion of surface waves (Rayleigh Wave). Since
shear wave velocities are a measure of material stiffness, the MASW method can map top of
rock, pinnacles, voids, zones of enhanced weathering, and fracture zones. MASW is non-
invasive, is not impacted by buried piping or other utilities in the right-of-way, insensitive to 60
cycle (Hz) noise from nearby electrical lines, and it is not influenced by reinforcement steel.
Upwards of 1,000 +/- feet of road can be surveyed at night when interference from vehicle traffic
1s minimal.

MASW is a continuous profiling method which is key because the causes of sick activity
tend to be small, localized and highly unpredictable (this is why drilling tends to be ineffective
for evaluating karst terrain).

We will show how MASW was used on a major interstate in Pennsylvania to identify the
root cause of sinkhole activity to depths of 80 directly beneath the reinforced roadway, and to
identify a paleo-collapse feature in the carbonate rocks of Florida.
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INTRODUCTION

Roads present challenging conditions with respect to acquiring good geophysical data.
Traffic-induced ground vibrations interfere with seismic surveys (mask first arrivals) and gravity
surveys (cause unstable readings). Paved surfaces make it difficult to implant electrical
resistivity electrodes. Buried utilities and piping often found in the ROW (right-of-way) impact
electrical resistivity measurements by attracting the electrical current. Paved surfaces make for
poor SP (self potential) coupling. GPR (ground penetrating radar) can penetrate through
reinforced concrete as long as antenna frequencies are about 400 to 500 MHz or greater. Lower
frequencies observe a mat of reinforcement steel as a sheet of metal ( a virtual metal deck)
through which there is no further penetration (metal is a perfect reflector). Once through the
reinforced concrete, however, GPR penetration depths can be severely impeded by fine-grained
soils. Clays and silts tend to hold onto water (moisture) which tends to absorb and attenuate radar
signals, thereby limiting penetration depths to no more than about 3’ to 4’ below ground surface

(bgs).

As with most technology-based sciences, geophysics has evolved through advancements
in hardware and software. In the last 2 decades, these advancements have included: 1) the ERI
(electrical resistivity imaging) method, which makes it much more cost-effective to do electrical
resistivity surveys than using the traditional 4-pin method; 2) the landstreamer, which makes it
easier to do seismic surveys over paved surfaces without having to implant geophones; 3)
accelerated weight drops, which puts more energy into the earth than the traditional 12-1b sledge
hammer, and 4) surface wave seismic methods which look at the stiffness of materials by
determining shear wave velocities (Vs).

A surface wave method that is gaining increasing popularity amongst the geotechnical
community is MASW (multi-channel analysis of surface waves). First described in 1999 by the
Kansas Geological Survey (KGS) for engineering applications (/), MASW is a profiling method
that determines the vertical distribution of shear wave velocities. Shear wave velocities (Vs) are
a measure of material stiffness (density) much like N-values from standard penetration test (SPT)
borings and shear strength from laboratory analysis. Rocks are characterized by much higher Vs
than soil. Saprolitic (weathered) rocks are generally characterized by Vs that are intermediate
between soil and rock. MASW can identify conditions pre-disposed to sink activity which
include zones of enhanced weathering, fractured rocks, pinnacles, voids, and abrupt changes in
bedrock topography. Air-filled voids are observed as localized low Vs anomalies because air has
no resistance to shear.
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THE MASW METHOD

MASW determines the vertical distribution of shear wave velocities based upon the
dispersion of surface waves (Rayleigh Wave). Surface waves are dispersive in that they comprise
a continuous spectrum of different frequency waves that travel at different propagation
velocities, known as phase velocity. By examining dispersion curves (phase velocity vs.
frequency), subsurface s-wave (Vs) profiles can be interpreted as a function of depth, and
material properties can be estimated or qualitatively assessed.

The method utilizes standard commercially-available instrumentation to collect shot
records (seismograms) in a manner much like seismic refraction. Just as in refraction, MASW
utilizes seismic waves generated by striking the ground (or a metal plate coupled to the ground)
with a 12-Ibs. or 16-1bs. sledge hammer (or other means of creating a seismic wave). The major
difference is that MASW utilizes geophones on the order of 4.5 Hz whereas refraction utilizes
higher frequency geophones typically between 14 and 40 Hz. The manner in how data are
acquired is also slightly different. Figure 1 is a schematic of the MASW data acquisition
procedure.

Figure 1 — A schematic illustrating a typical field configuration with an MASW survey.
Reprinted by permission from Kansas Geological Survey Open-file Report 2004-30, MASW to
Map Shear Wave Velocity of Soil.
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Shot records are made at a pre-determined interval along a survey line in a mode known
as “roll-along” - the shot and receiver spread geometry stays fixed while being moved along a
line. Each record is then processed and inverted into a 1-D profile of shear wave velocities. The
1-D s-wave profile is analogous to a boring log. A 2-D s-wave profile is created by interpolating
between the 1-D profiles from multiple shot records. This process is illustrated in Figure 2.

Figure 2 — Illustration of the procedure to generate a 2-D Vs profile from a roll-along
mode MASW survey. Reprinted by permission from Kansas Geological Survey Open-file Report
2004-30, MASW to Map Shear Wave Velocity of Soil.
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The 1-D Vs profile best represents conditions in the middle of the receiver spread.
Therefore, if working with 24 geophones spaced 3 feet apart, a 15-foot shot offset, and the shot is
located at station 0, the 1-D Vs profile from the 1* shot record is plotted at station 49.5 feet (1/2
the receiver spread length + shot offset distance). If shot records are being made every 3 feet
along a survey line, the next 1-D Vs profile is plotted at station 52.5 feet, and every 3’ thereafter.

MASW can explore to depths upwards of about 85’ bgs, depending on site conditions,
seismic source, and length of receiver spread. Wider geophones spacings result in deeper depths
of exploration because the resulting receiver spread is primed to detect lower frequency waves
which travel much deeper than higher frequency waves.

MASW ALONG AN INTERSTATE (PENNSYLVANIA)

A section of [-476 (Blue Route) in Montgomery County, PA is underlain by carbonate
rocks prone to sinkhole activity. Sinkholes have occurred in the shoulders and right-of-way
(ROW), in the median, and beneath the reinforced concrete roadway. Phase I drilling in support
of planned reconstruction showed that top of rock (TOR) varied between < 5 feet to over 30 feet
below ground surface (bgs). The drilling, however, proved ineffective in identifying the causes
of sinkhole activity. Consequently, engineers turned to using geophysics as an exploratory tool.

Site conditions and scope dictates the choice of the appropriate geophysical method.
Stormwater pipes and other buried utilities in the ROW precluded the use of the ERI method.
Microgravity could have been conducted at night when ground vibrations from vehicle traffic is
minimal but it was deemed cost-prohibitive given the 3,300 linear feet of roadway that needed to
be evaluated. GPR would not have been able to penetrate more than just a few feet into the
silty/clayey soils underlying the roadway. MASW was deemed the best method for the desired
objective.

The MASW survey of [-476 occurred over the course of 3 nights, working between 10:00
PM and 5:30 AM. Vehicle traffic is minimal during this time of the day and good quality data
can be acquired with little to no risk of “road noise contamination”. Appropriate signage was set
and the inside southbound lane was closed-off with a tapered alignment of traffic cones. A crash
attenuator truck, positioned between the MASW survey vehicle and oncoming traffic in the
adjacent lanes, shadowed the survey vehicle at a distance of 200 to 300 feet.

The MASW survey incorporated a Geometrics StrataVisor 24-channel seismograph and
24 4.5 Hz geophones mounted on a landstreamer tethered to a van (survey vehicle). A
landstreamer comprises a kevlar strip with adjustable plates. Geophones are screwed into the
plates which couples the geophones to the ground surface; thereby eliminating the need to
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implant geophones.

Data were acquired with a geophone spacing of 3’ and a shot offset of 12°. Shot records
were made every 3’ of traverse, stacking 3 shots per location to increase the signal-to-noise ratio.
Seismic waves were generated by using a Peg-40kg accelerated weight drop or by striking the
road surface with a 12-Ibs. sledge hammer. The seismograph was positioned between the 2 front
seats so that the driver can monitor for oncoming traffic before firing the Peg-40kg and then
review the data prior to moving onto the next shot location. The data acquisition process is
documented in a 5-minute video (oral presentation).

MASW data were processed using the software program Surfseis by the Kansas
Geological Survey (KGS).

The MASW survey linked 44 of 52 reported sinkholes to the following subsurface
conditions: 1) the transition from shallow competent rock to enhanced weathered rock, 2) a
potential fracture zone or fault, 3) pinnacled rock, and 4) potential voids. These observations
were later confirmed by another round of drilling (Phase II). Figure 3 shows a representative
MASW-derived Vs profile that was acquired in 1 night of work. The profile is 800 feet long and
is constructed from a total of 267 1-D Vs profiles spaced 3 feet apart.

Figure 3 — Vs profile showing reported sinkholes associated with the transition between shallow,
competent rock and enhanced weathered rock, and a potential fault or fracture zone. Reported
sinkholes are projected into profile. Borings (Phase I) preceded the MASW survey.
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The profile in Figure 3 shows 2 groups of sinkholes. One group coincides with the
transition between shallow, competent rock and enhanced weathered rock. Competent rock is
relatively impermeable, basically a barrier to infiltration. During a storm event, storm water
ponds onto and spreads along the shallow bedrock surface. When it comes into contact with
enhanced weathered rocks, the storm water triggers sink activity by carrying away loose
materials and continues the weathering process via dissolution. The other group of sinkholes is
associated with an apparent fracture zone or fault.

MASW SURVEY ALONG A PROPOSED MSE WALL (FLORIDA)

A mechanically stabilized earth (MSE) wall will be constructed as a result of expanding
the capacity of a 1-lane road in western Florida. Both 2-D ERI and MASW were run to
determine whether the wall alignment may be underlain by subsurface conditions pre-disposed to
sink activity. ERI proved ineffective because of extremely high contact resistance associated
with “sugar-powder” dry sands. High ground contact resistance lead to poor ERI data quality.
Adding salt-water to the base of the electrodes, hydrating bentonite pellets to create a clay
conductive plug at each electrode location, and even using aluminum foil to increase the
“electrical footprint” did not improve (lower) the ground contact resistance measurements.

Again, where site conditions precluded the use of ERI, MASW was very effective in
identifying subsurface conditions associated with sink activity. Figure 4 is a 460-foot long
MASW-derived Vs profile that shows a paleo-collapse feature and a low velocity anomaly
suggestive of a void. Standard penetration test borings of the paleo-collapse feature confirmed
that it is a relic sinkhole.
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Figure 4 — Vs profile of a paleo-collapse feature (relic sinkhole), a pinnacle, and a low velocity
anomaly indicating a potential void or low SPT material. Boring preceded the MASW survey.
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One of the main limitations of subsurface exploration today involves the limited amount of
insitu measurement that can economically be performed. For example, borings which performed
standard penetration testing on a 100 foot square grid produces a typical 1 2 inch diameter
sample that is roughly a 1 in 815,000 sample representation at any given depth. Therefore,
techniques that enhance our knowledge of the subsurface materials and their properties between
exploration points improved our ability to assess the performance of the subsurface material to
respond to construction needs. One such technique involves the use of geophysical equipment to
evaluate the change in various waveform velocities below the ground surface. The changes and
relative magnitude of these velocities in combination with borehole data improves our
understanding of the extents and properties of the subsurface materials. One of these techniques

is Refraction Microtremor (ReMi) geophysical analysis.

Refraction Microtremor (ReMi) is a cost effective method of evaluating the subsurface strata
at near surface depths using non-destructive surface performed techniques. ReMi is a form of

Multi-Channel Analysis of Surface Waves (MASW) which uses standard P-wave recording



equipment and ambient noise to produce average one-dimensional shear-wave profiles down to
depth of approximately 100 meters. The ReMi method is described in Louie, 2001 (Louie, J, N.,
2001, Faster, Better: Shear-wave velocity to 100 meters depth from refraction microtremor

arrays: Bulletin of the Seismological Society of America, v. 91, p. 347-364).

In general, the ReMi method records ambient or generated Rayleigh waves with a 12, 24 or
36 channel digital refraction gear with 4.5 to 14 hertz vertical geophones and recording cable.
Typical data acquisition includes 5 to 10 records, usually 15 to 30 seconds in length. Within
each record, a sampling interval of 1 to 5 milliseconds is used to acquire readings depending on

the anticipated materials and spacing of the geophones.

Once the records are obtained, each individual record is preprocessed to reduce anomalies in
the raw data. These data are then processed to produce a velocity spectrum. This process
involves computing a surface wave, phase velocity dispersion spectral ratio image by p-tau and
Fourier transforms across the array. The resulting spectrum is in the slowness-frequency (p-f)
domain. The p-f transformation helps segregate the Rayleigh Wave arrivals from other surface
waves, body waves, sound waves, etc. The p-f image is generated for each record, and a final p-f
image for each test is generated by combining some or all of the individual images.

The fundamental mode dispersion curve on the final p-f image can be seen as a distinct trend
from the aliasing and wave-field transformation truncation artifact trends in the spectra. Once
the fundamental mode dispersion curve is visually interpreted, data points along this curve are
picked. Using the picked data points, an interactive forward-modeling process is used to model a

shear wave velocity profile with a resulting dispersion curve that approximately matches the



selected data points. The process and resulting velocity profiles are able to identify the various

velocity layers in the subsurface, including velocity inversion within the profile.

To create two-dimensional profiles, a one-dimensional profile is created for a predetermined
set of geophones with the following set overlapping the previous and preceding set. Each one-

dimensional profile is then combined to create a two dimensional profile.

The ReMi equipment used in the following case studies included a Seismic Source DAQLink
II 24-Bit acquisition system and STC-85 — SM-4 10 hertz geophones developed by Source
Technology. Field acquisition incorporated a 24 channel digital refraction cable. SeisOpt ReMi
Version 4.0 (VSpect and Disper modules) software developed by Optim LLC was used to

process the collected data and create shear wave velocity profiles.

Using this technique we can create a waveform subsurface image that represent a trapezoidal
area that, at depth, is roughly 60% to 70% of the surface trace of the instrumentation. Therefore,
we have included the following case studies of how this technique has been used in various parts

of the USA.

Rippability Study — Phoenix, Arizona

PSI was asked by a client to provide an analysis of the rippability of the subsurface materials
they might encounter during the construction of a sanitary sewer line under a roadway in
Phoenix, Arizona. The rippability of rock is the ability to loosen rock during excavation using
steel tynes attached to various sizes of bulldozers. This rippability can be estimated by

determining the shear wave velocity of the rock. Due to the nondestructive nature of the ReMi
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testing, PSI proposed to perform overlapping ReMi profiles lines to determine the shear wave
velocity of the soils and bedrock to a depth of 20 feet (the approximate depth limit of the utility
line). The lines used a geophone spacing of 15 feet and overlapped the previous line by 4
geophones. Due to the busy intersection, 2 profiles were performed on either side of the

intersection, creating profiles that were 585 feet in length.

The fairly busy roadway’s alignment consisted of 3 lanes, one each in both directions and
one turning lane and had an adjacent school located on the block. This allowed PSI to perform
our testing in the middle turn lane and provided a considerable amount of roll-along vibrations
from the passing school buses. Data was recorded in 20 second sample intervals with a 2
millisecond sampling rate per channel. Once collected, the data were checked for their fidelity.
To assure that a robust profile was being made, both individual recordings and multiple summed
(stacked) recordings were evaluated. Two dimensional profiles were then generated for each set

of combined profile lines.

Approximate soil/lbedrock interface Approximate depth limit of excavation
\ \
\

The results of the ReMi testing shows soils and bedrock with shear wave velocities ranges of
3,000 to 5,000 feet per second (ft/s) with a few isolated areas of higher shear wave velocity. PSI

interpreted this as bedrock with lenses of denser material or possible lenses of caliche. The
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upper 5 to 10 feet shows relatively lower shear wave velocity material (1,500 to 2,500 feet/s)
which was interpreted as overburden soils. A high shear wave velocity also interpreted as
bedrock,was also shown on the east side of the profile starting at approximately 400 feet east of

the starting point and continuing to the maximum depths compiled, 40 feet.

Rippability is a function of the equipment selected including its weight and cutting teeth and
not a function of a backhoe bucket. The data shown in the profile indicated that the material to
the depth of the possible excavation for the utility trench exhibit high shear wave velocities.
Based upon the data and published information in the Caterpillar Performance Handbook, PSI
believes that a D9 Caterpillar Dozer or backhoe with associated rock bucket would be sufficient

for excavation of the trench for utility placement.

PSI performed this study to reduce the guesswork associated with opening an excavation and
having the incorrect equipment needed to excavate the soils and bedrock to the desired depth.
This allowed for a reduction in the amount of time that the roadway would be inaccessible and

also help in reducing the construction costs of the project.



Karst Topography Study - San Antonio, Texas

PSI was asked to determine the shear wave velocities of the subsurface soils/limestone
materials to assist in identifying the potential existence of karst features within the footprint of a
proposed 4 story university building in San Antonio, Texas. Published data showed that karst
features are present within the bedrock underlying portions of the campus. Karst topography is
the dissolution of layers of soluble bedrock, usually carbonate rock such as limestone or
dolomite. Many karst topography areas contain distinct surface features such as sinkholes and
caves. However, in many areas, the dissolution of the bedrock has not propagated to the surface

and may not be seen from surface elevations.

Therefore, PSI performed a limited geotechnical investigation consisting of soil borings for
the proposed development and found limestone bedrock within the upper 5 feet across the site.
PSI was subsequently asked to perform a ReMi investigation to identify areas of possible karst
activity for further investigation. PSI performed a series of 6 ReMi lines across the site to
identify areas of low shear wave velocity materials. Geophone spacing was varied from 5 to 15
feet depending on the amount of linear feet available and to better define results at varying

depths.

The ReMi profiles revealed approximately 5 to 10 feet of overburden soils that were
identified by low to very low shear wave velocity (500 ft/s to 1,000 ft/s) material. The
overburden material overlaid moderate shear wave velocity (2,000 ft/s to 5,000ft/s) to high shear
wave velocity (5,000 ft/sec and greater) material which is identified as limestone. The profiles
indicated that the limestone was poorly to well cemented in parts and appears to be weathered in

the upper five feet. Lower shear wave velocity materials were noted below and between
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moderate to high shear wave velocity materials. These zones of lower shear wave velocity
material may be an indication of karst limestone features, clay and/or gravel seams within the

limestone.

Area of potential Karst Features

To better achieve accurate results of the ReMi profiling, PSI also performed Resistivity
profiling within the building footprint. Resistivity profiles were performed parallel to and bi-
secting to the ReMi lines. Large areas of low shear wave velocity material within the bedrock
elevation as well as areas showing a combination of low shear wave velocity and low resistance

material were identified as areas of further interest.

PSI identified 5 areas of elevated potential for further investigation as karst features. Further
investigation alternatives provided included additional borings or test pits and/or downhole
geophysical testing to further characterize the anomalies identified during our evaluation. PSI
performed this study to limit the subsurface exploration for a karst topography investigation.
ReMi profiling allowed the subsurface exploration to focus on areas that may have a higher

likelihood of exhibiting karst features.



Wind Farm Foundation Design - Laramie, Wyoming

PSI was asked to perform ReMi testing to aid in the preliminary design of a large wind farm
near Laramie, Wyoming. The proposed site included approximately 25 acres of wind turbines.
Due to the scale of the project site area in combination with the minimal amount of subsurface
investigation requested, ReMi was performed at different locations dependent on what was
encountered during drilling operations. The primary objective in this study was to determine
shear wave velocities for potential foundation design of the wind turbines. Due to the changing
subsurface strata of the project site, several ReMi lines were performed to characterize the
different shear wave velocities for different rock formations. PSI performed a series of 6 ReMi

lines across the site with geophone spacing of 15 feet.

As expected, the ReMi profiles varied at each location, dependent on the materials

encountered during drilling. Two profile are reviewed below.

The ReMi profile 1 (seen below) revealed approximately 30 to 40 feet of overburden soils
that were identified by low to very low shear wave velocity (500 ft/s to 1,000 ft/s) material. The
overburden material overlaid moderate shear wave velocity (2,000 ft/s to 5,000) material which

was identified as granite bedrock which was indentified by drilling operations. \

The drilling operations encountered granite bedrock at 34 feet and cores samples indicated
that the granite bedrock was fairly to highly fractured in parts. Compressive strengths performed

on the bedrock indicated strength of approximately 1,000 psi.



Profile 1

Approximate Bedrock Elevation

In contrast, the ReMi Profile 2 (seen below) revealed approximately 40 to 60 feet of
overburden soils that were identified by low to very low shear wave velocity (500 ft/s to 1,000
ft/s) material. The overburden material overlaid moderate shear wave velocity (2,000 ft/s to
5,000) to very high (5,000 ft/sec and greater) material which was identified as granite bedrock
during drilling operations. The ReMi profile indicates that granite bedrock dips steeply. The
drilling operations encountered granite bedrock at approximately 30 feet and cores samples
indicated that the granite bedrock fairly intact with vary little fracturing. Compressive strengths

performed on the bedrock indicated strength of approximately 2,500 psi.

Profile Line 2

—_

Approximate depth of bedrock



PSI performed this study to aid in the design of the foundations for the proposed wind
turbines. Due to the large scale of the proposed wind farm, several different bedrock formations
appear to underlie the site. By further characterizing separate formations, foundation design can
be designed to match varying material types as opposed to the more limited delineation shown

on the geologic maps.

Underground Coal Mines - Madison County, Illinois

Southern Illinois has a long history of underground coal mining activity. There are four coal
seams that generally underlay Southern Illinois and have been commercially developed. These
seams include the: Danville, Herrin, Springfield, and Colchester coal seams. In Madison
County, Illinois, located to the northeast of Saint Louis, Missouri, the general geology consists of
40 to 50 feet of overburden soil underlain by bedrock consisting of various layers of shale and
limestone. The shallowest commercially viable coal seam, usually the Danville Coal Seam, has
been reported to be as shallow as 100 feet below the ground surface. Based on the depth of the
coal, the mining techniques of the era and the geology, damage to surface structures resulting
from mine subsidence is possible. The coal seams in this area can have fairly thick under clays,
therefore, mine subsidence in this area can be caused by the pillars pushing through the under

clays in the mine floor as well as the roof rock failures.

One of the greater challenges in evaluating the risk of mine subsidence associated with a

structure, is the age of the mine and the reliability of the mining maps. The Illinois State

Geological Survey (ISGS) warrants that their mine area maps are only accurate to within 500
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feet. In addition, due to the age of some of the mines, ISGS also does not always have detailed
maps available for review, which also could have an impact on evaluating the risk of subsidence.
PSI was asked to investigate an approximately 90,000 ft*, single-story commercial structure
located in Madison County, Illinois that was constructed in 1995. In 2008, the structure was
reported to have visible distress to the structure. The distress included cracking of the floor slab,
particularly at column lines, running parallel to the short side of the building (east-west).
Cracking was also observed at the corners of the structure near the south end of the building. In
2008, a survey of the building’s floor slab was performed and showed that the south end of the
building had experienced approximately 7 inches of differential settlement compared to the north
end of the building. Based on the survey, the building experienced an increasing amount of

differential movement towards the southern end of the building.

A review of a coal mine map of the area, published by the ISGS, indicated the site had
historical underground activity which operated from 1920 to 1940. According to the information
provided, the mine is approximately 200 to 210 feet below the existing ground surface in the
Herrin Coal seam with an average thickness of 5 to 6 feet and a maximum thickness of 8 feet.
The coal was reportedly mined using the room-and-pillar panel (RPP) method of excavation,
which indicates that the mine was excavated in a manner consisting of thin pillars with thicker

panels between the chambers.

To approximate the location of the mine entries, a 2D profile of the site was developed using
ReMi. ISGS provided a record map of the mine and the mine entries were able to be identified
and compared with the surface features including the existing structure. Based on the ReMi

evaluation, two of the mine entries were located approximately 180 feet to 220 feet below the
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ground surface, which is consistent with coal in the Herrin o

seam reportedly mined at this location. The third entry was
located at an approximate depth of between 120 feet and 150
feet below the ground surface, about 50 feet higher than the
other two entries. The depth of opening is consistent with the
overlaying Danville coal seam, but no records show that that
seam was mined. This reduction in the roof rock thickness Mine  Entries

typically results in more subsidence since the overlying stresses

cannot “bridge” and be supported by the surrounding material.

The results from the ReMi profile indicated that the roof rock above the two deeper mine
openings under the northern portion of the building had a higher shear wave velocity (~4,000 ft/s).
However, under the southern portion of the structure, the roof rock above the detected mine
openings had a lower shear wave velocity (~2,500 ft/s). The lower shear wave velocity in the roof
rock is indicative of mine subsidence propagation upward through the roof rock due to the collapse
and alternation of the bedrock. It is unknown as to why the mine opening is 50 feet higher at the
southern end of the building that at the northern end; however, this shallower mine was likely the
cause of the mine subsidence. Without the use of a geophysical survey, such as ReMi, the
subsurface conditions would not have been known and an appropriate engineering solution for the

structure could not have been prepared.
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Rock Profiling and Rippablity — West Milton, Ohio

Western Ohio, particularly in West Milton, is underlain by relatively shallow limestone that
can be highly variable in terms of weathering. For a proposed academic building located off
Milton-Potsdam Road in Miami County, ReMi was used to evaluate subsurface conditions
estimate the rippablity of the shallow rock for installation of a sewer line as well as construction
of the proposed foundations. A total of 94 arrays were used in evaluating the subsurface
conditions at the site. Seventy-eight arrays were located within the proposed building footprint
area and sixteen arrays were located along the alignment of the sanitary sewer line. The arrays
used to record ambient seismic noise at the site varied from 69 to 115 feet long and consisted of
24 geophones spread along a line at 3-foot to 5-foot spacings. Data was recorded in 20-second
sample intervals, with a 1-millisecond sampling rate per channel. Nearby vehicle traffic from
Milton-Potsdam Road and the on-going subsurface exploratory drilling operations performed at
the site provided the ambient noise for the evaluation. The following is a layout of the various

ReMi line and the 16 two-dimensional shear wave velocity profiles for the site.

Sewer Line
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Based on a review of the two-dimensional profiles developed for this project and the
subsurface information obtained from the geotechnical exploration, the upper 2 to 8 feet
consisted of soil with shear wave velocities ranging from 200 ft/s to 1,200 ft/s underlain by an
intact limestone that contains areas of weathering with depth. The rippablity of a soil or rock is
generally evaluated based on the seismic wave or compression wave velocity which is generally
on the order of 1% times the calculated shear wave velocity. Based on the ripper performance
charts provided in the Caterpillar Performance Handbook (32nd Edition), the upper 8 feet of
material could be excavated with conventional excavation equipment; however, the limestone at
depth with compressive wave velocity over 6,000 ft/s would require additional effort such as

blasting.

Summary

ReMi is a relatively useful geophysical method for evaluating major changes over a large
area and improving our understanding of what happens between boring and below the surface.
Though the ReMi technique is often not the only means of acquiring valuable geotechnical data,
it is an excellent means to extrapolate information between borings and provide useful
information at depth without the expense of deep borings. Often times, a client will request a 1-
D profile for seismic site classification. The same amount of field work is performed to generate
the 1-D seismic profile as to provide a 2-D profile. It typically, is of engineering and economical
benefit to spend the additional computational time to prepare a 2-D profile to enhance the

subsurface information collected from site borings.
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ABSTRACT

Borehole televiewers are downhole inspection devices that can be utilized to view in-situ
rock conditions and should be considered by geotechnical engineers and geologists as a
supplemental means of investigating rock. The optical televiewer (OTV) produces a digital
optical image and the acoustic televiewer (ATV) utilizes reflected acoustic waves to produce
images of the borehole walls. Soft or fractured zones, solution features, open joints or other
voids often unobservable during traditional rock coring techniques can be detected and measured
utilizing this technology. The devices can be used to measure the strike and dip of joints,
bedding planes, shear surfaces, or other structural features, eliminating the need for expensive
oriented cores or downhole logging.

An acoustic televiewer was utilized in the fall of 2008 during the investigation phase for
the New [-70 Mississippi River Bridge in St. Louis, Missouri. An ATV was utilized in each of
ten river borings to produce images of the rock mass in the borehole and allow further
investigation of voids identified during rock coring. Voids interpreted as karst features were
identified in the ATV logs in multiple borings and at similar elevations, suggesting connectivity.
Measurements of the void’s width, location in the borehole and orientation allowed a more
thorough understanding of the potential impact the karst features may have on the planned deep
foundations. An extensive grouting program was eliminated based on the results of the ATV.
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INTRODUCTION

Optimizing the design of deep foundations requires a thorough understanding of the
bearing strata. Developing design parameters for deep foundations founded on or in bedrock
involves characterizing the bedrock mass. In addition to determining intact rock strength
parameters, proper rock mass characterization requires knowledge of joint spacing, joint quality,
orientation of the joints and orientation of bedding planes or rock foliation. In areas of the
country where bedrock is not exposed in outcrops at the surface, this information is obtained
from subsurface exploration with drilled borings and rock coring. Expensive oriented coring
methods have traditionally been used to obtain information regarding orientation of joints,
bedding planes or rock foliation. Poor recovery or quality of rock core can often lead to a lack of
understanding of the rock conditions and result in a poorly optimized foundation design.

Borehole televiewers can be utilized to image rock conditions in the borehole walls and
view in-situ rock properties missed from traditional rock coring techniques. Borehole
televiewers have been utilized in the geotechnical engineering field to evaluate bedrock
conditions for tunneling, rock cut slopes or dam abutments where the characterization of the rock
mass is paramount. This technology is a proven and highly cost-effective way to evaluate rock
mass conditions in-situ and should be considered by geotechnical engineers when designing deep
foundations in rock.

Borehole televiewers come in two types, optical and acoustic televiewers. Optical
televiewers (OTV) produce images of the borehole walls utilizing a digital optical image.
Acoustic televiewers (ATV) produce images of the borehole walls by transmitting and receiving
ultrasonic acoustic waves. The resulting images are high resolution images that can be used to
determine strike and dip of bedding planes, joints, foliation, or other discontinuities important to
the geotechnical engineer or geologist.

An acoustic televiewer was utilized as part of the subsurface investigation in the Fall
2008 for the proposed New Mississippi River Bridge in St. Louis, Missouri (Figure 1). The new
bridge will span the Mississippi River and carry Interstate 70 from St. Louis, Missouri to St.
Clair County, Illinois.

Prior investigators reported voids in the bedrock during rock coring in the area of the
main tower foundations. An extensive grouting program was recommended by the prior
consultants to fill the voids and reduce the potential for vertical deformation of the bridge
foundations.

The acoustic televiewer was utilized in the 2008 investigation to assess the quality of the
limestone bedrock and the condition of the voids as part of evaluating deep foundation options to
support the main towers of the bridge. The two deep foundation options considered for the
bridge were dredged caissons founded on the bedrock surface or drilled shafts and rock sockets
founded within the bedrock.
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Figure 1. Rendering of the [-70 Mississippi River Bridge looking southwest.

Ten borings were drilled from a barge in the river at the two main tower pier locations.
An acoustic televiewer was utilized in each of the ten borings to produce images of the rock
mass in the borehole and allow further investigation of the voids. Voids in the rock were not
detected during drilling but were readily identified on the ATV logs. The voids were interpreted
as solution features in the limestone and were correlated to the recovered rock core during
supplemental logging in the laboratory. The presence of the solution features at similar
elevations also suggested connectivity.

Measurements of the void’s width, location in the borehole and orientation allowed a
more thorough understanding of the potential impact the solution features may have on the
planned deep foundations. The acoustic televiewer logs were key pieces of information
necessary to properly characterize the rock mass and were the primary impetus for eliminating
the bedrock grouting program.

BOREHOLE TELEVIEWERS

Borehole televiewers were developed and have been in use in the oil industry since the
1960’s (1,2). Advancements in technology and computer data processing capabilities have made
borehole televiewers more accessible to the geotechnical community; however the use in deep
foundation design has been limited.
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Borehole televiewers are primarily utilized to create images of the borehole walls
following rock coring. In-situ rock conditions can be viewed when evaluating the rock mass for
joint locations, joint spacing and condition of the joints.

Often in geotechnical engineering, information from the zones of poor core recovery or
zones of highly fractured rock becomes the areas of highest concern. The borehole televiewers
allow the practitioner to view the borehole walls in areas of poor rock core recovery or in zones
of weak and/or fractured rock. The borehole televiewers allow proper repositioning of the
recovered core pieces or core sections where recovery was low and intervals have been lost.
Essentially, the televiewer log provides the ability to view 100 percent of the corehole record by
viewing the walls of the borehole.

The use of optical and acoustic televiewer equipment is gaining popularity over oriented
core collection because it is generally less expensive, less labor intensive and is particularly
useful where access or ability to drill inclined holes is limited or where local drilling capabilities
lack the equipment necessary to collect oriented cores (/).

Two types of borehole televiewers are available. An optical televiewer generates a
continuous color image of the borehole wall using an optical imaging system (Figure 2). The
acoustic televiewer creates images by transmitting and receiving an ultrasonic acoustic pulse
reflected from the walls of the borehole.

Optical Televiewer Acoustic Televiewer

Figure 2: Images from an Optical and Acoustic
Televiewer (1)
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The OTV generates a high resolution digital color image and is capable of resolving
fractures as narrow as 0.1 mm with a radial resolution of 1 degree (/).

With the ATV, the amplitude and travel time of the acoustic wave is recorded
continuously in the borehole. The travel time of the reflected acoustic wave is recorded to
generate continuous caliper data of the borehole diameter. The amplitude of the reflected
acoustic pulse represents the elastic properties of the bedrock formation. Light colored features
are generated from the higher amplitude waves and represent a sound and smooth borehole.
Reflected energy that is lost in voids, fractures and discontinuities produces dark bands on the
amplitude logs.

Because the OTV is an optical image the borehole must be air-filled or filled with clear
fluid. The ATV requires the borehole to be filled with fluid but can be performed in murky
conditions or holes filled with drilling slurry.

Image quality is sensitive to borehole shape and the position of the televiewer probe.
Smooth, cylindrical boreholes with a well-centered tool return the maximum acoustic energy
because of the resulting high incidence angle and low scattering of the acoustic beam (3).
Changes in the acoustic wave reflectivity can be associated with borehole roughness, changes in
rock density and other energy absorption features of the rock such as fractures, voids, bedding
planes, or foliation.

The optical and acoustic televiewers can be complimentary tools if used in tandem. The
optical color images from an OTV can provide lithology data often unobservable with an ATV.
The acoustic televiewer is better at creating images of the fractures, joints, bedding planes and
other structural features of the bedrock formation. Figure 3 illustrates this concept.

Figure 3: Optical and acoustic televiewer images of a
diorite dike in granite (/).
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Both types of televiewers orient their images utilizing a three-axis magnetometer and
three-component accelerometer allowing accurate orientation recording of the images from
inclined or vertical boreholes.

The three dimensional image of the borehole wall is displayed in 2 dimensions by
“unwrapping” the image along a common point, typically the north side of a vertical borehole or
the high-side of an inclined borehole. Planar features such as bedding planes, joints or fractures
that intersect the borehole will appear as sinusoidal waves in the televiewer image. The dip
direction of the feature can be determined by the orientation of the low side of the sinusoidal
wave. In Figure 4, the planar feature dips to the south. The dip angle can be calculated knowing
the height or amplitude of the sinusoidal wave (H) and the diameter of the borehole from the
caliper log (D).

N s, _TELEVIEWER

——————————

A
DIP ANGLE] N

i

— .
le——D— ! N E é w N
MAGNETIC ORIENTATION

Figure 4: Three-dimensional view of a planar fracture intersecting a borehole and the appearance of the
same fracture on an acoustic-televiewer log. Computer software can calculate dip and dip direction of
planar features from the sinusoidal image on the televiewer log (4).

Both the optical and the acoustic televiewer probes are less than 2 inches in diameter and
can be utilized to image boreholes with diameters between 2 and approximately 18 inches
depending on borehole conditions.

During logging, the probe is lowered or raised slowly in the borehole and the data is
recorded directly to a computer acquisition device. Logging rates generally are between 4 and 6
feet per minute. The probes are centered in the borehole with three centralizing bands in two
locations along the probe. As the probe proceeds up or down the borehole, the optical images or
the acoustic reflection parameters can be viewed in real-time.

Computer software is available to facilitate post-processing and quickly generate the
televiewer logs and other statistical summaries. Structural features are picked manually from the
televiewer logs searching for the sinusoidal forms. Each feature detected is rated based on
apparent aperture and its orientation is depicted on the log by displaying a matching sinusoid.
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Structural data is collected quicker than with oriented core methods and statistical plots can be
generated to present structural data with stereonets or rose diagrams.

Another common display option for the data is the projection of the image onto a virtual
core. The virtual core is created by taking the negative image of the borehole wall and wrapping
the image into a cylinder which can be rotated and viewed from any orientation. Figure 5
illustrates the virtual core. The image of the virtual core is more easily interpreted by the viewer
since it more closely resembles the recovered core from the borehole.

Figure 5: Virtual core presentation of
optical televiewer data (7).

1-70 MISSISSIPPI RIVER BRIDGE

The I-70 Mississippi River Bridge (MRB) is a cable-stayed structure that spans the
Mississippi River from St. Louis, Missouri to St. Clair County, Illinois.

The new bridge has a total span length of 6,460 feet with the cable-stayed unit
approximately 2,770 feet (Figure 6). The open span between the two main towers is 1500 feet.
The two main tower Piers will be located within the river. The side spans from the main towers
to the anchor piers are approximately 635 feet each.

Investigative borings were performed in the Fall of 2008 to assess subsurface soil and
rock conditions. Five borings were drilled at each of the two main tower locations from barges in
the river. The depth of water was approximately 40 feet at the time of drilling. Subsurface
conditions generally consisted of 40 to 70 feet of loose to medium dense alluvial sands and
gravels overlying limestone bedrock. Rock coring was extended approximately 100 feet into the
underlying limestone bedrock.

Two foundation options for the main tower piers were designed in the baseline plan set
for contractor bidding. The main tower piers could be supported on drilled shafts with rock

sockets bearing in the underlying limestone or dredged well caissons supported on the surface of
the bedrock.
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Figure 6: Elevation of the cable-stayed portion of the New Mississippi River Bridge.

Investigation by a previous consultant was performed in 2001-2003. Thin voids and
fracture zones were described to a depth of 30 to 40 feet into the bedrock. The conclusion was
that the voids were a result of solutioning in the limestone, also known as karst. Geophysical
testing including borehole ground penetrating radar and seismic tomography were utilized during
the prior investigation in an attempt to characterize the void/fracture zones. Packer testing was
also performed in the fractured rock zones. The resulting high flow rates during packer testing
were interpreted as the voids being interconnected. The consultant recommended an extensive
grouting program in the bedrock prior to foundation construction.

During review of the previous reports, the location of the void/fracture zones identified in
boring logs did not correlate well with the location and configuration of fracture zones identified
on the ground penetrating radar logs or the images generated by the seismic tomography. The
orientation of the void/fracture zones was also not consistent between the two geophysical
testing methods.

HNTB recognized that having a thorough understanding of the void/fracture zones was
critical in evaluating the two deep foundation options for the main tower piers.

During the exploration program in the Fall of 2008, the acoustic televiewer was utilized
in the 10 borings at the main tower piers. The intent of the ATV was to confirm the presence
and gain an understanding of the voids and fracture zones described by the previous consultant.

While the borings and subsequent laboratory testing suggested that the limestone rock
was good to very good quality, the rock did contain fractures, discontinuities and voids. These
features were readily identified in the ATV logs. The voids, % inch to approximately 3 inches
wide, were identified as deep as 50 feet below the rock surface. A sample of the ATV logs is
included as Figure 7. The voids were also visible in the video record from the downhole
television camera.
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Figure 7: A portion of the Acoustic Televiewer Log
showing several cracks and two distinct voids in the
limestone at depths of 98.5 and 102 feet.

The orientation of the fractures and voids were generally measured parallel to bedding
and are flat lying. Two to three prominent voids were observed in the upper 10 to 12 feet of the
bedrock at the tower locations. The acoustic travel time caliper measurements suggested that the
diameter of the borehole at the location of the voids was 4 to 5 inches suggesting that the voids
locally may have been in-filled with soil. Subsequent logging of the core in the laboratory
appeared to confirm the presence of the voids.

The texture of the core above and below the voids was weathered and the surface showed
signs of solutioning. Mineralization and staining was present on the surfaces, which also
suggested the void may have been widened by flowing water (Figure 8).

The solution features in the upper 10 to 12 feet of the east tower boreholes were
identified at similar elevations, as shown in Figure 9, suggesting possible interconnection.
Similarly, possible interconnection was identified from dissolution seams in the west tower
borings.

A concern for the bridge performance was the presence of the voids in the rock beneath
the main tower foundations. The ATV logs provided a more thorough understanding of the
bedrock to assess the impact of the voids on the performance of the deep foundations.
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Figure 8: Core pieces above and below the void at
102 feet.

Figure 9: Proper alignment of the 5 borings at
the East Tower Pier reveals that the voids
identified may be interconnected.

It was determined that the drilled shaft foundation option would be less affected by the
thin voids in the limestone rock provided the voids are not located within close proximity to the
bottom of the drilled shaft. The concern regarding the voids below the bottom of the rock socket
could be reduced by limiting the design of the rock socket to the resistance resulting from side
friction only and relying on zero capacity from end bearing.

In order to include end bearing resistance in the foundation capacity, we recommended
drilling investigative core holes at each drilled shaft location, consistent with Missouri DOT
requirements, and recommended acoustic televiewer logs be generated to a minimum depth of 10
feet below the bottom of the rock socket.

Performance of the dredge well caisson was a potential concern due to the presence of the
2 to 3 prominent voids within the upper 10 to 12 feet of the rock. The dredged well caisson was
designed to bear on the surface of the bedrock below the alluvial soils. Since the footprint of the
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caisson was 83 feet by 123 feet, the voids were certainly within the influence zone of the
foundation bearing pressures. Based on the loads provide by the structural engineer and
calculated bearing pressures, HNTB determined that sufficient thickness of intact rock existed
above the voids to resist the potential for shearing of the intact rock and collapsing the void
space.

Based on the additional information that the bridge towers could accommodate vertical
deformation in excess of the cumulative thickness of the void space observed in the acoustic
televiewer logs, we were able to eliminate the need for bedrock grouting.

The acoustic televiewer logs allowed a more thorough understanding of the bedrock
conditions beneath the tower foundations and provided the ability to maximize the foundation
design.

SHORTCOMINGS OF BOREHOLE TELEVIEWERS

Since the orientation of the borehole televiewer is based on a magnetometer located
within the probe, ferromagnetic minerals present in the rock may not allow proper orientation of
the images. Similarly, steel borehole casing may also affect image orientation. This can be
overcome by orienting the image to the high side (top of the borehole) in inclined holes using the
inclinometer data collected by the televiewer. Alternatively, a gyroscopic tool, which is
unaffected by magnetic materials, can be run separately to collect borehole orientation data and
later used to rotate the televiewer image during post processing (/). The orientation systems
should be carefully checked for proper functioning prior to use.

Properly centralizing the acoustic televiewer probe is also important for quality acoustic
televiewer logs. Boreholes which are out of round or where the probe is not properly centralized
will produce dark vertical bands in the televiewer log. These bands can conceal fracture
information. This can be seen in the logs on the right side of Figure 9.

Rock type can also affect the image quality and interpretation of the televiewer logs.
Softer rock will more likely be affected by drilling stresses, fracture widening and washout from
fluid circulation during coring. Fractures can appear wider on the televiewer logs than may
actually be observed in the core sample. This can be more pronounced where steeply dipping
fractures or bedding planes intersect the borehole wall. The rock edges at the high and low sides
of the borehole will be more likely to experience damage from drilling stresses, be widened
during water circulation or mechanical breakage from drilling operations. This concept is
illustrated in Figure 3, where the thickness of the crack is wider at the top and bottom of the
sinusoid.

Due to this widening in different rock types, a bias can occur where fracture
identification is more visible in certain rock. Cracks can appear wider than may actually exist
beyond the borehole walls. Cracks which appear open in the televiewer logs may actually be
healed or closed cracks in the recovered rock core.
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Since the post-processing, fracture identification and feature rating is often done in the
office and in the absence of the rock core, subsequent correlation must be done with the
recovered rock core to confirm the presence of features identified on the borehole televiewer
logs.

As previously mentioned the optical televiewer can be utilized in an air-filled borehole or
in a borehole filled with clear fluid. The acoustic televiewer must have a fluid filled hole,
however, it can operate in murky fluid or in borings drilled with drilling slurry.

CONCLUSIONS

Optimizing the design of deep foundations requires a thorough understanding of the
bearing strata. Developing design parameters for deep foundations founded on bedrock involves
characterizing the bedrock mass. Poor recovery or quality of rock core can often lead to a lack
of understanding of the rock conditions and result in a poorly optimized foundation design.

Borehole televiewers can be utilized to view in-situ rock conditions within the borehole
walls following coring. Borehole televiewers are an alternative to expensive oriented coring
methods used to obtain information regarding the condition and orientation of joints, bedding
planes or rock foliation.

The application of this technology at the I-70 New Mississippi River Bridge resulted in a
more thorough understanding of the rock conditions beneath the bridge site and eliminated the
need for an extensive grouting program. Borehole televiewers are gaining popularity within the
geotechnical engineering community and should be considered by other geotechnical
practitioners when designing deep foundations in rock.
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ABSTRACT

Earthwork factors can be a challenging parameter to determine on roadway projects, yet
can have a huge impact on the cost of a project if not done correctly. Estimates that are incorrect
result in additional costs associated with the need to obtain additional borrow material or dispose
of surplus material. The difficulty in estimating earthwork factors increases when working in
cemented and coarse-grained soils. These soils are typically hard or very dense, and commonly
include gravel and cobble-sized particles which make in-place density data difficult to obtain.
The majority of open-end drive samples obtained in these soils are disturbed due to the presence
of cohesionless soils or the large number of SPT hammer blows required to advance the sampler.
To overcome the limitations of obtaining in-situ samples and subsequently in-place densities
using traditional methods, seismic geophysical methods consisting of seismic refraction and
surface wave refraction microtremor (ReMi) can be utilized. AMEC used these seismic
geophysical methods to determine in-place density on a recent roadway project in Arizona. The
results obtained from the seismic geophysical methods were checked against values obtained
from soil core samples, sand cone and nuclear test methods. The soil core samples were
obtained in the deep roadway cut sections and the sand cone and nuclear test methods were
obtained in the shallow roadway cut sections. The seismic geophysical methods provided
reasonable estimates for in-place density when compared to the more traditional methods in the
cemented and coarse-grained soils tested. These methods should be considered as an additional
tool to obtain in-place densities for the development of earthwork factors.
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INTRODUCTION

The Arizona Department of Transportation (ADOT) in association with the Maricopa
Association of Governments is in the process of designing and constructing the State Route (SR)
303 Loop (approximately 39 miles) that connects Interstate 10 and Interstate 17 around the
western and northern edges of metropolitan Phoenix (see the vicinity map on Figure 1). Portions
of the SR 303L currently exist as two-lane roadways with the remaining segments being
designed or constructed. ADOT plans to improve the SR 303L to an interim roadway generally
consisting of four general purpose lanes, two in each direction of travel. AMEC Earth &
Environmental was part of the design team for the Happy Valley Parkway to Lake Pleasant
Parkway segment. The segment has a length of approximately seven miles beginning at the
existing SR 303L, extending north-northeast for approximately four and a quarter (4 %) miles to
the Beardsley Canal and then continuing east for approximately two and three-quarter (2 %)
miles, crossing the Agua Fria River and Lake Pleasant Parkway. The site is predominately
undeveloped native desert with sparse vegetation. The existing natural terrain slopes gently to the
south by southwest and is divided by the Agua Fria River channel.

The SR 303L profile consists of elevated portions with a maximum fill embankment
height of 40 feet and cut sections as deep as 55 feet (see Figure 2). The estimated amount of
excavation for the project is 4.3 million cubic yards, and the estimated amount of embankment
fill required is 2.6 million cubic yards. The excess 1.7 million cubic yards of material will be
used during construction of a continuation segment of the SR 303L to the west. The large
excavation and embankment fill volumes for the project necessitated a detailed investigation into
the earthwork factors for the site soils. Local geologic material conditions across the project site
dictated the feasible investigation techniques that could be used to adequately characterize the in-
situ density of the site soils so an accurate estimate of earthwork factors could be obtained.

GEOLOGIC SETTING AND GEOTECHNICAL PROFILE
Regional Geologic Setting

The SR 303L from Happy Valley Parkway to Lake Pleasant Parkway is located in the
northern portion of the Phoenix metropolitan area and lies within the Basin and Range
physiographic province. This province typically is characterized by a series of structurally
uplifted mountain blocks composed of Tertiary to Precambrian bedrock separated by intervening
down dropped basins or valleys which commonly have been filled with thick sequences of
Tertiary to Quaternary volcanic and sedimentary materials. The terrain in northern Phoenix
consists of several uplifted mountain ranges which are separated by alluvial valleys. These
mountain ranges typically trend to the NW, dip to the NE, and are composed of eroded
Proterozoic and Cenozoic age rocks. The alluvial valleys are more commonly composed of
Cenozoic age sedimentary rocks and surficial deposits. The project site is located southeast of
the Hieroglyphic Mountains. The Agua Fria River, an active river channel, flows roughly south
through the center of the project corridor. The geologic units, in relation to regional geographic
features and the project area, are shown on Figure 1 (1), (2), (3).)().
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Figure 1 — Geologic Map of Project Area with Vicinity Map
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Figure 2 — Roadway Profile Showing Cut and Fill Sections
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Geologic units exposed within the Hieroglyphic Mountains include Precambrian
metamorphic schist (Xms) and plutonic porphyritic granite (Xg) that are overlain by Tertiary
volcanic (Tv) and sedimentary units (Tsm). Volcanic rocks near the project site are dark gray,
vesicular basaltic lava flows. Overlying the volcanic unit is a Tertiary sedimentary fanglomerate
and sandstone unit. This sedimentary unit is exposed along the western bank of the Agua Fria
River and consists primarily of consolidated to partly-consolidated, clast- and matrix-supported
conglomerate with subangular clasts up to 1.5 inches in diameter. There is also a Quaternary-
Tertiary alluvium (QTa) unit that flanks the bedrock units of the southern Hieroglyphic
Mountains. This older alluvium unit consists of partly consolidated silt, sand, gravels, and
cobbles.

The Quaternary alluvium (Q) unit in the project area consists of alluvial fan deposits and
river terrace deposits of the Agua Fria River. The alluvial fan deposits are predominantly located
to the northeast along the edge of the mountains and exposed in some of the larger tributaries of
the Agua Fria River. They consist of stratified sand, gravel, cobbles, and boulders, with
significant soil development, desert pavement, and cementation present on the oldest alluvial fan
surfaces. The Agua Fria River is flanked by several stream terraces, which formed by floodplain
aggradation and subsequent river incision. The terraces are generally moderately-graded, bedded
gravels, cobbles, and boulders, with increasing soil development and cementation on the older
terraces, each progressively more distal to and higher than the modern channel. The youngest
Quaternary deposits are located within the Agua Fria River channel. These river deposits
predominantly consist of sand with considerable subrounded to well-rounded gravel- to cobble-
sized clasts.

Local Geologic Setting

The local geologic setting varies across the project and is broken into three areas: Western
Alignment, Agua Fria River Channel and Eastern Alignment (see Figure 1).

Western Alignment

The Western Alignment area is approximately 4 ' miles long. It is bounded on the south
by the existing SR 303L and extends north-northwest to the northern Beardsley Canal crossing.
The local geologic setting of the Western Alignment is a combination of river terrace deposits
from the Agua Fria River Channel and alluvial fan development from the Hieroglyphic
Mountains. Portions of the project north of Lone Mountain Parkway encounter rock outcrops
consisting of basalt.

Agua Fria River Channel

The Agua Fria River Channel area is defined by the historical meandering of the Agua
Fria River. The historic channel is approximately one mile wide with the edges define by steep
slopes approximately 60 feet lower in elevation than the Western and Eastern Alignment sections
on either side (see Figure 3). Flows in the river are intermittent and controlled by a dam less than
five miles upstream. When the river does flow it flows along the eastern edge of the channel
area.
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Figure 3 — Steep Slope along the West Bank of the Agua Fria River Channel Area

Eastern Alignment

The Eastern Alignment area is approximately 1 % miles long. It begins immediately west
of the Agua Fria River Channel and extends to the project limits east of Lake Pleasant Parkway.
This segment consists of an upper terrace located on the eastern half of the segment, and a lower

terrace located on the western half.

Geotechnical Profile

The geotechnical profile varies across the projects three local geologic areas. Each of
these geologic areas contain unique soil characteristics and soil strata, however, for the purpose
of general discussion the soil profile is divided into three strata. Table 1 provides approximate
depths for the various strata in each local geologic area.

Table 1 — Depth of Soil Strata for Local Geologic Units

Depth of Soil Strata (feet)
Agua Fria River
Stratum Western Alignment Channel Eastern Alignment
A 0—-3t0 10 0 — 25 (when present) 0 — 3 to 8 feet
B >31t0 10 <85 to 100 >3 to 8 feet
C --- > 85 to 100 ---
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Stratum A

Stratum A consists primarily of low to medium and medium plasticity clay, clayey sand
and silty sand with occassional non plastic zones. This layer is typically characterized by soils
with silt/clay content over 30 percent with a silt/clay content of 55 to 90 percent in the Agua Fria
River Channel section. A moderately to strongly cemented layer is observed at varying depths
within Stratum A. Depending on the thickness, the cemented layer occasionally extends into
Stratum B. The cemented layer is identified in isolated areas at the ground surface and to depths
of 20 feet. These soils within the Agua Fria River Channel section are uncemented. Within the
Western Alignment the moderately to strongly cemented soils are primarily within the upper
terrace. Figure 4 shows a near surface zone of strongly cemented material with clasts of cobbles
and occasional boulders.

Figure 4 — Near Surface Strongly Cemented Soil in Stratum A
Stratum B

Stratum B consists of coarse-grained soils classified predominately as sand and gravel
with silt or clay; poorly graded gravel with sand; sand, gravel and cobbles; silty sand and gravel;
and clayey sand and gravel with occasional boulders throughout. The soils typically have a
combined percent sand and gravel content greater than 80 percent with the majority of soils
having a higher gravel content. These soils are characterized as having a percent silt/clay content
below 12 percent. The plasticity of these soils varies from non plastic to medium plasticity with
liquid limits predominately between 20 and 50 with isolated values up to 60. These soils are
predominately uncemented to weakly cemented with isolated 1 to 5-foot thick zones of
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moderately to strongly cemented zones. These soils are generally characterized as hard or very
dense with refusal SPT blowcounts. The Stratum B soils within the Agua Fria River Channel
section are typically coarser and contain more cobbles and boulders.

Stratum C

Stratum C, only identified within the Agua Fria River Channel area, consists of
predominately sand and gravel in fine-grained matrix with significant moderately to strongly
cemented layers. These layers are thicker than Stratum B with some of the strongly cemented
zones behaving similar to a weak rock. These weak rock zones displayed characteristics similar
to a conglomerate consisting of 3- to 10-inch cobble clasts and fine-grained gravel embedded in
a strongly cemented matrix (see Figure 5). Stratum C continuously produces refusal blowcounts.

.

Figure 5 — Weak Rock (Conglomerate) Typical of Stratum C Soils
DETERMINATION OF EARTHWORK FACTORS

Equation 1 shows the general formula for calculating earthwork factors.

% Shrink = {1 - }100 (Equation 1)
Yemb

where:
Yex = in-situ dry density of material to be excavated
Yemb = dry density of compacted embankment material

ADOT Materials Group policy determines yemp by using 95 percent of the maximum dry
density obtained from the Standard Proctor test (ASTM D698).

The two variables in Equation 1, Yex, Yemb, are obtained during the subsurface
investigation and through laboratory testing of samples obtained during the subsurface
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investigation. Of these two variables the most difficult one to calculate is y.x. The subsurface
investigation must be tailored to be able to measure Y.

SUBSURFACE INVESTIGATION

The typical subsurface investigation performed to characterize the site soils, specifically
in-situ density for ADOT urban freeway projects, includes obtaining relatively undisturbed
samples using open-end drive sampling (2.42-inch diameter brass rings) during drilling and
measuring the in-situ density in the laboratory and/or excavating a test pit to the cut depth and
performing in-situ density tests as the excavation is advanced. The test pit is excavated with safe
side slopes to allow field personnel to enter the excavation and perform in-situ density tests using
the nuclear method (ASTM D2922) and the sand cone (ASTM D1556) method.

The hard/very dense cemented and coarse-grained site soils are not suited to these
methods. Intact open-end drive samples are difficult to obtain. The majority of these samples are
disturbed due to the presence of cohesionless soils or the large number of SPT hammer blows
required to advance the sampler. Test pits were not suitable for most of the project due to
planned cut depths (up to 55 feet); the hardness of some of the materials (blasting was required
for portions of the strongly cemented material); restricted environmental clearance due to many
protected species of plants including saguaros and barrel cactus; and restrictions on ground
disturbance due to the presence of culturally significant areas within the project boundaries.

To overcome the limitations of obtaining in-situ samples and subsequently in-place
densities using typical investigative methods, seismic geophysical methods consisting of seismic
refraction and surface wave refraction microtremor (ReMi) were utilized. AMEC has experience
using these seismic geophysical methods to determine in-place density in rock environments (4,
5). The application of these methods to determine in-situ densities of soils is limited. Additional
investigative methods consisting of soil cores and test pits were conducted to supplement,
calibrate and increase the confidence in the seismic geophysical methods.

Additional Investigative Methods
Drilling — Soil Cores

Soil core samples were obtained from approximately every third roadway boring in the cut
sections using a track-mounted Burley 2500 using a HQ size, wireline, diamond bit, rock coring
system. The HQ core system produces 2.50-inch diameter core and a 3.78-inch diameter
borehole. In general, the soil cores remained intact in the fine-grained cohesive and cemented
soils, but not in the coarse-grained cohesionless soils (see Figure 6). Laboratory density tests
were performed on the intact core samples. Therefore, it was difficult to obtain the in-situ density
of the uncemented coarse-grained cohesionless soils using this method.
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Figure 6 — Typical Core Log with Photographs of Soil Cores

12
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Test Pits

Test pits were excavated using a CAT 345C in the planned Jomax Road retention basin to
approximately 20 feet. In-situ density tests were performed as previously described and
representative bulk samples were taken at various depths from these test pits. The test pit log,
including a photo of the test pit, is shown in Figure 7.

Figure 7 — Test Pit Log and Photograph of Large Test Pit Excavation with Benches
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Surface Seismic Investigations

Surface geophysical methods, consisting of seismic refraction and surface wave
refraction microtremor (ReMi) were used to obtain compression wave (p-wave) and shear wave
(s-wave) results, respectively. Refraction seismic surveys were completed using a Smartseis SE-12
12-channel signal enhancement seismograph and a 12-geophone array with 10-foot spacing
between geophones. A sledgehammer energy source was used to collect compression wave (p-
wave) data and jumping beyond the end geophone array was performed to generate surface wave
energy for shear wave (s-wave) data.

DETERMINATION OF IN-SITU DENSITY OF EXCAVATED SOIL

The determination the in-situ density for the cemented and coarse-grained soils from soil
cores and test pits was previously described. The determination of in-situ density from the surface
seismic investigation is more complex and an in-depth discussion of this procedure is beyond the
scope of this paper. A brief overview of the process is as follows: The surface seismic investigation
measures the velocity of compression and shear waves as they pass through the soil. The elastic
modulus of the soil is obtained using established calculations between seismic velocity and soil
elastic modulus. The elastic soil modulus is related to soil density through the soil porosity based on
percolation theory. Figure 8 shows the relationship between seismic velocity (p-wave and s-wave)
and dry density (6). Figure 8 presents two curves one for chemical gels and one for physical gels.
Cohesionless granular materials and fractured material masses behave as physical gels while
unfractured cemented, cohesive or welded soils behave as chemical gels. A complete discussion of
the procedure for developing the relationship between seismic velocities and dry density, and
percolation theory is published elsewhere (6).

P-wave Velocity, f/s (Poisson's ratio of 0.33 assumed)
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COMPARISON OF THE VARIOUS METHODS TO MEASURE IN-SITU DENSITY
Sand Cone and Nuclear Test Methods versus Seismic Geophysical Methods

A test pit was excavated within the footprint of the planned Jomax Retention Basin
located west of Jomax Ramp A within the Western Alignment area. In-place densities were
obtained using sand cone and nuclear test methods. Sand cone density test results were rock-
corrected in accordance with procedures presented in ASTM D1556. Prior to excavating the test
pit compression and shear wave velocities were measured while conducting a refraction seismic
line across the planned test pit. In-situ densities were obtained from the seismic velocities using
the correlation previously discussed.

Table 2 — In-Situ Dry Density Versus Depth for Various Test Procedures

Dry Density (pcf”
USCS Soil Degree of Sand Cone Nuclear Seismic
Depth Classification' Cementation Method Method Methods
0 GM/SM Uncemented 104.2 103.5 108.9
2.5 GP-GM Uncemented 93.0 96.4 108.9
5 GP-GM Moderately to 1011 128.0
Strongly
75 GP-GM Moderately to 81.5 1275 128.0
Strongly
Weakly to
10 GP Moderately 102.4 111.1 128.0
12.5 GP Uncemented 102.3 116.1 117.8
15 GP Uncemented 111.8 112.2 117.8
17.5 GP Uncemented --- 113.8 117.8

Notes: 'Unified Soil Classification System classification
*pounds per cubic foot

The soils encountered in the test pit were coarse-grained with cementation varying from
uncemented to strongly cemented. The test data indicates that the presence of cementation results
in a decrease in the in-situ densities measured using the sand cone and nuclear methods. The
cemented soils make it difficult to advance the probe for the nuclear gauge or advance the hole
for the sand cone resulting in disturbing the surrounding soil, which results in loosening of the
soils and/or creating a void around the nuclear gauge and subsequently decreases the measured
in-situ density. In-situ densities measured using the nuclear method compared favorably to the
results of the seismic methods.

The sand cone method varied greatly in the coarse-grained soils. This result was expected
based on ASTM D1556, which indicates that the sand cone test may not be suitable for soils
containing appreciable amounts of coarse material larger than 1.5 inches. The material
encountered in large test pit had a significant percentage of gravel, with the majority of the soils
having greater than 35 percent. Furthermore, the maximum particle sizes exceed 3 inches. These
conditions made sand cone testing unreliable below 3 feet.
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Soil Cores versus Seismic Geophysical Methods

Sixty-one in-situ density tests were completed on soil cores obtained from 13 different
borings. Seismic geophysical methods were conducted at each boring location. The measured in-
situ densities were averaged based on the soil classification the results are presented in Table 3.

Table 3 — Comparison of In-Situ Dry Density for Soil Cores and Seismic Geophysical
Methods as a Function of Soil Classification

USCS Soil Average Dry Density (pcf) Difference in Average
Classification’ Soil Cores Seismic Methods Dry Density (pcf)

GC 117.0 109.5 7.4
GM 116.2 113.0 3.2
GP 134.8 125.7 9.1
GP/SP 130.2 124.0 6.2
GP-GC 139.8 117.5 22.3
GP-GM/SP-SM 122.6 120.7 1.9
ML/SM 107.2 102.8 4.4
SM/SP-SM 102.2 103.8 -1.6
Average Difference’ 4.4

Notes: 'Unified Soil Classification System classification
“pounds per cubic foot
3 Average difference did not include value for GP-GC soil due to the large
variance

The average difference in dry density of 4.4 pcf presented in Table 3 indicates close agreement
between the soil cores and the seismic methods for both cemented and coarse-grained soils. The
in-situ densities obtained from the soil cores were, on average, 4.4 pcf greater than values
obtained from seismic methods. A reasonable explanation for this is that soil core densities could
only be completed on intact samples, which one would expect to have higher values. The seismic
geophysical methods take into account the entire mass and would be expected to trend lower.

DETERMINATION OF DENSITY OF COMPACTED EMBANKMENT MATERIAL

The density of compacted embankment material can be determined using the maximum
dry density of the soil obtained from the Standard Proctor laboratory test. This method is viable
when a representative sample can be obtained. The investigation in the deep roadway excavation
areas used percussion hammer drilling techniques, which are typically used in cemented and
coarse-grained soils, coring and seismic geophysical methods. Soil samples obtained using the
percussion hammer method could not be used because the drill bit pulverizes the soil breaking it
down into very small pieces that are no longer representative of the soils to be excavated. The
seismic geophysical methods do not obtain any samples for testing. Therefore, the only soil
samples available for this project were from the soil cores. The density of the compacted
embankment fill for all methods was based on the results from the soil cores. Therefore, the
variations in earthwork factors determined for each method are similar to the variation in
measurements of in-situ density.
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An alternative to the laboratory test method is measurement of the in-situ density of
existing roadway embankment fills using seismic geophysical methods. This is commonly done
on projects where existing roadways are being improved. Unfortunately, this method was not
viable for the current project due to the relatively undisturbed native desert environment that
didn’t have any existing roadway embankments.

CONCLUSION

In-situ density data obtained using the seismic geophysical methods were checked against
values obtained from soil core samples, sand cone and nuclear test methods. In-situ densities
measured using seismic geophysical methods compared favorably to in-situ densities measured
from soil cores on both cemented and coarse-grained soils. Comparison of the seismic
geophysical methods to sand cone and nuclear methods was difficult due to the large amount of
data from the sand cone and nuclear methods that was deemed invalid. However, the data
obtained from the sand cone and nuclear methods that were reasonable compared favorably to
the seismic geophysical methods.

The true test for suitability of predicted earthwork factors comes during construction.
The contractor for the SR 303L project has completed the majority of the earthwork activities
and there have been no disagreements on earthwork quantities. In fact, the contractor was
complimentary on the level of detail provided in the geotechnical report and on the depth of
study on earthwork factors provided in the report. Based on the close correlation between the
various methods and the successful project construction seismic geophysical methods should be
considered as an additional tool to obtain in-situ densities in cemented and coarse-grained soils
for the development of earthwork factors.
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ABSTRACT

Surface sinks, distressed highway sections, voids and evaporite bedrock with variable
weathering have complicated highway design for the Oklahoma Department of Transportation
(ODOT) in western Oklahoma. ODOT contracted with Terracon Consultants and Zonge
Geosciences to collect approximately 45,000 linear feet of Direct Current Electrical Resistivity
Imaging (ERI) data along Highway US-412 in Major County near Woodward, Oklahoma. The
data was collected, using the Dipole-Dipole technique, to aid the design and construction efforts
by identifying and discriminating between sections of highway underlain by solid gypsum or
gypsum containing voids (resistivity > 1000 ohm-meters) and sections containing combinations
of claystone and weathered gypsum (resistivity <100 ohm-meters).

Initial geophysical results were used to locate 18 confirming borings and identify the
need and locations of additional geophysical testing. Borehole data correlated with the resistivity
models and allowed for the assignment of resistivity ranges to specific lithologies which became
the basis of all data interpretation for the geophysical survey.

The results presented here show that ERI offers an accurate and cost-effective approach
to mapping lateral and vertical variations in material properties that can be directly associated
with lithology. This can help alleviate common issues confronted when making geologic
interpretations based on limited data from widely spaced borings. Two useful generalizations
can be drawn about this specific project: 1) the highest values of resistivity more often correlate
with gypsum hosting numerous smaller (0.5-1.5 feet diameter) voids than with large voids, and
2) large sections of the surveyed area (several 1,000s of feet) along US-412 are underlain by
clay, weathered gypsum and gypsum-clay as confirmed by the borings, and will not likely pose
many issues with regards to required mitigation efforts.

In summary, the ERI geophysical technique, as confirmed by the borings, successfully
separated the sections of highway into distinct areas underlain by claystone and weathered
gypsum and sections with gypsum dissolution features requiring different mitigation tactics.
Success of the geophysical program can be related to a well integrated geologic, geotechnical
and engineering program where ODOT, Terracon and Zonge personnel worked closely together
to assess the subsurface data.

The results of the geophysical survey and boring program are being used in the final
roadway design process to minimize the potential of sinkholes or caverns and the resultant
impact on the new roadway construction. With the ERI and boring results delineating between
those areas having gypsum rock and those areas not having gypsum rock, the design team has
been able to focus attention on those portions of the alignment with existing or potential solution
cavities. Thus, the design challenge is now on horizontal and vertical alignment of the highway
and minimizing cut depths into the subsurface profiles that have gypsum rock and minimizing
water seepage into the ground in those same areas.
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INTRODUCTION

ODOT wants to modify both the vertical and horizontal alignment of two portions of US-
412 in Major County, Oklahoma. The highway alignment areas include a section which extends
from the Major/Woodward County Line eastward approximately 10,110 feet and a second
section which extends from approximately 2,325 feet east of the US-412 and US-281 Junction,
eastward approximately 9,000 feet (Figure 1).

Figure 1, US-412 Study Areas

Initially, the goal was to increase capacity by changing the highway from two-lanes to
four-lanes. Along the western section of the study area, the two new lanes were to be offset to
the north of the existing lanes. The eastern section of highway alignment was planned to include
two new lanes south of the existing highway. Sight distance requirements required the design of
deep cuts and fills.

This part of western Oklahoma is characterized by surface sinks, distressed highway
sections, voids and exposed evaporate bedrock with variable weathering, which, historically,
have been shown to impact the long-term performance of highway projects. Large systems of
caverns are known to exist in this part of Oklahoma, with at least one known cave extending
beneath US-412. As rainwater and groundwater run through fractures in the rock and between
rock layers, dissolution of gypsum results in widening fractures, weakened sections of highly
weathered material, large caverns and sinkholes due to the removal of materials that previously
supported overlying rock and soils.
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A geophysical survey program was designed for this project with the intent to map the
lateral and vertical extents of the gypsum units associated with the dissolution features to help
ODOT mitigate possible adverse impacts on the planned highway expansion projects. Terracon
Consultants, Inc. (Terracon) teamed with Zonge Geosciences, Inc. (Zonge) for electrical
resistivity (ER) geophysical surveying. In addition to the geophysical surveying, 18 borings
were drilled to calibrate, or “ground-truth”, the geophysical results to physical subsurface
conditions and to provide geotechnical information for design and construction of both cuts and
fills along the highway alignment.

ER surveying is a geophysical technique which measures the electrical resistivity of the
subsurface which is then correlated to subsurface geology and structure as determined with
geotechnical borings. ER surveying employs two electrode pairs, one pair providing the
electrical source (current electrodes) while the second pair measures the electric potential
between the electrodes (measurement electrodes). Once measurements are obtained, they are
processed to account for the array geometry (electrode arrangement) and other factors associated
with data acquisition (e.g., topography, culture, etc.). Finally, mathematical inversion of an
entire data set is performed, and the result is a two-dimensional (2D) earth model of the
subsurface electrical resistivity structure; or, an electrical cross-section. Information obtained
from boreholes is then used to correlate resistivity structure to lithologies and geologic structure.

Work for this project included:

. Field reconnaissance

. ER geophysical surveying along two lines at both US-412 projects

. Evaluation of preliminary geophysical results

. Consultation with ODOT to select additional ER survey and geotechnical
confirmation boring locations

. Additional ER surveying

. Drill confirmation borings

. Synthesize ER and boring information into comprehensive geological
interpretation

SITE GEOLOGY

Based on information published in the ODOT manual, “Engineering Classification of
Geologic Materials, Division Six”, the project sites are underlain by two geologic units.

The Flowerpot Unit consists predominantly of reddish-brown, blocky, silty clay shale
with a few thin sandstone, siltstone, and dolomite beds. Topographically, the Flowerpot Unit
generally forms broad flats and gently rolling hills. The upper portion forms the steep slopes of
scarps and buttes capped by gypsums of the overlying Blaine Unit.

The Blaine Unit consists of three prominent gypsum beds separated by red-brown shales
which are locally gypsiferous. Topographically, the Blaine Unit forms the most pronounced
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escarpments in western Oklahoma. The thick gypsum beds form ledges that extend the entire
length of the outcrop of the Blaine Unit.

Underlying the resistant gypsums of the Blaine Unit are the weakly resistant shales of the
Flowerpot Unit. The shales erode much faster than the gypsums, thus leaving an escarpment that
is several feet higher than the near level terrain of the Flowerpot Unit. Isolated buttes and highly
dissected canyons are common along the outcrop contact of the two units.

Of particular concern to the design and construction of the upgrades to US-412 is the
excavatability of the Blaine Unit and the fact that the gypsum is prone to formation of dissolution
cavities when exposed to flowing water.

GEOPHYSICAL SURVEYS

Knowledge of the subsurface material properties is critical to the engineering and
construction phases of any highway project. The gypsum formations and dissolution caverns
that extend beneath the highway in this part of the State extenuates the need for a more detailed,
or continuous, analysis of the subsurface stratigraphy along the highway alignment.

Field Reconnaissance

The field reconnaissance included visual observation of the geophysical survey areas via
vehicle and foot. Using direct observation, geologic maps, topographic maps, and aerial photos,
areas that could potentially contain subsurface voids, such as those shown in Figure 2, were
identified. Additionally, land access, potential worker safety, and general project
logistics/coordination concerns were identified and addressed.

Figure 2, Small Surface Void in Cut Section of HW-412
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Electrical Resistivity Survey

The ER geophysical survey design for the US-412 projects (West Section and East
Section) included initially acquiring ER data along two lines, one located along the approximate
new road alignment, and one located adjacent to the existing roadway (Rittger, et. al, 2008). For
the US-412 West Section, ER data was collected along the existing roadway and approximately
150 feet north along the planned new roadway alignment. For the US-412 East Section, ER data
was collected along the existing roadway and approximately 150 South along the planned road
alignment.

The geophysical technique utilized for this project’s ER survey is referred to as the
Double-dipole, or more commonly, the dipole-dipole technique (Telford et. al., 1976). As shown
in Figure 3, in the dipole-dipole electrode configuration, a controlled electrical signal is
transmitted into the ground via a grounded dipole consisting of two current electrodes (A and B).
At varying distances from the midpoint of the current dipole, the electrical potential drop is
measured and recorded at a different grounded dipole, called a receiver or potential dipole (M
and N). This potential difference measured by the receiver dipole is due to the electric field
created by the source current dipole. For this survey, an axial (or polar) dipole configuration was
used, where the receiver dipole is in-line with the transmitter dipole (Al’pin, 1966).

Figure 3, electrode configuration for the dipole-dipole DC resistivity technique

Both the current and potential dipoles have two electrodes with constant spacing, referred
to as the “a” spacing, and the distance between the transmitting and receiving dipoles is varied
by multiples of “a”. Here, “n” is normally an integer value between 1 and 6. For this survey, an

a-spacing of 20 feet was used.

The main material property of earth materials measured by electrical methods is
resistivity (p), which is the reciprocal of conductivity (o). Electrical resistivity is a quantitative
measure of how difficult it is to send current through a material.

Variations in subsurface porosity, fluid content, fluid chemistry, permeability and soil or
rock type all affect resistivity measurements. Cultural features (i.e., man-made items) such as
fencing, power lines, and pipelines can also significantly affect resistivity measurements if not
properly insulated from the ground or adequately avoided.

Ohm’s Law states that the ratio of the measured potential drop across the receiver dipole
(M and N) to the measured output current across the transmitter dipole (A and B) yields the
apparent resistivity (ohm-meters) at a certain point below the array.
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Apparent resistivity is an average value for the non-homogeneous volume sampled by
each measurement, and does not necessarily represent the true resistivity of earth materials at a
certain lateral location or depth (Abraham, et al., 2004). This is the raw data to be modeled in
order to obtain a true resistivity model of the earth below the dipoles.

As depicted in Figure 4, each measured and calculated apparent resistivity value is
plotted at the center-point (or station) between the two dipoles and at a depth equal to the “n”
value to create a pseudo-section. The pseudo-section is a generalized way to plot data coverage
and quickly detect major anomalous readings prior to processing.

Figure 4, Sequence of data collection in a dipole-dipole ER survey

The instrumentation used to perform this geophysical survey was the Zonge Electrical
Tomography Acquisition (ZETA) system produced by Zonge Engineering and Research
Organization, Inc.

The first order of business in developing the field program was to optimize the data
quality by testing various station spacing, electrode setup, currents, and filters. The optimization
process resulted in an ER station spacing of 10 feet. There is an inherent balance between station
spacing, depth of investigation, and lateral resolution. Larger station spacing would result in
deeper depth of investigation but at a loss of lateral resolution. Preliminary field testing
indicated that 10 feet spacing would provide a nominal depth of investigation of 60 feet or
greater while maintaining good resolution of expected anomalies.

Production mode ER data collection was conducted immediately after parameter
optimization. Initially, ER data was collected along 38,220 feet of test alignment. Relative
elevations were recorded at every station (electrode) using a hand level and stadia-rod, and these
elevations were converted to absolute elevations via tying to survey marks.

After preliminary processing and interpretation, Terracon and Zonge met with ODOT to
review the results, identify areas for additional ER data collection, and identify confirmation
borehole locations. Fifteen locations were identified as areas requiring additional ER
geophysical surveying. These areas were typically selected because potential horizontal highway
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alignment reconfiguration would bring the new alignment outside the boundries of the initial
survey or to further track a potential karst feature that was identified in the initial survey.

Additional ER geophysical surveying was conducted, resulting in collection of an
additional 6,580 feet of ER data. The more focused additional ER surveying was conducted
along approximately 34% of the 19,110 feet of highway alignment.

During ZETA data acquisition, multiple waveforms are stacked and averaged to reduce
random noise in the data blocks. All data blocks are repeated at least twice to establish data
repeatability. All individual blocks are recorded and saved digitally, along with standard error of
the mean (SEM) values. The receiver operator monitors data quality in the field, and contact
resistance issues are resolved and data acquisition is repeated if necessary. Data quality for this
project ranged from fair to excellent with respect to SEM and block repeatability for ZETA.

Processing for ER data acquired using the ZETA system was performed using proprietary
software developed by Zonge.

Smooth-model inversion mathematically back-calculates (or inverts) from the measured
data to determine a likely distribution of true resistivity values. Comparison of the observed
field data and the calculated pseudo-section plots is a useful method for evaluating how well the
mathematical model fits the observed data. The results of the smooth-model inversion are
intentionally gradational, rather than showing abrupt, blocky changes in the subsurface. The
inversion results should not be considered a unique solution, and some ambiguity remains in any
mathematical representation of the data. Confidence in any interpretation increases with
corroborating information.

Confirmation Borings

Preliminary ER results were reviewed by Zonge, Terracon, and ODOT to determine
boring locations to assist in the interpretation of the geophysical data. The objective of the
geotechnical boring program was to provide geophysical ground-truthing and to provide
preliminary geotechnical information for the planned road construction. The geophysical
ground-truthing involves correlating lithology and geotechnical information obtained from the
boreholes to the ER results. The geotechnical information includes standard penetration value
(N) for soils and percent recovery (REC) and rock quality designation (RQD), compressive
strength, and elastic modulus (E) values for rock cores.

The boreholes were advanced using rotary wash methods with both truck-mounted and
all-terrain drilling vehicles. Representative soil samples were obtained by the split barrel
sampling procedure in accordance with the appropriate ASTM designation. Rock cores were
obtained with a standard diamond-bit, double-barrel, core-barrel.
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The soil and rock core samples obtained were logged for lithology (and/or lack of
lithology if voids were encountered). Table 1 shows the locations and results of the geotechnical

borings.
Confirmation/Geotechnical Borehole Locations
ODOT Major/Woods County Geophysical Survey
No. | Location | Purpose | Completion Depth (feet) | Comment
WEST AREA
B-1 ]|54+500 (150’ North) Geotech 40
B-2 |54+810 (150’ North) Void and Geotech 25 Void Detected 11 to 13', then
small voids to 14' bgs
B-3 |55+017 (150’ North) Void and Geotech 38 Voids Detected between 22-
24, 25-26 and 28-35' bgs
B-5 |55+210 (85' North) Void and Geotech 40 Small Voids between 15
22' bgs, water loss @
bgs
B-6 ]55+290 (20’ North) Void and Geotech 40 Small Voids @ about 22.5'
bgs, water loss @ 9.5' bgs
B-7 |55+450 (146’ North) Void and Geotech 44
B-8 |55+720 (150’ North) Void and Geotech 36 Small Void @ 9.5' bgs, water
loss @ 9.5' bgs
B-10 |55+850 (75' North) Void and Geotech 30 Water loss @ 14' bgs
B-9 |56+035 (150" North) Void and Geotech 42 Water loss @ 4.5'
B-11 |56+520 (85' North) Void and Geotech 35 Voids from 32-33.5' bgs
B-12 |56+680 (150" North) Void and Geotech 50
EAST AREA
B-13 |2046+050 (150’ South) Void and Geotech 36 Water loss @ 12.7' bgs
B-14 |2047+000 (85' South) Void and Geotech 34 Small Voids 19-21' bgs,
water loss @ 21' bgs
B-15 |2050+047 (150' Void and Geotech 13.5 Abandoned Due to Void @
about 13.5' bgs
B-15A |2050+050 (150’ Void and Geotech 64
B-16 |2070+050 (150' Void and Geotech 45
B-17 |2079+000 (150' Void and Geotech 55 Small Voids from about
42' bgs

Geological Interpretation

voids.

Table 1, Geotechnical Boring Locations and Findings

After the 18 borings were completed, correlations were made between lithology as
determined from the geotechnical borings and calculated resistivity values in the final models.
This allowed for the assignment of a range of resistivity values expected for a given lithology.
The three main materials encountered in the 18 borings were: 1) clay and clay/weathered-
gypsum mixtures, 2) gypsum, and 3) large voids and highly fractured gypsum with many small
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Once ground-truthing of the models was complete, the ranges of resistivities within a
given material were plotted, and are presented on Figure 5.

Correlation Between Lithologic Units And Resistivity
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Figure 5, Correlation Between Lithologic Units and Resistivity

Each of these three material types correspond to a range of resistivities, and a unique
color was assigned for each range on the color scale shown in Figure 6. This color scale was
used for all final models, and it became the foundation of all interpretations for this project. The

letters “C” and “G” and “V” were annotated on the color scales of all final models to indicate the
interpreted lithologies.
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The final interpretation of the geophysical data and geotechnical borings were presented
in 2D figures (electrical cross-sections), such as shown on Figure 7. These figures offer a
pictorial representation of the boundaries of materials with potential karst features and those of
clay and weathered shale.

Line 23 (85' North)

1630 M
160 2
1610 =

Line 22 (20' S)

1600
A 1500 2
----- Approximate SOE — ) 1580

0 50 100 150 200
Terracon/ODOT

o e Y Highway 412 West Section -
G N curairesurs Station 4500 to 6000 (Line 1 reference) J cortimason Borng
e S e gy TSI 2D Inversion Model Resistivity (ohm-m)

Veriea! Bxaggeraton = 2 by Zonge Geosciences, Inc. Figure 6-6

Figure 7, Example 2D Earth Models from ERI surveys
DESIGN RECOMMENDATIONS

A total of approximately 45,000 feet of ER geophysical surveying was conducted and 2D
models of the subsurface ER structure were prepared. Based on the ER results, the geophysical
design team reached the following conclusions.

First, there are two areas of particular concern for encountering void features in the
western section of US-412. One section is about 1,000 feet in length, and the second area is
about 1,300 feet in length. Three other shorter sections of lesser concern were also encountered.
One of these was encountered in the western section. That area is about 300 feet long. The other
two lesser areas are in the east section. One is 800 feet long and the second is 500 feet long.

Second, depths to potential voids in the two areas of particular concern range from
immediately below the ground surface to approximately 20 feet below ground surface. The
background electrical resistivities in these areas are suggestive of weathered rock, implying that
in these areas, the mechanical competency should be addressed for highway construction.

One significant observation is that many of the confirmation boreholes were specifically
located to encounter open voids and only one boring encountered a significant (greater than 3
feet) open void. Thus, in the final design phase a much greater number of boreholes will be
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drilled for statistically meaningful results. Based on the data gathered, it appears that most of the
voids in the project areas are rubble filled. Although the geophysical methods successfully
identified voids, in this area the difference in geophysical signature between rubble filled and an
open void is small. If surface runoff water can be routed around areas with rubble filled voids,
the risk of damage to the highway after construction is lowered.

Roadway construction in known karst formation areas requires that roadway
embankments and cut sections be designed so that the impact of the karst formations on the
roadway will be lessened or eliminated. Avoidance measures and some combination of drainage
and/or bridging methods are usually the best steps to take in a proactive approach (Moore, 2006).

Subsurface void development in known karst formations is generally due to dissolution of
materials from surface storm water runoff and/or groundwater flow, both during and after
construction. Increased stormwater runoff can result in development of new void features or
exacerbate existing conditions. Thus, surface storm water runoff must be routed away from
areas identified as having voids, potential voids, or rubble filled voids. Studies (Moore, 1987,
2003) show that the majority of collapse-type karst problems occur in unlined ditches. Unlined
ditches are typically sodded at best, and have gradients of less than 3 percent, and often, less than
1 percent. Ditch liners can include Portland cement concrete, asphalt pavement, or 60 mil PVC
or geomembrane material. In addition, the final design must consider curbs for embankment
sections to channel deep water from running off the edge of the pavement surface. Lined ditches
should be strategically utilized to minimize ponding of rainwater and minimize the potential of
rainwater to erode soil cover, exposing potentially erodible gypsum rock.

Those areas identified as having sinkholes or subsidence can be remediated for roadway
use by bridging over the affected area to provide adequate stability to the roadway. Various
approaches to bridging have included conventional bridge spans supported on foundation
elements founded on solid bedrock, rip-rap backfill, rock pads, grouting of the void or subsided
area, concrete slabs, and geogrids (Moore, 2006).

Rock pads can be constructed at the base of embankment fill to bridge depressions and
sinkholes. Typically, the rock pads include large native non-degradeable stone (rip-rap) and or
broken concrete. Such open graded mixtures of rock and/or broken concrete provide stability
and drainage to the roadway fill (Moore, 2006).

Both horizontal and vertical alignment changes can minimize the impact of the new
roadway to know karst formation areas. For example consideration can be given to the use of a
passing lane through the steeper hills containing karst formations, instead of a wider 4-lane
divided section. Such an alignment will minimize the amount of cut into the gypsum rock
identified in the geophysical survey and confirmed with the soil borings. Similarly, the vertical
grade through the hills with gypsum rock can be held to as high an elevation as economically
feasible to minimize cuts into the gypsum rock. To reduce the potential for long-term formation
of dissolution cavities from rainwater runoff, the design must minimize the amount of exposed
rock in the cut sections after construction.
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As the design of the new alignments progresses, additional geotechnical borings should
be performed to confirm the competency of subsurface materials immediately beneath the
proposed highway alignment.

SUMMARY

In summary, electrical resistivity geophysical surveying along approximately 19,000 feet
of US-412, identified approximately 2,300 feet as areas most likely to cause difficulty during and
after construction due to the presence of subsurface voids. The design team must minimize the
impact of the new roadway to the identified karst formation areas. The design should consider
lined ditches to channel stormwater away from the karst formation areas, minimize cuts into
known karst formations, and maximize fills and consider rock rip-rap fill at the base of the fills
to bridge sinkholes or depressions. Strong consideration should also be given to modifying the
horizontal alignment, if possible, to minimize the depth of cut into the gypsum formations.
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ABSTRACT

Conventional geotechnical investigative tools and analyses in karst are often
unsatisfactory. Younger karsts of, for example Florida, require a much different
understanding and approach than the flat or folded older karsts within the continental
U.S. Support solutions have varied from large mats, H-piles, drilled shafts and pin piles
to jet grouting, high-mobility and low-mobility grouting, sometimes with chemical
grouts.

Whatever the project, any investigations should start with a geologic
understanding of the particular karst terrane below the site/area of interest. In most
locales, information is available from state and federal sources as well as, perhaps, local
universities.

Generally, conventional soil mechanics investigations, whether or not combined
with geophysics, are inadequate to define the vagaries of a subsurface consisting of
cavernous bedrock with weathered and open seams, and soft and/or weak soils below
apparently competent materials. The often-solutioned nature of the subsurface can also
provide an opportunity for undiluted contaminants to reach domestic ground water
supplies, particularly during construction.

Potential solutions are many, but generally represent a significant increase in cost
over conventional structural/pavement support. Defining an appropriate support solution
usually results in increased costs and time overruns, as well as creating a need for
increased funds to provide a suitable foundation while protecting domestic groundwater
supplies. In addition, the provision of qualified construction inspection at karst sites is
vital as the amount of geotechnical investigation required to adequately define all hazards
is either impossible or cost prohibitive.
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INTRODUCTION

The results of solutioning in carbonate rocks should be of interest to those
exploring and/or remediating the route, location, design and installation of highway
facilities. Solutioned carbonates are found in various guises throughout the U.S.A and
Caribbean Islands. We have ancient, folded and faulted, Proterozoic marble and
Paleozoic (limestone, dolomite and skarn) carbonates in the eastern and western U.S.A.
There are also the flat-lying, less-stressed carbonates of the central U.S.A.; the recent,
soft, coralline carbonates of Florida and the “near-shore” islands of Bermuda, the
Bahamas and their Caribbean cousins; as well as the even more confusing Cretaceous and
Tertiary carbonates of the central graben of St. Croix in the U.S. Virgin Islands.

Hence, subsurface performance and any required remediation can vary by age,
compactness, grain size, tectonic history and climate history. Their physical
characteristics range from soft, coralline “limerock” to firm clayey soils to extremely
hard dolomites and marbles.

When working in a particular karst environment, an investigation directed by
those with experience in another karst environment must recognize the significance of
these differences and their impact on the results.

GEOTECHNICAL CONCERNS

The title of this section is simplistic, but is intended to be all encompassing and
includes: engineering geology, rock mechanics, soil mechanics,
hydrogeology/geohydrology and geophysics. In addition to the need to evaluate the
subsurface constraints, an investigation must be aware of what stage the planning or
development of the project is currently in as well as the overall nature of the project in
order to plan and conduct an appropriate investigation. Is it a preliminary route
assessment, a site study for final design, or perhaps a remedial effort during construction
or a failure while in operation? Is it to be undertaken during a due diligence phase? Does
the lead organization recognize the possible problems of a site or alignment underlain in
all or part by carbonates (i.e., what additional funding is available for ”geotechnical
investigation”, construction and remediation)?

Ground water contamination is another concern. Roadway stormwater runoff or
spills can quickly reach the ground water table with little or no filtering through sinkholes
formed near the roadway or in stormwater utilities.

ENGINEERING GEOLOGY

Typical types of sinkhole possibilities in karst terrane are presented on Figure 1.
However, one must also recognize the different impacts on landscapes, subsurface
material types and likely, the degree of weathering/solutioning present that can lead to
different sets of difficulties to design, construction and potential remediation. In most
cases, practitioners can take advantage of one or more of the following sources; USGS,
State geologic surveys, local universities, local investigations; or they can work with
another practitioner experienced within the locale. Some states even have county-by-
county statistics and locations of sinkhole occurrences.
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Figure 1 — Typical Karst Sections

Any investigation must recognize that bedrock weathering, erosion and glacial
impacts in the northern U.S.A. can result in highly variable near-surface cover above an
erratic bedrock surface. Hence, the impacts of a variety of environmental effects need to
be considered in any site or route evaluation.

Before planning an investigation, obtain as much generally available subsurface
information about the area of interest as possible. Figures 2 and 3 provide examples of
geotechnical information currently available for one portion of recent roadway
reconstruction near Clinton, NJ. All of the rock and surficial materials information was
either on a computer or files in our office, or readily available on the internet. Although
generally not of high resolution, archival aerial photography is available on the internet.
Figure 4A and 4B compares an internet printout of a photo versus a scan of a contact
print that is commercially available. Satellite imagery can be useful for some sites. A
series of aerial photographs over extended time periods can be useful in assessing the
changes over time as well as their possible causes. Is that group of trees growing within
an unfarmed sinkhole? Why did the farmer leave a portion of his land fallow or not
planted? Are the observed changes in vegetation type and color significant? Hence, an
initial evaluation for a route or site can be conducted with generally available
information, which is then ground-truthed with a site reconnaissance.

There is generally a great deal of engineering geologic data available. However,
interpretation does require an understanding of local subsurface conditions and the
mechanism(s) of solutioning to put that information into the proper context. Without this
understanding, establishing the extent and nature of the possible geotechnical concerns
will be woefully lacking because it is generally ridiculously uneconomical to attempt to
completely define the complexities of karst with any detail.
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Figure 2 — Bedrock Geology Map Available From State Sources
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Figure 3 — USDA Web Soils Survey Results For AASHTO Group Classification

DR e

Figure 4A — Example of a recently taken Figure 4B — Scan of a historical (1959)
aerial photo download from the contact print from original aerial photo.
internet.

ADDITIONAL INVESTIGATION

Under the assumption that a review of the available data has not frightened the
owner/designer away from the karst area, it becomes necessary to perform a field
investigation specific to the area of interest and the planned construction.

It is probably easiest to consider two types of investigation — direct and indirect.
Direct investigation generally means drilling or digging a hole. Indirect usually implies
some form of geophysical investigation.

Test pits can be excavated with conventional equipment and usually provide the
most return for the money, but are generally limited in depth. A great deal of information
can be obtained from a test pit operation conducted under the technical inspection of a
geotechnical engineer/engineering geologist who can identify geologic origin as well as
soil and rock type. Where encountered, rock type, depth, fracturing and its variability, as
well as extent and type of weathering are worthwhile recording. Overburden soils can be
examined for the extent of decomposition and long-term moisture movements through
zones of weakness where minute channels have appeared and/or if deposition or
alteration of minerals has occurred.

The next most definitive means of obtaining subsurface information is from test
borings. We believe test borings in karst terrane should be drilled utilizing rotary wash
boring equipment in the overburden soils, weathered rock (saprolite) and the underlying,
less weathered, materials. Water losses should be monitored and double- or triple-tube,
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split barrel coring operations should be performed under the technical inspection of
qualified professionals and by competent, experienced drillers willing to share the
information they can sense from the performance of the drill rig. Finally, tremie grouting
the holes with a low viscosity grout and recording the depths of grout take and quantities
of grout accepted at each level as the tremie pipe is withdrawn can be very diagnostic of
the subsurface conditions.

The use of a split inner barrel in a double- or triple-tube core barrel really should
be mandatory in any area whose bedrock has been previously subjected to tectonism.
The hard, but brittle, indurated carbonates of the eastern and western U.S. would be
expected to come out of a single tube core barrel in pieces when subjected to the normal
“hammering” extraction process. The core run should be measured and examined in the
split barrel. A good driller and a properly-maintained and set-up split barrel yields a far
better understanding of the angle of inclination of fractures, soil-filled or weathered, and
even sometimes fill materials within previously solutioned zones. Oriented core can also
aid in defining bedding and fracture dips and orientation. Unless the investigation
expects the core to come out of the barrel easily in one or two pieces, a split barrel should
be used.

Air- or hydro-track drilled probes also provide some level of direct information.
An experienced operator knows the consistency and competence of the material he is
drilling through and the experienced observer can often work with the driller to assess the
subsurface conditions, i.e. soft or firm soils, competent rock, open voids or soft soil-filled
cavities can be interpreted to some degree. Of course, more subsurface information can
be gleaned from an air-track than from the rapid penetration and power of a hydro-track.
Newer drilling equipment that records down pressure and drilling rate can also be quite
useful although such equipment is not always readily available.

Many geophysical tools have been advanced as suitable for use in karst areas,
without, however, defining the type of “karst” being investigated and the nature of the
resolution necessary to define the anomalies of significance to the designers. In addition,
one must also consider the existence of potential cultural anomalies along a route or in
the area to be developed by highway structures. Overhead power lines, buried pipes,
traffic noise and available space can influence the type of geophysical procedures used

If an engineer or geologist wishes to consider the use of geophysics on a project,
the investigation should be planned in conjunction with an experienced geophysicist who
understands the nature of the target (/). We believe that in no case should a survey be a
“stand alone” investigation. Interpretation of the results should be accomplished in
conjunction with hard data from borings, probes and/or test pits, not just from a
computer-interpreted set of the data, even with the sophisticated interpretation programs
presently available. One should also remember that any test boring, test pit, probe or
geophysical result must be interpreted in light of the available geologic information.

As an example of the problems inherent in using geophysics, even in conjunction
with test borings, a recent HGS meeting presentation provides a quick summary of the
problems encountered even when using a local firm with geophysical personnel and a
local District geotechnical engineer while attempting to delineate an area of “highly
variable top of rock with pinnacles, voids and boulders” (2), i.e., an Appalachian karst
site. The subsurface investigation consisted of (in chronological order):
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A. Test borings with measured grout quantities, except where large quantities of grout
were placed when operations were discontinued;

B. 2-D electrical resistivity (the author’s indicated that some difficulty was experienced
in interpreting the results);

C. Difficulty in locating “the exact area of the problem” (i.e., a problem with resolution
in relation to the size and depth of the anomalies).

D. Most of the survey line down the median of the roadway picked up the stormwater
drainage piping (seismic was ruled out because of traffic noise);

E. MASW (Multi-channel Analysis of Surface Waves), which was “more revealing of
subsurface conditions related to top of rock and soil density” was the second
technique tried;

F. Eventually, “confirmation borings” were drilled at selected locations.

Finally, perhaps in despair, the authors of that paper separated the areas into three
categories for remediation.

1. “Sinkhole-prone areas with shallow rock™.

2. “Slightly sinkhole-prone areas with deep bedrock”.

3. “Highly sinkhole-prone areas with deep bedrock™.

The author’s of that paper state “Construction recommendations were broken
down based on geology and sinkhole history”, not geophysics.

Apparently, the geophysics field program was only able to differentiate between
“shallow” and “deep” rock in the local karst. “Sinkhole-prone” conditions were likely
determined by the number of encountered sinkholes per roadway length.

While the older and folded rock present a resolution problem to a geophysical
survey, the younger carbonate of the southern U.S. are generally more amenable to
Ground Penetrating Radar and seismic surveys, including the latest in surface wave
studies, low cost MASW. Again, it is necessary to work with a geophysicist who
understands the geology of an area and does not “over-process” the data to make
intersecting lines match at the point of crossing and perhaps influencing more realistic
data at greater distances from the area of interest.

Possibly even more complicated is the evaluation of ground water concerns. The
writers have seen wells 25 feet apart with yields varying in hundreds of gallons per
minute. Certainly knowing the locations of geologic structure, dips of strata and general
information on solutioning helps, but siting wells in karst is at best an educated guess and
conventional aquifer modeling formulas are generally inapplicable.

Other geohydrologicaly-related concerns are problematic. Solutioned carbonates
are not isotropic, anisotropic or slab-fissured models. A finite element model would
work only if one had enough input parameters to define the subsurface in detail. Conduit
flow is often assumed, but may not always be appropriate. In truly cavernous carbonates,
dye tracing may be the only way to the define rates and paths of water movement as well
as the influence of precipitation rates on ground water levels and paths.

GEOTECHNICAL SOLUTIONS

If the nature of the karst below an area of interest has been reasonably well
assessed, generally conventional foundation support procedures are available.
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The first step in any site preparation is to eliminate or at least reduce the effects of

near-surface water accumulation. Some typical concepts are:

Appropriate drainage.

Designing impermeable linings for drainage swales and water courses.

Using full depth asphalt designs for pavement boxes, or in some instances reinforced

concrete.

If conventional, flexible or rigid pavement designs are used, lining the

subgrade/subbase interface and the sides of the pavement box with an impermeable

material in conjunction with subbase drainage discharging into catch basins to reduce

water infiltration below the road surface.

Using gasketed joints on storm sewers and drainage pipe.

Not bedding utility pipes, storm sewers or culverts with crushed stone or other

permeable material. The use of indigenous materials or a low-permeability quarry

process material while adjusting the structural requirements accordingly.

Placing the discharge locations of storm sewers away from the roadway or structures.
When rock is shallow, achieving some form of support directly atop sound or

remediated rock is preferable. Procedures that can be economically used include:

1.

2.

Excavating to rock and filling observed cavities and open joints with some form of
cementitious grout.

Grout can also be placed from the surface using either a low or high mobility grout.
Generally a high mobility grout should be used within the bedrock itself. High
mobility grout is generally less costly as fewer grout holes, hence less setup, is
needed and the PVC tremie pipe is easier to install and remove than the steel pipe
generally used in compaction (low mobility) grouting operations. Low mobility
grouting is generally most suitable in loose, sandy materials, particular if one wants to
compact the overburden granular soils. However, consideration must be given to
pore pressure effects in cohesive soils.

Dynamic compaction has proven useful, i.e., dropping a substantial weight (some 15
to 20 tons) from heights of some 40 to 100 feet. Surprisingly, the vibration effects on
nearby structures are less than one might expect, but must still be considered. The
ground surface after dynamic compaction operations are completed can look like a
World War [ battlefield and will require substantial grading and/or filling.

Standard sinkhole remediation often consists of excavation to a sound base and
placing a variety of backfill materials such as a graded rock (including boulders) to
construct a filter or “dental” grouting. One should not start such excavations unless
some idea of the depth to rock is known.

A common solution is to install piles or caissons to sound rock. H piles have been a
problem in areas of pinnacled bedrock as a result of their flexibility. Cases have been
recorded where H piles were redirected by the side of a pinnacle with the pile tip
eventually returning to the surface.

Pin piles, as a result of their installation procedures, have been used successfully.
However, pin piles are generally quite slender and consideration must be given to
their lateral support in areas of soft, wet soils often found directly atop the bedrock in
some karst regimes.

Mathematical geomechanical models (3, 4, 5, 6) have been advanced for estimating
the load bearing capacity of the materials above a cavity, but all require a good
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knowledge of the subsurface dimensions of the cavity and roof, as well as the strength
properties of the overlying soils and rock.

SUMMARY AND CONCLUSION

Working in a karst environment is difficult and requires engineering judgment
and a geologic understanding of the vagaries that likely exist. The variety of karst
regimes within the U.S.A makes it difficult to carry experience from one region to the
next. Even within a locale, each project seems different than the last. Increased costs
should be expected in planning, investigation and design over what one might expect at a
geologically conventional site.
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ABSTRACT

Geotechnical investigation was performed to support design of improvements to Mather Point at
Grand Canyon National Park, including a new Americans with Disabilities Act (ADA) compliant
ramp to be cut into an approximately 1H:1V natural slope along the edge of the South Rim of the
Grand Canyon. The slope, extending about 60 feet from the existing Rim Trail to an approximate
800-foot vertical drop, consisted of a thin veneer of soil and talus with loose and dislodged
boulders and rock blocks overlying dolomitic limestone.

The geotechnical investigation, as initially proposed, included geologic mapping, geophysical
surveys, and test borings along the ramp alignment. However, site conditions and access, and
worker safety considerations required that the investigation be performed on adjacent areas
located behind existing safety rails. Geologic mapping focused on the Mather Point East
Overlook rock outcrop with limited distant visual assessment of the actual ramp alignment.
Seismic surveys and test cores were performed along the existing trail system. Mapping
indicated a complex geology including three highly persistent joint sets extending vertically
through numerous 8- to 12-foot thick layers of dolomitic limestone with alternating relative
hardness and competence. Geophysical survey and rock coring results confirmed the observed
rock conditions.

The investigation indicated that widely variable rock conditions were expected both laterally and
vertically, rock anchoring and over-excavation along the cut slope might be necessary, and a
field-fit approach to construction would be required. Inspection and approval of the cut slope
prior to ramp construction was stipulated in the project specifications. This project demonstrated
that geologic mapping, geophysical surveys, and traditional test boring methods are all important
components of a geotechnical investigation that can be effectively used together on geologically
complex sites, especially where direct site access is not possible.
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INTRODUCTION

Under contract to the Federal Highway Administration, Central Federal Lands Highway
Division, HDR Engineering Inc. (HDR) completed a geotechnical investigation (HDR, 2009) to
support the design of a new Americans with Disabilities Act (ADA) compliant pedestrian path
(herein referred to as the ADA Route) and ADA compliant grading of the East Overlook at
Mather Point for the National Park Service, Grand Canyon National Park (GCNP), Visitor
Center & Mather Point Improvements Project (the project) located at Mather Point in the GCNP,
Grand Canyon, Arizona. The purpose of the geotechnical investigation was to evaluate
subsurface soil and rock conditions and engineering properties and provide recommendations
and criteria in support of design of the ADA Route.

Project Location & Scope

The project is located along the south rim of the Grand Canyon within the GCNP. The site
investigated comprises a scenic overlook area known as the East Overlook at Mather Point. The
proposed new ADA Route is to begin from the west side of the East Overlook, extending west
about 190 feet to connect to the existing south rim trail at a maximum 4.75-percent grade. The
proposed alignment traversed relatively rugged, steeply sloped terrain immediately adjacent to
and below the existing South Rim Trail, and immediately adjacent to and above the canyon rim.
To maintain a gently-sloping, near-flat profile, both cuts and fills are required. Soil retaining
systems utilized along the ADA Route were anticipated to consist of anchored retaining stones or
short retaining walls. At the East Overlook, excavation, or trimming of existing rock exposures
to accommodate a near-flat ADA compliant area was planned.

The originally proposed scope included design and implementation of OSHA compliant fall
protection to allow direct investigation of the proposed ADA Route alignment near the edge of
the canyon where near-vertical to vertical to undercut rock conditions extend for about vertical
800 feet. However, design and implementation of such fall protection was determined to be cost-
prohibitive and outside of the design schedule time constraints. The investigation was therefore
moved to areas as close to the proposed alignment as practical while remaining behind existing
safety railings between the west side of the East Overlook and the existing Rim Trail. Because
the actual ADA Route alignment could not be directly accessed, detailed field mapping of
accessible rock exposures became an integral component of the geotechnical investigation and a
field-fit approach to final design and construction of the ADA Route was deemed necessary.

INVESTIGATION

The geotechnical investigation included review of existing data, site reconnaissance and geologic
mapping, subsurface investigation including exploratory drilling, soil and rock sampling and
seismic refraction and refraction microtremor (ReMi) surveys, and laboratory testing. The site
configuration and locations investigated are illustrated on Figure 1.

Review of Existing Data

The available data that was collected and reviewed consisted primarily of published geologic
maps and reports. Previous geotechnical reports or as-built drawings specifically covering
Mather Point at the East Overlook or the immediate vicinity were not available. A geotechnical
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report prepared by AGRA Earth & Environmental, Inc. (AEE, 1997) for the Visitor
Center/Transit Facility (located around 600 to 800 feet to the south of the project site) was

Figure 3
BORING AND SEISMIC LINE
PLAN - MATHER POINT
ACCESSIBLE ROUTE &
OVERLOOK

reviewed and utilized to compare relevant soil and rock data, to supplement the investigation.

Figure 1: Site Plan

Site Reconnaissance and Geologic Mapping

A site reconnaissance was performed during the geotechnical field investigations. During the
reconnaissance, observations of exposed geotechnical and geologic conditions at and in the
immediate vicinity of the project elements were made and documented.

Geotechnical Investigation

Exploratory drilling included three (3) test borings, identified as Borings B-1, B-2, and B-3.
Drilling was completed using rock coring methods to depths ranging from approximately 8.5 to
10 feet below the existing ground surface (bgs). All cores were advanced utilizing a portable
electrical-powered concrete core drill utilizing a 36-inch long, 2.75-inch inside diameter, 3.0-
inch outside diameter core barrel. Hand sampling included collecting four surface/near-surface
composite bulk soil samples and one surface rock sample. Depth to rock at hand sampled areas



61°' HGS 2010: Mitchell and Rucker 3

was estimated by pushing a soil probe into the soil surface until refusal. Encountered materials
were visually classified in the field and logged by an HDR field geologist. Soil materials were
logged in accordance with ASTM D2487 (Unified Soil Classification System {USCS}) and rock
materials were logged in accordance with standard practice, including International Society of
Rock Mechanics guidance, and U.S. Department of the Interior, Bureau of Reclamation
Engineering Geology Field Manual (Second Edition) practices (DOI BOR, 2001).

A series of three combined seismic refraction and refraction microtremor (ReMi) surveys was
performed to supplement information collected from the rock cores and geologic mapping. Two
120-foot long lines with 24 geophone arrays at 5-foot geophone spacing (Survey Lines L-1 and
L-2) and one 36-foot long line with 12 geophone array at 3-foot geophone spacing (Survey Line
L-3) were completed. The seismic surveys were performed by Michael Rucker, P.E., of AMEC
Earth & Environmental, Inc. (AMEC), under direction of HDR. The surveys included collection
of compression wave (p-wave) and surface wave data (for estimation of shear wave [s-wave]
profiles), which were interpreted for depths and seismic velocities to estimate subsurface
geometries and relative strength of the subsurface materials. Interpreted depths of investigation
for the p-wave seismic refraction results ranged from about 9 to 30 feet; velocity reversals from
softer rock horizons underlying harder rock horizons limited the p-wave depths of investigation.
S-wave profiles interpreted from the ReMi results were not limited by velocity reversals, and had
depths of investigation ranging from about 36 to 110 feet below site grades.

Laboratory Testing

Laboratory tests on soil included sieve analysis, plasticity index, pH, resistivity, chloride content,
and soluble sulfate content. Laboratory tests on rock included point load index (diametral) and
unconfined compressive strength.

GENERAL CONDITIONS & GEOLOGIC SETTING
General Conditions

Site area topography ranges from relatively flat to undulating adjacent to and away from (to the
south of) the canyon rim, where the ground surface slopes gently downward to the southwest at a
gradient of about 160 feet per mile (0.03 ft/ft). Topography is steep to near vertical along the
canyon rim with some undercut and overhanging areas. Site elevations range from approximately
7,129 feet at the top (southwest end) of the East Overlook to 7,112 feet at the lowermost
horizontal surfaces of the East Overlook (along its east and west sides).

Geologic Setting

Regional Geology

The project site is located on the north edge of the 5,000-square mile Coconino Plateau within
the Colorado Plateau Physiographic Province, most of which extends above 5,000 feet in
elevation with steep drops in elevation resulting from geologic structure, erosion, or both at all of
its margins. The northern roughly two-thirds of the plateau, including the site region, is a
Cenozoic upland composed of nearly flat-lying Paleozoic and younger bedrock ranging in
thickness from around 5,000 feet at the northern end of the plateau to around 8,000 feet at the
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southern end. Erosion of the stratigraphy on the plateau has created a land surface characterized
by low-relief hills and mesas, broad mature valleys, and several internal drainage areas with no
free-flowing streams. Structurally the plateau is characterized by large erosional escarpments and
regional folds, faults, and other fractures that help to define its boundaries and geologic
framework. The sedimentary rocks generally are flat lying to gently dipping with regional dips of
about two degrees to the southwest over the majority of the plateau. The uppermost geologic
materials on the plateau consist of unconsolidated alluvial, colluvial, and landslide deposits of
Quaternary age which occur as a veneer or as thicker discontinuous deposits. The alluvium
consists of variable thickness deposits of silt, clay, and fine sand. The colluvium is coarse-
grained material confined to steep slopes of canyons and mountainsides. The youngest rocks are
Paleozoic and consist of (from youngest to oldest) the Kaibab Formation, Toroweap Formation,
Coconino Sandstone, Schnebly Hill Formation, Hermit Formation, Supai Group, Redwall
Limestone, Temple Butte/Martin Formation, Muav Limestone, Bright Angel Shale, and Tapeats
Sandstone. The oldest rocks are Precambrian in age. In the Grand Canyon area, the Precambrian
rocks consist of metamorphic rocks, igneous rocks, and the Grand Canyon Supergroup (Bills et
al., 2007) overlain unconformably by the Paleozoic-Aged materials.

Site Geology

Geologic materials at and in the vicinity of the site include mixtures of Quaternary alluvium and
colluvium and Late Permian limestone bedrock of the Kaibab Formation. Alluvial sediments
consist of clay, silt, and fine sand derived from weathering of the underlying and nearby
limestone bedrock. Colluvial deposits consist of coarse-grained (gravel-, cobble-, and boulder-
size) particles of limestone. Typically a mixture of both types, these sediments exist as a veneer,
or as thicker discontinuous deposits, with the colluvium mostly confined to slopes along the
canyon walls. Bedrock at and in the vicinity of the site is Late Permian Kaibab limestone
consisting of thin to thickly bedded calcareous sandstone and magnesian limestone. The
sandstone units (not encountered in the borings for this investigation) are described as composed
of very fine to medium grained quartz ranging in color from yellowish-gray to pale orange. The
limestone units are described as thinly to thickly bedded, silty, very sandy, yellow-gray to
grayish-yellow, and dolomitic. The upper portion of the Kaibab limestone is described as
interbedded light-red to grey limestone, siltstone, sandstone, and gypsum (Bills et al., 2007).
Thickness of the Kaibab limestone near the site is about 300 feet (Metzger, 1961).

SITE AND SUBSURFACE CONDITIONS
Observed/Mapped Site Conditions

General - Dolomitic limestone of the Kaibab Formation comprises rock exposures at and in the
vicinity of the site. In general, horizontally-bedded exposures consist of moderately-soft to
moderately-hard, unweathered (except joints) to moderately weathered rock. Vertical and
steeply-sloped exposures include slightly- to highly-weathered, loose, dislodged, and/or toppled
blocks of rock with widely-spaced, wide to very wide, open and nearly-vertical joints.

Vertical exposures clearly exhibit alternating horizons of relatively harder more competent rock
and relatively-softer, less competent rock. In general, the softer rock horizons undercut the
harder rock horizons to varying degrees ranging from several inches to more than one foot. For
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clarity of discussion, the rock layers are identified as Rock Horizons H1 through H7, inclusive
(Photo 1).

Photo 1 — Rock Horizons Exposed Along the West Side of the East Overlook
and East End of the ADA Route

Odd numbered rock horizons consist of relatively harder more competent rock, and even
numbered horizons consist of relatively softer less competent rock. Only Rock Horizons H1, H2,
and H3 are anticipated to be encountered during construction of the proposed project
improvements and will comprise the rock on which the improvements will be supported.

Horizontal rock exposures were generally limited to the East Overlook and consisted of
relatively flat-lying, generally-competent rock that dips gently to the southwest with very steep
to nearly-vertical joints in three distinct sets. These were identified as Joint Sets A, B, and C.
Discontinuities within each identified joint set exhibit consistent orientation (strikes) and dip
with strong to very strong persistence. Joint spacing ranges from close to very wide with
generally tight to very tight apertures. Joint set apparent dip (in degrees from horizontal) and
orientation (in degrees clockwise from north) are summarized as follows: Joint Set A — 60/011 to
65/011, Joint Set B - 85/046, and Joint Set C - 78/311 to 83/311. These joint sets appeared
generally continuous through the various rock horizons as observed in horizontal and vertical
exposures. Joint Sets A, B, and C, as mapped in the field for the East Overlook, are shown on
Figure 2.
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Figure 2: Mapped Rock Jointing

Across the rock horizons, bedding ranges from thinly laminated to thickly bedded, with
discontinuities of varying degree. Discontinuities range from open and clean, to closed and tight,
to faint bedding plane traces. In general, Horizons H1 and H3 exhibit medium to thick bedding
and Horizons H2 and H4 exhibit thinly laminated to thin bedding. Open, clean discontinuities
were observed primarily at vertical exposures. Closed and tight discontinuities and faint bedding
plane traces were observed mainly in the core samples and to a lesser extent in vertical and
horizontal exposures.

ADA Route - The proposed new ADA Route alignment traverses alluvial and colluvial
sediments interspersed with slightly- to highly-weathered intact rock and loose, dislodged or
rotated, and/or toppled blocks of rock (Photo 2).



61°' HGS 2010: Mitchell and Rucker 7

Photo 2 — ADA Route Alignment
(line rods denote approximate alignment; note dislodged, rotated, or toppled rock
blocks on slope)

Topography along the proposed alignment is typically at an approximate 1H:1V (horizontal:
vertical) slope and varies from less steep to near vertical. Below the ADA Route alignment, the
slope terminates at a six- to eight-foot thick layer of vertical rock face (Horizon H3, Photo 1)
with widely-spaced, wide to very wide, open and nearly-vertical joints with evidence of
dislodging by translation and/or rotation. This layer of rock is underlain by a softer, less
competent rock unit (Horizon H4, Photo 1) that has undercut the layer above from less than one
foot to as much several feet, but typically in the range of about one to 1-'4 feet. Undercutting
appears to be more pronounced in areas of relatively close joint spacing as appears to be the case
in the vicinity of the east ADA Route tie-in to the East Overlook (Photo 3).
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Photo 3 — West side of East Overlook (Horizon H3 and Undercutting Horizon H4)

East Overlook (ADA Overlook) - The majority of the East Overlook consists of generally
competent rock with relatively-flat, horizontal exposures and nearly-vertical slope face
exposures, the layering and characteristics of which are a continuation of those forming the
canyon rim. Soils are absent over the vast majority of the East Overlook. Exposed horizontal
surfaces clearly exhibit steeply-dipping to nearly-vertical joints in three distinct sets, each
exhibiting consistent orientation and dip and strong to very strong persistence. Joint spacing
ranges from close to very wide with generally tight to very tight apertures (Photos 4 and 5).

Along the west side of the overlook where the eastern end of the ADA Route will tie-in to the
overlook, joint spacing within and between the three joint sets decreases. Horizontal
discontinuities observed in rock exposures comprising the overlook consist of thinly laminated to
medium bedding planes, ranging from clean and open to very tight or intact with faint bedding
plane traces. The overlook rock exposed along the proposed ADA accessible areas (areas to be
locally ground and leveled to achieve ADA compliance) consists of moderately-soft to
moderately-hard, unweathered (except joints) to moderately-weathered rock. The rock exposed
at the location of the ADA Route tie-in consists of soft to very soft, slightly- to highly-weathered
rock with very-closely to closely-spaced joints (Photo 6).



61°' HGS 2010: Mitchell and Rucker

/,/ ........................ Joint Set A
— // ————— Joint Set B
_- _ HE —_ — JointSet C
P H -~
- i
// /// ] /
-7 i /
/// /
_ /
/
/
/
/
/
/
: : 4
- ] ! P
~. : %
~..: S
~. P
E ~ H \.
‘~.
‘~.

.\.

.
~

Photo 4 — East-Central Portion of East Overlook Showing Three Joint Sets

—— - K
— - . - —_—
* m— K -
3 .. ~..
5 T
A ..
~ ”’—’ .//” LT -~
., p— s -
~ _—— kY k1
N %
~ S S
~ T ;
\. ”/ k "-
>—— 5
—_— i i
- : :
—— '-. :
. -~
s -
//
// °
-~ //
-~ -
~ //
/// -
-
KEY -~
........................ Joint Set A ~..
— — — — - Joint SetB ~..
— . —..— JointSetC ..
~.
~.

Photo 5 — East Overlook Showing Continuous Jointing Through Horizons H2 and H3



61°° HGS 2010: Mitchell and Rucker 10

Joint Set A

Joint Set B
—_—— .. — Joint Set C

Photo 6 — ADA Route Tie-In Location Showing Horizon H2 and
Part of Overlying Horizon H1

Subsurface Conditions

Seismic Surveys - Based on the seismic survey results, an uppermost approximately 7- to 9-foot
thick rock layer identified as Rock Horizon H1 underlies the site including the existing Rim Trail
west of the East Overlook, and comprises the west tie-in and western portions of the proposed
ADA Route. Proceeding from the ground surface downward through Horizon H1, p-wave
velocities in the range of 800 to 1,000 feet/second (f/s) were interpreted in the upper few feet,
whereas p-wave velocities of 3,500 to 4,100 f/s, including isolated zones of 8,000 to 12,600 {/s,
were interpreted for the lower five to seven feet. Corresponding s-wave velocities were 560 f/s in
the upper few feet and 2,400 to 2,600 f/s in the lower five to seven feet. The lower-velocity
values obtained for the upper few feet of Horizon H1 are consistent with alluvial/colluvial soils,
and the underlying higher but variable velocities are consistent with variably weathered fractured
dolomitic limestone.

Horizon H2 is an approximately 7- to 9-foot thick layer of relatively weaker rock which
comprises the central and eastern portions of the ADA Route and the east tie-in to the overlook.
For Horizon H2, interpreted p-wave velocity was about 2,700 to 4,000 f/s, and interpreted s-
wave velocity was about 1,400 to 1,500 f/s.
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Horizon H3 is an approximately 8- to 12-foot thick layer of relatively stronger rock encountered
at (and comprising) the East Overlook view point areas. For Horizon H3, interpreted p-wave
velocities were 7,500 to 11,100 f/s and s-wave velocities were 3,500 to 5,100 f/s, except for a
narrow (8- to 9-foot wide) band of rock crossing the East Overlook from east to west, where a p-
wave velocity of about 4,200 to 4,600 /s was interpreted.

Horizon H4 is a relatively weaker, approximately 9- to 11-foot thick layer of rock with
interpreted s-wave velocity in the range of 1,000 to 2,200 f/s. The next lower layer, Horizon HS,
is an approximately 12-foot thick layer of relatively stronger rock with interpreted s-wave
velocity in the range of 2,700 to 5,100 f/s. The next lower layer, Horizon H6, is a relatively
weaker approximately 12-foot thick layer of rock with an interpreted s-wave velocity of 2,200
f/s. The deepest layer interpreted, Horizon H7, is a relatively stronger rock layer with interpreted
s-wave velocity of 3,300 to 5,600 f/s.

Rock Horizons H1, H2, and H3 constitute the bedrock on which proposed project improvements
will be founded and constructed. Underlying rock layers are not anticipated to be encountered
during construction. Interpreted seismic velocities for Horizons H1 through H4, inclusive, are
plotted on Figure 3.

Borings - Horizons H1 through H4, inclusive, were encountered in the borings. Competent rock
was encountered in, and core samples successfully recovered from all three borings completed
for the investigation. The investigation target depth of 10 feet bgs was reached at Borings B-1
and B-2. At Boring B-3 the core drill could not be advanced beyond 8- feet bgs due to machine
wobble and binding of the core barrel while trying to drill below this depth. These drilling
conditions are believed attributable to poor quality, broken, and/or very soft rock at the top of
Horizon H2. In general, the core barrel advanced with relative ease, requiring only the weight of
the drill or light hand pressure. Drill rates ranged from 1.0 to 6.4 minutes/foot, with an average
rate of 3.1 minutes/foot.

Sandy dolomitic limestone was encountered at all three borings. Color ranged from light tan, to
light grayish tan, to mottled in red, grey, tan, white, and purple. Bedding ranged from laminated
to medium and planar to undulating planar, and was typically expressed as faint bedding plane
traces. With few exceptions, bedding planes did not represent discontinuities. Most breaks in the
recovered rock cores appeared to be machine breaks. Hardness ranged from very soft to
moderately soft. Overall, core recoveries varied from 47 to 100 percent with the poorest
recoveries associated with core runs obtained from Rock Horizons H2 (Boring B-2, depths of
zero to about 4.0 feet and B-3, depths of 8.0 to 8.5 feet) and H4 (Boring B-1, depths of 9.25 to
10.0 feet). In general, relatively high rock quality designation (RQD) cores were obtained from
the stronger H1 and H3 Horizons and relatively low RQD cores were obtained from the weaker
H2 and H4 Horizons.

The unconsolidated alluvial soils consist of silty to clayey sand deposits ranging in thickness
from zero to about one foot, which classify as non-plastic silty sand (USCS Classification SM).
These sands were predominately fine-grained with fines content ranging from 18 to 41 percent
by weight. The colluvium consists of fine gravel- to large boulder-size particles of dolomitic
limestone and occurs with the alluvium mainly on steep slopes along and below the existing Rim
Trail and proposed ADA Route alignment.



61°° HGS 2010: Mitchell and Rucker 12
Figure 3: Geotechnical Profile
Summary - Bedrock conditions for Horizons H1 through H4, based on seismic refraction
surveys, boring and core data, and strength tests, are summarized in Table 1.
Table 1 - Rock Properties & Interpreted Conditions Summary
Approximate Seismic Survey
Thickness Compression Wave Point Load Index
(feet) Rock (p-wave) and
(based on Quality and Unconfined Compressive
Rock seismic Core Designation Shear Wave (s-wave) Strength
Horizon surveys) Recovery (RQD) Velocities Values for Core Samples
Near canyon rim/Mather
Point:
p-wave = 3,500 to 5,000 Near canyon rim/Mather
f/s (isolated zones of Point:
8,000 to 12,600 {7s). 1,261 to 16,760 psi, average
HI 7109 65 to 100% zero to 100 s-wave = 2,400 to 2,600 = 5,876 psi
Average = 84% Average = 50 f/s

Near Visitor Center:
p-wave = 4,200 to 6,600
f/s (isolated zones of
7,100 to 11,000 f/s)

Near Visitor Center:
725 to 21,844 psi, average =
4,592 psi
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Table 1 - Rock Properties & Interpreted Conditions Summary
Approximate Seismic Survey
Thickness Compression Wave Point Load Index
(feet) Rock (p-wave) and
(based on Quality and Unconfined Compressive
Rock seismic Core Designation Shear Wave (s-wave) Strength
Horizon surveys) Recovery (RQD) Velocities Values for Core Samples
p-wave = 2,700 to 4,000 No core samples with
50 t0 92% f/s sufficient L:D ratio obtained
H2 7t09 Average = 71% Zero s-wave = 1,400 to 1,500 from H2 Horizon. Zero RQD
f/s values obtained for cored H2
rock
p-wave = 7,500 to 11,100
f/s .
50 to 100% zero to 100 _ 3,124 to 7,445 psi, average =
H3 81012 Average = 84% Average = 80 ;/—Swave =3,500t0 5,100 5,067 psi
No core samples with
sufficient L:D ratio obtained
H4 91011 47% (one core 1o s-wave = 1,000 to 2,200 from H2 Horizon: H2
run only) f/s .
Horizon penetrated only
about 1 to 1 ' feet

Where test borings coincided with depths/lithologies investigated by the seismic surveys, data
obtained from each investigative method correlated well as shown on Figure 3.

Groundwater and Soil Moisture Conditions

Groundwater was not encountered in any of the three borings, all of which were advanced into
rock to relatively shallow depths (8.5 to 10 feet bgs). Water was used during coring to cool and
lubricate the core drill. This introduced free water to the porous limestone. As such, evaluation of
natural moisture conditions of the rock underlying the locations investigated could not be made.
Based on information obtained, depth to groundwater beneath the subject site is at an

approximate depth of about 1,000 feet to 3,000 feet bgs (Metzger 1961).
Geologic & Geotechnical Considerations

Geologic and geotechnical conditions which could result in impacts to the proposed site
improvements and facilities, consideration of which should be incorporated into final design,
were identified and evaluated as follows.

Earthquakes and Active Faults - The project site is located within a moderate earthquake hazard
zone with seven moderate earthquakes (magnitude 5.0 to 7.0) recorded over the last 150 years
and having epicenters located between 30 and 60 miles from the project site (Fellows, 2000).
The USGS Earthquake Hazards Program, Quaternary Fault and Fold Database of the United
States (USGS, 2003) identified four fault zones or systems for which geologic evidence suggests
Quaternary-age (past 1.6 million years) deformation located within 20 miles of the project site.
These faults are described as having possible Quaternary activity and assigned slip rates of less
than 0.2 millimeters per year (Pearthree, P.A., 1997a, b, c, d). The potential for strong ground
accelerations in the immediate vicinity of the project is considered low to moderate. Based on
site conditions identified by this investigation, any ground shaking could result in movement of
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rock blocks and result in slope failures along the canyon rim including the areas of the ADA
Route and East Overlook.

Site Seismicity - Probabilistic earthquake ground motion values were obtained from the USGS
National Seismic Hazard Mapping Project, Earthquake Hazards Program (USGS, 2002) and
seismic acceleration contour and fault maps for the State of Arizona which are based on research,
field investigations, and seismic analyses (Euge, Schell and Lam 1992). Peak ground
acceleration values in rock for a 10-percent probability of exceedance in 50 years derived from
these two sources were 0.11g (USGS) and 0.15g (Euge, 1992.).

Volcanic Activity - No active volcanoes are known to exist in the region of the project site,
including Arizona and Utah. The geologic map covering the site does not indicate volcanic rocks
within the vicinity (Grand Canyon Association, 1996). The potential for volcanic activity at the
project site or in the region is considered very low.

Erosion - The land surface along the South Rim at and in the vicinity of the site slopes gently to
the southwest and away from the rim edge. As such, surface flows from storm events are directed
away from the rim and erosion from these flows is minimal. No indications of major active
erosion including rills or gullies were observed in soils along this slope, including the ADA
Route alignment. The major erosion forces impacting soil and rock at the site (and the South Rim
in general) include freeze-thaw action and gravity, and to a lesser extent wind and water that
come in direct contact with exposed surfaces. Based on observed conditions, the various
limestone layers that comprise the site area weather and erode back at different rates. As
relatively weaker layers undercut relatively stronger layers, the stronger layers lose support from
below, become loose and dislodged along bedding planes and joints, and eventually topple into
the canyon. The rate at which this process occurs is not known. However, as presented by
AMEC, a rough estimate of lateral erosion rate at the site using the distance from the Colorado
River (about 13,000 feet at Mather Point) and a best guess of the time of the Grand Canyon’s
forming (about five to six million years ago) leads to a rough approximation of about 2 to 3 feet
per thousand years, or about one-quarter to one-third of an inch per decade.

Rockfall and Slope Failure - Rockfall and slope failure is considered a potential hazard for two
portions of the project site. These include the relatively steep slope which forms the ADA Route
alignment and adjacent areas, and the nearly vertical to undercut cliff face that forms the edges
of the East Overlook (ADA Overlook). Along these portions of the site, and along the canyon
rim as a whole, slope failure is an ongoing process that forms and shapes the exposed geology,
including the three rock horizons that constitute the surface on which the ADA Route and
Overlook will be constructed (Horizons H1 through H3, inclusive). The primary failure
mechanism of the more competent Rock Horizons H1 and H3 appears to be by separation of rock
blocks along discontinuities (joint sets as previously described) which then dislodge, rotate,
and/or topple. Separation along discontinuities is typically affected by chemical and physical
weathering, and in the case of Horizons H1 and H3, is primarily caused by loss of support as the
weaker underlying rock layers (Horizons H2 and H4) weather and erode more quickly.
Dislodging, rotation, and toppling of rock blocks are prevalent along the exposed edge of
Horizons H1 and H3 and appear more prevalent at locations of relatively more extensive
undercutting. Any ground shaking could result in movement of rock blocks and result in slope
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failures. The potential for rockfall and/or slope failure affecting the proposed improvements was
evaluated to be moderate.

DISCUSSION & RECOMMENDATIONS
General

Depending upon in which rock horizon construction occurs, there is the potential for mass rock
slope failure. It was recommended that all improvements for the ADA Route and East Overlook
be founded on competent, intact rock. Loose, closely-jointed rock and detached or partially
detached and unstable rock blocks or zones, which may already be in translation or toppling, or
prone to same, were recommended for removal when practicable, such that competent intact rock
is exposed. Alternatively, restraint of detached or partially detached blocks or masses of rock
with rock anchors in lieu of removal was recommended. Where competent intact rock cannot be
exposed, foundations or anchorages which extend vertically and/or laterally into competent intact
rock were recommended. Pathway structures supported on cantilevered elements which extend
laterally and upward from and are sufficiently embedded in a layer of suitably intact and
competent rock, supported by rock anchors were also recommended.

Rock Slope Stability

Detailed evaluation of rock slope stability was not performed as part of the investigation.
However, general statements regarding apparent site conditions can be made based on visual
observations and geologic mapping.

Three joint sets control the configuration of the proposed ADA Route alignment and East
Overlook. Horizontal rock exposures of the East Overlook generally exhibit close to very wide
joint spacing with healed/cemented, closed (tight to very tight) apertures that, in the vertical
plane, appear continuous through the various horizons. In the more competent, stronger rock
horizons (Horizons H1 and H3), joint sets generally form blocky geometries ranging in size from
small (10 to 30 joints per square meter) or medium (3 to 10 joints per square meter) to very large
(< one joint per square meter) and may be relatively competent and stable in exposures. In the
relatively less competent weaker rock horizons (Horizons H2 and H4), joint sets generally form
crushed, tabular, and blocky geometries ranging in size from crushed (>60 joints per square
meter) to medium (3 to 10 joints per square meter) and may be relatively less competent and less
stable in exposures.

In the majority of the mapped horizons, block size and shape appears controlled more so by
bedding thickness than joint spacing, except where two or more joint sets with relatively close
joint spacing converge. The area below the ADA Route and the East Overlook (Rock Horizon
H3) is undercut by Rock Horizon H4 to varying degree, ranging from less than one foot up to
several feet, but typically in the range of about one to 1-%5 feet. Undercutting appeared more
pronounced where multiple joint sets of relatively close spacing converge. The primary failure
mechanism of the more competent Horizon H3 rock at and nearby the project site appears to be
by separation along discontinuities (joint sets as described above) forming blocks which then
dislodge, rotate, and topple.
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Based on the predominant conditions observed, the undercutting of Horizon H3 by Horizon H4
did not appear to be of an extent sufficient to cause instability of rock blocks comprising
perimeter viewing areas (the edges) of the East Overlook.

Site Grading and Subgrade Preparation

Removal of all vegetation and debris in areas designated for slope cuts and fills was
recommended with exposed surfaces to receive fill or pavements cleaned of residual soils to
expose sufficiently competent rock. Loose or dislodged rock fragments were recommended to be
removed prior to placement of fills.

Maintenance of positive site drainage was recommended both during and subsequent to
construction of cut and fill slopes. Ponding of water along embankments or retaining walls was
identified as having the potential to result in degradation (softening or loosening) of the
limestone rock or fills that could promote subgrade settlement or movement. Maintenance of
positive site drainage was identified as essential for the long-term performance of project
elements.

Excavatability

Excavatability of the alluvial/colluvial soil deposits and Rock Horizons H1 and H2 was based on
data obtained through seismic surveys and criteria from the Caterpillar Performance Handbook
(Caterpillar 2008). The alluvial/colluvial soils were not expected to require the use of heavy or
specialized equipment for trench or mass excavation. However, large boulders or blocks of
detached rock were expected to be interspersed within these materials, and where encountered
special handling for removal was recommended. In most cases, Rock Horizon H1 was predicted
to be rippable to marginally rippable using a Cat D7G (200 horse power, or hp) bulldozer and
rippable for a Cat D8L (335 hp) bulldozer or equivalent. Isolated zones of Rock Horizon H1
were predicted to range from marginally rippable to unrippable using a Cat DSL. Rock Horizon
H2 was predicted to be excavatable using a trackhoe or bulldozer of greater than about 200 hp.
Smaller equipment with greater than about 150 HP was anticipated to be effective through at
least some of the Horizon H2 material.

Areas requiring significant excavation include the ADA Route and east tie-in to the East
Overlook, where use of heavy equipment most likely will not be possible due to the existing
narrow and steep slopes and relatively small size of the proposed improvement areas. Therefore,
alternative rock excavation methods such as boom-mounted impact hammers and non-explosive
or soundless chemical demolition agents (chemical expansive agents) were proposed for
consideration.

Rock Anchors and Tiedowns

Allowable loads for rock anchors and tiedowns were determined for the upper three rock
horizons (Horizons H1, H2, and H3). As the encountered rock horizons and their respective
elevations along the ADA Route vary, evaluation in the field during construction was
recommended. The anchor type evaluated consisted of one-inch nominal diameter Grade 75
deformed bar (Dywidag or equivalent) gravity- or pressure-grouted in three-inch diameter anchor
holes into existing bedrock. Allowable anchor loads were determined utilizing methods
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recommended by Adams and Radhakrishna (1977), FHWA (1999), Hoek and Brown (1980), and
Littlejohn and Bruce (1977). Values for UCS, as presented in Table 2, were based on
conservative lower-bound values obtained for laboratory tested rock cores (Horizons H1 and H3)
or estimated (average) UCS based on seismic refraction surveys where UCS test data on core
samples were not available (Horizon H2). UCS was assumed to be constant with depth for the
effective depth of penetration of the anchors (along the bond zone), specified to be a minimum of
5 feet below the referenced bedrock horizon contact. A factor of safety (FOS) of 2.0 was applied
to determine allowable (working) loads. Side resistance and overburden stress of thin soil
deposits and planned fills above the rock contact were neglected.

Table 2 — Rock Anchor Allowable Load Design Parameters
Unconfined
Compressive Rock Quality Allowable Load
Strength Designation
(UCS) (RQD) Bar-to-Grout Grout-to-Rock Rock-to-Rock
Rock Horizon (psi) (%) Bond Bond Shear
Min=0 12 kips/ft. bond 37 kips/ft. bond
Hi 12610 Max =100 _ zone zone 44 kips/5-ft. bond
? Avg=153 60 kips/5-ft. bond 185 kips/5-ft. zone
Stdev =43 zone bond zone
12 kips/ft. bond 19 kips/ft. bond
@) zone zone 18 kips/5-ft. bond
H2 630 0 60 kips/5-ft. bond | 95 kips/5-ft. bond zone
zone zone
Min=0 12 kips/ft. bond 88 kips/ft. bond
. 3 Max =100 zone zone 75 kips/5-ft. bond
H3 Min = 3,124 Avg =179 60 kips/5-ft. bond | 440 ips/5-ft. Zone
Stdev =35 zone bond zone

Notes: (1) Minimum UCS value obtained for Rock Horizon HI core samples, used for allowable load calculations.
(2) Average estimated UCS based on range of p-wave velocities obtained for Horizon H2 (AMEC, 2009/Rucker, 2008)
(3) Minimum UCS value obtained for Rock Horizon H3 core samples, used for allowable load calculations.

Based on the analysis, the controlling failure mode (failure mode with the lower-bound allowable
load) for anchor design was determined to be rock-to-rock shear for Horizons H1 and H2, and
bar-to-grout bond for Horizon H3. Recommendations for testing to verify anchor performance as
designed included both verification tests and proof tests.

CONCLUSIONS

When planning a geotechnical investigation to support design of structural improvements (such
as building foundations, roadway elements, or bridge piers and abutments), engineers and
engineering geologists focus subsurface investigation (test borings, soil and rock sampling, and
laboratory testing) at the specific locations where improvements are to be constructed.
Sometimes physical constraints or safety limitations and considerations make this impossible and
the subsurface investigation must be performed as close as practical to, but away from the actual
planned location of the structural improvement. In such cases, geotechnical evaluation and
recommendations need to be made assuming that conditions encountered will be the same or
substantially similar to those encountered during construction and greater emphasis is often
placed on non-invasive investigative techniques to fill in the data gaps and supplement
information obtained through invasive investigation.
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For this project, detailed geologic mapping and geophysical investigation (seismic refraction and
ReMi surveys) were combined with traditional test boring, soil and rock sampling, and
laboratory testing to investigate the subsurface and gain the greatest level of confidence possible
given the physical and safety limitation imposed by the project location. Results obtained from
each of these investigative approaches correlated very well and a good level of confidence in the
individual results was realized. Results indicated that widely variable rock conditions could be
expected during construction. Because of the variable rock conditions anticipated, geotechnical
recommendations also included options for design and construction depending on the actual
conditions encountered. This included a field-fit approach to final design and construction of the
ADA Ramp and it’s tie-in with the East Overlook with specified field inspection and approval by
the project geotechnical engineer or engineering geologist.

The geotechnical report and design recommendations presented therein received high praise
from the Owner’s representatives and the project manager. The overall result was a design and
bid package for which both the design team and Owner were comfortable, even though some site
conditions remained unknown.

In conclusion, traditional boring methods, geophysical surveys, and geologic mapping each
provided unique data and were effectively combined to characterize the geologically complex
site, considering that direct site access by investigators was not possible. The project
demonstrated that these investigative methods can all be important components of a geotechnical
investigation and can be effectively used together on geologically complex sites where direct
access to the planned locations is not possible during geotechnical investigation.
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ABSTRACT

Highway reconstruction projects may involve time and/or economic constraints requiring
accelerated work schedules. Such projects commonly include fill placement and MSE walls to
construct new abutments. Accelerated work schedules can result in rapid loading increments, a
cause for concern when placed on underlying soft soil foundations. When subjected to rapid
loading, foundations can experience increased lateral deformation and failure. To avoid
embankment failure, geotechnical instrumentation can be used to assess soil foundation
performance during construction. Methods of analysis and determination of loading thresholds
based on lateral and vertical displacements of foundation soil are outlined by Saye and Ladd
(2004). The application of the method was used in 2009 for monitoring purposes at a site in the
western United States. Geotechnical instruments were installed to observe soil foundation
settlement and horizontal displacement to analyze its performance during construction. The
technique allowed project managers to monitor embankment stability, identify a potential
problem, and avoid a catastrophic failure by temporarily removing fill.
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INTRODUCTION

Embankments constructed on soft ground often require geotechnical instrumentation to
monitor the progress of consolidation and determine stability during fill placement (/). When
subjected to rapid loading, these soft soil foundations can experience increased lateral
deformation, a catalyst for bearing capacity failure. Monitoring programs provide data used to
interpret foundation performance during construction, forewarn conditions of increasing
instability and potential failure, and allow modifications to be made to construction schedules to
remediate developing adverse conditions. Monitoring is often done using manually read
instrumentation such as stand-pipe piezometers, probe inclinometers, and manually read
settlement gages such as those described by the California Department of Transportation (2).

Analytical methods for performance monitoring were discussed by Saye and Ladd (3)
and Bartlett et al. (4) during foundation performance monitoring of MSE walls and embankments
constructed for the I-15 highway widening project near Salt Lake City, Utah. The monitoring
program was implemented to control construction processes and improve geotechnical design
(4). In addition to controlling the rate and placement of fill to prevent failure, other goals were to
determine the effectiveness of prefabricated vertical wick drains for accelerating the time of
consolidation and quantifying the amount of settlement affecting urban structures and subsurface
utilities along the project.

Recently, a highway reconstruction project was begun in the western region of the United
States with similar project goals and geologic subsurface materials as the I-15 project. It
involved the construction of several mechanically stabilized earth (MSE) Hilfiker-type walls
retaining embankment fill for bridge approaches. Geotechnical instrumentation was implemented
for foundation performance monitoring during construction similar to methods used at the 1-15
highway reconstruction project. As with most monitoring programs of embankments on soft
ground, horizontal displacements provided the most direct instability data (/). Reliable
instrumentation and monitoring was crucial during construction because the use of ramp loading
fill techniques resulted in increased rates of fill placement and potential destabilization.

This paper presents the data from one of the several MSE walls monitored, discusses the
instrumentation and methodology used to monitor foundation performance during construction,
compares the results with methods used at the I-15 reconstruction project in Salt Lake City, and
presents how the technique aided the decision by engineers and project managers to use remedial
measures to avoid a potential failure.

SUBSURFACE CONDITIONS
Most of the geologic features of the region were created by volcanic events and tectonic

extension resulting in linear fault block mountain ranges delineated by normal faults occurring
from the Miocene to present (5). Quaternary incision and backfilling by rivers and streams was
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followed by aeolian loess deposits and basalt flows of the Late Pleistocene. The general
geological subsurface materials encountered during exploratory drilling can be described with
depth as: about 25-ft of fill, 40-ft to 50-ft of native soils and regolith, and 10-ft to 15-ft thick
gravel deposits above 20-ft to 30-ft of basalt bed rock. A typical profile is shown in Figure 1.
The fill material was from the pre-existing bridge and highway. Beneath the fill the native soil
and regolith materials consisted of interbedded, poorly sorted layers and lenses of fluvial sand,

silt, and clay deposits.
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90
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Figure 1 - Idealized and Generalized Geologic Profile Typical of the Project Location

Existing Fill Material

Fill material from existing
| bridge abutment

Native Soil and Regolith

Interbedded layers and lenses of
fluvial sand, silt, and clay deposits

Gravels

Coarse grained gravels generally mixed
with sand, silt, and clay with suspended
boulders

Basalt Bedrock

Gray in color, commonly exhibiting
elongated vesicles
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Above the basalt bedrock, sections of coarse-grained gravels generally mixed with sand,
silt, and clay with intermittent, suspended boulders were encountered. The basalt bedrock was
gray in color and commonly exhibited elongated vesicles. Before construction, project design
plans involved ground modification techniques such as the use of stone columns to improve the
bearing capacity of the soft subsurface materials.

GEOTECHNICAL INSTRUMENTATION

The purpose of the geotechnical instrumentation was to collect geotechnical data to allow
project engineers to monitor embankment and MSE retaining wall settlement and stability. This
information was used to control the fill placement schedules and rates. Measured values
included horizontal ground deformation, vertical ground deformation, and pore water pressure.
These values were collected manually by field technicians from field surveys of inclinometer
installations using an inclinometer probe, and remotely from vibrating wire settlement cells and
piezometers. All vibrating wire sensors were integrated to an Automated Data Acquisition
System (ADAS) composed of a programmed Campbell Scientific CR1000 datalogger with
measurement and communication peripherals (Figures 2 and 3). Remote communication was
established through the use of a Sierra Wireless RavenXTV CDMA cellular modem utilizing the
Verizon Wireless broadband data service. All instrumentation was powered using a solar panel
and protected in a steel enclosure, Figures 2 and 3.

Figure 2 -Instrumentation Inside of the Automated Data Acquisition System Enclosure
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Figure 3 -Typical ADAS Enclosure
Instrument Arrays

The typical instrument array for embankment and MSE retaining wall performance
monitoring consisted of one or more instrument groups. In general, an instrument group
included an inclinometer, settlement cell, and two piezometers at staggered depths (Figure 4).
Inclinometer installations were located outside of the embankment or MSE wall dimensions
perpendicular to the centerline of the structure (perpendicular to highway). The settlement cell
and piezometers were located “inside” of the inclinometer installation with settlement cells
generally 3 to 4-ft below pre-construction grade. Piezometers were offset 5-ft from or along the
centerline adjacent to the group settlement cell and installed at variable depths below the survey
surface as determined by project engineers and subsurface conditions. Reflective monuments
were used to provide additional vertical deformation data. The surveying data was not included
in developing this paper.
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Figure 4 - Soil foundation abutment with typical instrumentation array in plan view (a)
and elevation view (b)

Inclinometers

The maximum length of the inclinometer systems installed was approximately 85-ft.
Each consisted of 10-ft sections of Slope Indicator 2.75-in outside diameter QC casing (Figure
5), a Digitilt Inclinometer Probe, and a Digitilt Datamate II logger to take measurements. Slope
Indicator DMM and DigiPro software programs were used to produce profiles at 2-ft increments.
Project specifications required the use of a Slope Indicator casing anchor at each installation
(Figure 5). Total drilling depth was required to be within 15-ft of either dense gravel or bedrock.
The annular space was backfilled with a cement/bentonite grout mix. Above grade, a steel,
cylindrical monument was placed around the casing stick-up for protection. However, a few
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Protective Monument

Settlement cell surrounded by sand

Grout Cap Anchor

Sensor cable to ADAS
Corrugated pipe surrounded
by fine aggregate

Typical Settlement Cell Installation
(not to scale)

Length Varies

Sensor cable to ADAS
Corrugated pipe surrounded
by fine aggregate

Variable Depth

15-ft into dense gravel

or bedrock
Casing Anchor Piezometer Tip Elevation
Typical Inclinometer Installation Typical Piezometer Installation
(not to scale) (not to scale)

Figure 5 -Typical Instrument Installations
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installations were located close to the MSE wall to get a better representation of deformation
near the wall’s face. As construction commenced and the height of the embankment fill
increased, they were fitted with extenders and casing couplings to allow continued surveys as the
project progressed.

Piezometers

Geokon Model 4500 Drive Point vibrating wire piezometers were selected to measure
increases in soil foundation pore water pressures beneath the bridge abutment MSE walls and the
embankment fills (Figure 4 and 5). Vibrating wire sensors utilize a sensitive stainless steel
diaphragm to which a steel wire is connected; changing pressures on the diaphragm cause it to
deflect (6). This deflection is measured as a change in wire tension and a change in the natural
vibration frequency of the wire element (6). Installed below the piezometric surface, height
fluctuations of the unconfined phreatic zone cause changes in applied pressure, vibrating
frequency, and subsequent output voltage readings allowing monitoring of pore pressure changes
in engineering units. Drive point piezometers are installed by drilling to within approximately 5-
ft of the desired sensor elevation, fitting the drill rod with an adaptor and attaching a special rod
directly to the piezometer tip, and then pushing the sensor through soft material to the final
depth. However, dense native gravels and sands which could potentially damage the tips were
encountered during initial push-in installation. Therefore, the push-in installation method was
discontinued and the borehole advanced to the intended depth of the sensors, then backfilled
using specified methods.

Settlement Cells

Slope Indicator non-vented vibrating wire settlement cells were installed to measure
vertical ground deformation beneath the MSE wall and embankment fill. The settlement cells
were installed mounted on a 9-in by 9-in steel settlement plate. Sensors were placed within a 30-
in deep minimum trench (Figure 5). The settlement cells were surrounded with a minimum of 6-
in of sand above and below the instrument. Sensor cables connecting to the ADAS were
protected by a 6-in corrugated conduit surrounded by 6-in of fine aggregate above and below.
The settlement cell fluid-tube reservoirs were housed within the ADAS enclosure. Because non-
vented settlement cells are sensitive to atmospheric pressure, barometric pressure measurements
were required to correct settlement readings (7). A Vaisala PTB110 series barometer was used
for atmospheric pressure readings and corrections were made by an algorithm within the
datalogger program.

METHOD OF PERFORMANCE MONITORING

The performance monitoring program protocol involved three main parties: Project
Engineer, contractor project managers, and the Instrumentation Supervisor. The Instrumentation
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Supervisor was charged with providing a summary report that included data reduction,
evaluation, and analyses. It was submitted to both project engineers and managers on a daily
basis during fill placement or other grading activities. During construction periods, daily
measurements for all instruments were collected by 5:00 PM local time and submitted within 24
hours of the most recent measurement. In addition, inclinometer data and fill data was provided
daily. The Project Engineer evaluated the data daily and, if necessary, determined any action to
be taken by the contractor or other team members. Alert thresholds for each sensor type were
predetermined by project engineers and are discussed below.

Alert Thresholds
In the event that measurements exceeded a predetermined threshold level, the results

were verified with additional readings and immediately reported to the Project Engineer to

determine after further review if any action was required.

Inclinometers

Inclinometer installations had both a consecutive and cumulative alert threshold:

. lateral movement of 10% of the vertical movement under the embankment near that
point, as determined by the corresponding settlement cell, in either axis between
consecutive readings

. cumulative lateral movement of 1-in

Piezometers

The piezometer alert threshold was set at a measured pore pressure increase from initial baseline

readings taken prior to construction in excess of 50% of the applied fill effective stress load. The

threshold pressure was determined using the Approximate (2:1) Method (8) for stress distribution
calculation for vertical pressure beneath embankment fills.

Settlement Cells

Settlement cells also had a consecutive and cumulative alert threshold:

. 1-in settlement or heave between consecutive readings

o total cumulative settlement exceeding 6-in

APPLICATION
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To demonstrate the method and evaluate its application, monitoring data from an MSE
wall is presented as a case study. The data is compared with soil foundation performance
monitoring methods used during the I-15 highway reconstruction project (3)(4) and the results
discussed.

Performance Monitoring Data

Performance monitoring data encompassing the duration of construction activities at the
case study MSE wall is shown in Figure 6. It includes MSE wall and embankment fill height
(H), vertical displacement (s), maximum lateral displacement (h,,), and pore pressure (u) data
over time. Data in Figure 6 shows a strong relationship between MSE wall height, maximum
lateral displacement, and settlement. Pore pressure readings did not appear to be affected by the
placement of fill. Generally, the increased load would result in a relatively quick increase of
pore pressure followed by a gradual return to measured pressure equal to or slightly elevated
from before the fill placement. Most likely this was due to the relatively high permeability of
subsurface fine-grained materials. During drilling operations it was observed that the fine-
grained material was quite pervious and grout take in the boreholes was greater than expected.

Also shown in Figure 6 are the cumulative alert threshold levels for the inclinometers and
settlement cells. Instruments approaching or exceeding cumulative alerts helped the engineers
and project managers assess changing soil foundation conditions. Isolated consecutive reading
inclinometer and settlement cell alerts occurred occasionally during fill placement. On review
by the Project Engineer and Instrumentation Supervisor these were determined to be acceptable
and not solely indicative of decreasing foundation stability. However, lateral and vertical
displacement values between Days 47 and 58 following a construction schedule of ramp loading
and a rapid fill placement resulted in an Alert. Work was stopped and two courses of fill were
removed. Once the foundation material had stabilized a maximum fill placement rate of 2-ft per
day (Figure 6) was instituted. The MSE wall design height was reached on Day 78 without
failure or further incident.

Methodology Comparison
I-15 Reconstruction Project Performance Monitoring

The purpose of both the I-15 reconstruction project and the widening and realignment of
the Case Study highway were the same: monitoring to control the rate of fill placement to
prevent failures. Both localities were faced with the loading of soft soil foundations. When
comparing the instrumentation design and monitoring programs, differences can be attributed to
geography and time constraint between the two projects. The work at I-15 was done along a
stretch of interstate within an urban environment. A greater volume and variety of instruments
was included because one of the project goals was to determine the amount of settlement and
avoid its occurrence near structures and subsurface utilities.
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Time constraints of the I-15 project were due to a work schedule that required completion
prior to the 2002 Winter Olympics. Sequencing of the I-15 project involved two major phases,
each lasting approximately 2 years (4) to keep the route open to traffic. During the first phase all
traffic was shifted to the existing lanes while initial construction of the new lanes began. After
completing Phase One construction, traffic was shifted to the new lanes and Phase Two began on
the remaining lanes open during Phase One. Lake Bonneville sediments made the work
challenging because previous construction activities in the 1960s recorded as much as 3 to 6-ft of
initial settlement over a period of 2 to 3 years (4). Engineers at I-15 were tasked with
accelerating the rate of primary consolidation and completing construction in a time frame
shorter than the soft sediments of Lake Bonneville might allow. In addition to requiring a
greater number and type of instruments in the design, the monitoring program and alert threshold
and action protocol developed at I-15 was tailored to address this challenge.

For the construction of individual MSE walls and embankments a two-stage construction
schedule was developed. One of the techniques used to accelerate the rate of primary
consolidation at I-15 was the use of surcharge, i.e. placing additional loads atop the fill to speed
consolidation. Initial construction of MSE walls and embankment fill was halted and surcharge
applied after an intermediate height was reached (approximately 26-ft) during Stage One. The
temporarily halt allowed engineers to determine the percent completion of primary consolidation
using the observational method discussed by Asaoka (9). When a satisfactory consolidation and
stability was determined, surcharge was removed and Stage Two began to achieve design height
(approximately 56-ft). When the fill height was within 6-ft of design height the frequency of
instrument measurements was increased to one per day. After design height was reached daily
readings continued for a week or until acceptable stability was achieved (3).

As described earlier, during each stage of construction engineers and instrumentation
personnel at the I-15 highway reconstruction project primarily focused on two deformation
indicators: the change in the maximum horizontal displacement over change in time (dh,,/dt) and
the deformation ratio (DR = dh,/ds), derived from changes in maximum lateral and vertical
displacement (3)(4) (Saye & Ladd refer to the parameter as the deformation ratio and Bartlett et
al. the displacement ratio; the Saye & Ladd usage has been selected for this paper). From these
parameters the stability threshold levels were developed and response actions for the I-15
reconstruction project shown in Table 1. Figure 7 is from Barlett et al. (4) and plots cumulative
horizontal displacement versus cumulative settlement to calculate the deformation ratio.
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Figure 6 —Foundation Performance Monitoring Parameters: (H) MSE Wall and
Embankment Fill Height; (s) Cumulative Settlement; (h,,) Maximum Lateral
Displacement; (u) Soil Foundation Pore Pressure

12
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Case Study Performance Monitoring

The highway at the case study was the primary man-made structure. Few surrounding
buildings and subsurface utilities meant not having to have the volume or variety of instruments
required in the I-15 monitoring program. Although the widening and realignment of the
highway was not an infrastructure improvement necessary prior to a large international event like
the Olympic Winter Games, soft compressible subsurface materials would present similar
geotechnical challenges as the Lake Bonneville sediments did to the I-15 project. Although there
are some differences in design between the two locations, the primary purpose of the monitoring
programs developed at each site was the same; control the rate and placement of fill for MSE
walls and embankment construction to prevent the occurrence of failures.

Table 1 — I-15 Stability Threshold and Response Actions (3)(4)
Alert Level 1 2 3
Horizontal Displacement 0.15 0.3 1.0
Rate (in/day)
Displacement Ratio (DR) 0.1 0.2 0.3
Piezometric Head | =~ —-——memmemmee- >200% of Load Due to Same as Threshold 2
Increase Fill Placement
Response Action * Notify Field * Stop Fill Placement * Buttress Slope and
Construction Manager * Prepare Specific Action | Remove Fill
* Increase Monitoring Plan * Notify Senior Project
Frequency * Implement Plan if Management
Conditions Worsen * Notify Utah DOT

Project sequencing of the case study was the same as that implemented at I-15 with two
phases allowing the route to remain open to traffic. Instead of using staged construction, MSE
walls and embankments constructed at the Case Study relied upon ramp loading. As described
above, daily monitoring reports summarized data for interpretation by engineers. If thresholds
were exceeded appropriate remedial action was determined and executed by project managers.
The ADAS system made increasing frequent measurements time and cost efficient for the
vibrating wire instruments. The time and cost of retrieving horizontal displacement values from
the inclinometers still involved considerably greater time and cost because of the manual nature
of such work.
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Figure 7 - Plot of Cumulative Horizontal Displacement Versus Cumulative Settlement to
Calculate DR From Bartlett et al. (4).

Method Comparison

To evaluate the stability assessment methods and alert action levels derived from them,
data from the Case Study will be used for comparison. Figure 8 depicts the maximum horizontal
displacement over change in time (dh,,/dt) alert levels shown in Table 1 applied to the MSE wall
and embankment fill Case Study data. Figure 9 shows the deformation ratio (DR). Using the
dh,,/dt thresholds used at I-15, two Level 1 events and two Level 2 events would have occurred.
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Figure 8 - Horizontal Deformation Rate (in/day) for the Case Study

Comparison of DR trends from Figure 7 of Bartlett (4) with that of the case study shows
a similar change in the ratio. Bartlett et al. (4) describe how a significant change in the
displacement ratio with time can indicate when the foundation behavior changes from a
relatively stable condition associated with consolidation settlement to a state of excessive plastic
deformation. The significant change in DR for the MSE wall case study data shown in Figure 9
occurred around Day 55 within the interval of rapid fill placement, Figure 5.

The DR values shown in Figure 9 and the time when the change occurs in correlation to
the Case Study construction schedule fit the description for variations in the parameter discussed
by Tavenas et al. (/0). Tavenas et al. analyzed the development of lateral displacement under 21
embankments constructed on soft soil and clay foundations. They describe the variation as
dependent on a change in foundation state from overconsolidated during the initial construction
to a normally consolidated state during final stages of construction.

The analysis by Tavenas et al. produced embankment DR values during the initial
construction phase varying between 0.06 and 0.36, with a mean of 0.18 and a standard deviation
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Figure 9 - DR for Case Study Data Showing a Significant Change in DR Trend Occuring
Around Day 55.

0f 0.09 (10). The DR value for the Case Study was 0.1 (Figure 9). During the final stages of
construction, Tavenas et al. determined that the lateral displacement increments are significantly
increased, becoming approximately equal to the settlement increments, which also increase (/0).
Mean DR values changed from 0.18 during initial construction to 1.0 when the foundation
became normally consolidated. The time at which this occurs is dependent upon the geometry of
the embankment, the applied load, preconsolidation differences, the rate of fill placement, and
the rate of consolidation in the overconsolidated materials (/0). For the Case Study, the
variation occurred at a height of 28-ft with the DR value becoming 1.2 (Figure 9). The range for
end of construction DR values presented by Tavenas et al. varied between 0.42 and 1.33, with a
mean of 0.91 and a standard deviation of 0.2 (10).

Evaluation
The Case Study’s foundation stability monitoring program was effective because it

allowed project engineers and managers to evaluate the foundations soil displacement as
construction progressed and MSE wall height increased. By being able to evaluate the changing
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soil conditions beneath the MSE wall, the safest and most efficient construction schedule could
be followed. This proved critical when measurements between Day 47 and 58 indicated the
potential development of decreasing foundation stability. Fill placement was halted and after
foundation stability was determined to be safe, staged construction continued with 2-ft maximum
lift height increases.

The alert levels and thresholds set for the I-15 reconstruction project identified the greater
magnitude of deformation measured after ramp loading when applied to data from the case
study. However, the scale of each parameter’s threshold levels appears out of proportion with
the measured displacement. The dh,,/dt alert levels might have conveyed less urgency to project
engineers because the Level 3 threshold was not exceeded, even after the ramp loading period.
From comparisons between Figure 7 of Bartlett (4) and Figure 9 of the Case Study, the
observation can be made that the distinct change in the DR parameter near Day 55 indicated a
change in foundation behavior to a state of excessive plastic deformation. Although the
materials at each locality can be similarly described as soft, compressible materials, their
engineering properties differ enough so that the thresholds used at I-15 for the dh,,,/dt and DR
parameters could have been adjusted for use at the Case Study. In addition to considering the
differing material properties, the fact that prefabricated vertical drains were not installed at the
Case Study would also have to be considered in the adjustment of alert thresholds.

CONCLUSIONS

The project goals, geologic materials, and general inclinometer, settlement cell, and
piezometer instrumentation arrays used had similar parallels between the I-15 highway widening
project and the highway reconstruction project Case Study of this paper. As is common with
monitoring of soft soil embankment foundations, both projects focused primarily on horizontal
displacement as an indicator of changing stability. Although similar in design and concept,
different monitoring protocols and alert thresholds were utilized at each locality to evaluate
lateral and vertical displacement to control construction activities. The methodology used at the
Case Study provided the design engineers with sufficient data to evaluate the developing adverse
conditions. This was supported by the significant change in the displacement ratio, between
Days 47 and 59 of the project during a period of rapid ramp loading. Because the contractor was
directed to take remedial measures and remove fill, potential failure was avoided.

As projects employ new and advanced construction practices, the use of large-array, real-
time instrumentation can provide important data that would otherwise be missed using
conventional monitoring methods. The addition of in-place inclinometers (IPIs) and time
domain reflectometry (TDR) sensors can further reduce manual labor and speed up data
acquisition even further. Future highway projects will benefit from having automated
geotechnical instrumentation installed and a soil foundation performance monitoring program in
place to bolster project safety, time and economic efficiency, and better ensure project success.
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ABSTRACT

The Wyoming Department of Transportation intends to improve US Highways 26/89 south of
Jackson in Teton County, Wyoming beginning at milepost (MP) 140.69 and extending northerly
through Hoback Junction terminating at MP 142.50. The route is located in mountainous terrain
adjacent to the confluence of the Snake and Hoback Rivers and crosses Federal, State, County,
and privately owned properties. The corridor is heavily traveled by commuters, commercial
vehicles, and seasonal recreational traffic.

Landslides have significantly impacted the transportation infrastructure within the project limits.
An active landslide is located near the west abutment of the existing bridge over the Snake River,
and construction of the existing bridge in 1950 re-activated a portion of the slide mass. Since
construction, the abutment has experienced periodic movement as evidenced by inclinometer
readings and settlement of the abutment. Subsurface conditions consist of colluvium/landslide
and alluvial terrace deposits overlying sandstone, siltstone, and shale of the Cretaceous-aged
Aspen Formation.

As part of the corridor improvement, the existing bridge over the Snake River is to be replaced
on an improved alignment. Key components of the project include installation of three rows of
ground anchors in the vicinity of the west abutment for landslide mitigation, construction of a
new, two-hinged arch span bridge over the Snake River, and construction of an approximately
1,000 linear foot long anchored soldier pile and lagging retaining wall to accommodate roadway
realignment. Design challenges included definition of the “active slide”; development of
stability models consistent with inferred stratigraphy, current topography and documented
displacement history; and integration of reinforcement anchors with bridge foundation elements
to avoid conflicts. Construction sequencing is vital to install and commission as many of the
ground anchors as possible prior to the excavations required for the bridge foundation elements.
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PROJECT DESCRIPTION
Project Overview

The Wyoming Department of Transportation (WYDOT) is improving US Highways
26/89/189/191 south of Jackson in Teton County, Wyoming (Figure 1). The routes are located in
mountainous terrain adjacent to the Snake and Hoback Rivers and cross Federal, State, County,
and privately owned properties. These corridors are heavily traveled by commuters to and from
Jackson, commercial vehicles, and seasonal recreational traffic. The improvements have been
divided into three separate sections. This project includes the Hoback Junction Section
beginning at milepost (MP) 140.69 of US Highway 26/89 and extending northerly through
Hoback Junction terminating at MP 142.50. Key components of the project include installation
of ground anchors for landslide mitigation, construction of a new bridge over the Snake River
(MP 141.30), and construction of an anchored soldier pile and lagging retaining wall to
accommodate roadway realignment.

Figure 1 — Project Location Plan
Existing Structure Conditions

The existing roadway is over 30 years old and generally comprised of two, 12-foot wide lanes
with various shoulder widths. The roadway has a reduced level of service, numerous
substandard vertical and horizontal curves, and inadequate clear zones. Furthermore, landslide
activity has adversely impacted the roadway quality and the condition of the existing bridge over
the Snake River.
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The existing bridge (Figure 2) was constructed circa 1950 and designed for H15 loading.
Seismicity was not considered in the original structural design. The structure consists of a
simple-span arch bridge founded on concrete pier walls. On the east side of the arch, three
reinforced concrete t-girder approach spans are founded on reinforced concrete bents supported
on spread footings. Four simple wide-flange girder approach spans founded on timber piling are
present on the west side of the arch. Overall bridge length is approximately 579 feet with a
bridge roadway width of 26 feet. The bridge deck over the arch is concrete. The concrete t-
girder and the nail laminated floor planks on the approach spans are overlaid with asphalt.
Numerous structural deficiencies were identified during a 2003 WYDOT inspection.

Figure 2 — Existing Bridge Looking North
Historical Instability

Landslides have significantly impacted the transportation infrastructure within the overall
corridor and specifically within the project limits. An active landslide is located near the west
abutment of the existing bridge. Construction of the existing bridge re-activated a portion of the
slide mass resulting in the installation of the timber approach spans at the west abutment that
traverse a portion of the suspected landslide. Since construction, the abutment has experienced
periodic movement as evidenced by inclinometer readings and settlement of the abutment. In
1982 and 1983, WYDOT installed several inclinometers on both sides of the abutment. In the
mid 1980's, the slope movement was relatively active after a series of unusually wet years,
resulting in total movement in excess of four inches. Since the late 1980's, the movement has
slowed, but slope inclinometers installed in 1999 indicate that the slide continues to move.

GENERAL GEOLOGIC SETTING
Hoback Junction is located within an overthrust belt from the Sevier Orogeny (Late Cretaceous)

that resulted in significant folding and low angle thrust faulting creating elongate basins in which
sedimentary and volcanic rocks were deposited during the Paleozoic and Mesozoic (7).
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Key aspects of the geologic history of the project location include the following:

e Deposition of Cretaceous-Aged Aspen Formation — Thick shallow sea deposits of shale,
sandstone and siltstone. The Aspen Formation is described as poorly consolidated shale,
very unstable and subject to slumps and slides.

e Laramide Orogeny — Relatively recent mountain building episode forming the Tetons.
Forces exerted from thrust faulting, normal faulting, and plutonic intrusions created
folding of the rocks in the Hoback Junction area. The project area is located between
parallel axes of the Willow Creek Anticline and the Willow Creek Syncline. The trough
of the syncline is located near the southwest limit of the project. The strike of the
sedimentary rocks is nearly normal to the bridge with a dip to the southwest at 25
degrees.

e Quaternary Alpine Glaciation — Glacial features, such as open parabolic (U-shaped)
valleys, arétes and cirques, are common in the area. A geologically younger Snake River,
wider, higher in elevation, with more flow from glacial melt during the Pleistocene
carried more and deposited larger sediment as terrace deposits. The terrace deposits
formed a plain higher and wider than the present river. Eventually, lower flows, a small
constant uplift of the region, and river downcutting, lowered the Snake River to its
present state. Most likely during the Pleistocene, the river was undercutting the weak
sediments of the Aspen, creating large slumps and landslides and forming the large areas
of colluvial shale deposits overlying the terrace and alluvial sediments.

e Recent (within the last 10,000 years) river dynamics further undercut and cause lesser
slumps and slides.

SITE AND SUBSURFACE INVESTIGATIONS
Previous Investigations

WYDOT completed numerous subsurface investigations of the subject area in 1982, 1984, 1985,
1999, 2005, and 2008 with a total of 31 exploratory borings drilled. Drilling advancement
methods consisted primarily of hollow and solid stem augers, with soil samples obtained with
driven split-barrel samplers in accordance with the Standard Penetration Test (SPT). Continuous
samplers were also used in an attempt to define the slide plane. Limited rock core was obtained
until the 2005 and 2008 investigations. Laboratory testing of soil and rock samples included
classification, index properties, and strength (unconfined and direct shear) testing. As part of the
previous drilling investigations, WYDOT installed casing for displacement monitoring in eight
(8) boreholes using slope indicator equipment. However, instrumentation was not installed to
monitor groundwater conditions. Finally, two (2) test shafts were installed in 1985 to evaluate
potential construction methods.
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Recent Investigation
Drilling and Testing Program

The objectives of the most recent 2009 drilling program for the bridge, retaining wall, and
landslide investigation were to complete the following:

1. Investigate and characterize the engineering and geologic subsurface conditions;
2. Identify zones of soil and/or rock failure;

3. Install downhole instrumentation for long-term monitoring of groundwater conditions
and slope stability; and

4. Characterize subsurface conditions at the foundation elements.

The rationale for the proposed location and depth of the boreholes, and the type of
instrumentation was developed based on previous investigations, existing surface conditions,
geologic mapping, and proximity to proposed bridge structures. The as-drilled boring locations
for the previous and recent subsurface investigations including the location of instrumentation
are shown on Figure 3.

The subsurface investigation was completed by WYDOT drilling forces in two phases of work
between May and June, 2009. All borings were advanced through the overlying soils and into
the weathered bedrock using hollow stem auger methods and SPT split barrel sampling at 5-foot
(nominal) intervals followed by continuous NQ coring in the bedrock. Borehole logging was
performed by both WYDOT and HNTB personnel.

Piezometers and slope inclinometer casing were installed in selected boreholes. The piezometers
were screened with slotted 2-inch diameter PVC surrounded by filter pack sand. Clay cuttings
and bentonite were used to fill the hole above and below the screened interval. Subsequent to
installation, both standpipes were temporarily fitted with vibrating wire piezometers (VWPs) to
measure changes in pore water pressure within the formation. VWP data was recorded for the
two piezometers between June 2, 2009 and September 1, 2009. Slope indicator casing was
installed in borehole H-1 to a depth of 67 feet. The baseline data was taken soon after
installation. All instrumentation data collection was conducted by WYDOT personnel.

Rock and soil core samples were collected from the borings and preserved to prevent moisture
loss by double enclosure within sealed plastic bags. The samples were labeled and submitted
under chain-of-custody to the WYDOT Materials laboratory in Cheyenne for testing in
accordance with State procedures. Laboratory testing was used for refinement of the field soil
and rock classification, and to develop geomechanical properties for the key engineering units
during design.
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Figure 3 — Site and Boring Location Plan
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Photogeologic Interpretation

In order to investigate the extent of the “active slide” area in the vicinity of the west abutment,
high altitude aerial photographs from 1962, 1978, 1983 and low altitude photographs dated 2000
were analyzed using stereographic techniques. Many of the large (covering > 1/2 square mile)
landslides in this area appear to be older features that were active immediately after deglaciation.
With respect to the proposed bridge abutment relocation, the critical issue was whether the
landslide upslope from the abutment is active or whether topographic/geologic conditions
indicate the potential for reactivation. Additionally, because of the steep slopes and the nature of
the landslide debris, it was important to determine if conditions exist that may lead to smaller
slumps, debris flows, and other mass movement events that may potentially impact the abutment
in the future.

Evidence was not observed on the aerial photographs for recent activity of the major slide mass
above the proposed abutment. However, features are present within the slide mass that may lead
to slide reactivation (Figure 4). An upslope bench appears to be a closed or at least partially
closed depression and deposits above that bench appear to have an arcuate geometry. If the
bench represents the top of a slide mass, loading with additional material from above combined
with unfavorable groundwater conditions could lead to slide reactivation. Furthermore, any
change in the resistance to sliding by toe removal could exacerbate the situation. Downslope
from the bench, numerous features exist that indicate the potential for minor mass movement
activity and older circular failures are present along with potential debris flow paths. Given the
presence of landslide deposits in the subsurface and the steep slopes, additional small mass
movement events were deemed highly probable in the project area.

Figure 4 — Photogeologic Observations
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Surface Mapping

A reconnaissance-level surface mapping effort was undertaken to field-identify the “active” slide
proximal to the west abutment and to collect bedrock structural data. Observations of local
topographic features led to the interpretation that a possible active slide is defined by an

arcuate lateral scarp as shown in Figure 5. This interpretation was consistent with the anecdotal
accounts of instability when excavations were made for the existing west approach spans in
1950. The timber bents evident at the west approach spans represent the design changes made
during construction to accommodate the instability. The inferred active landslide was staked in
the field and surveyed by WYDOT personnel.

Figure S — Inferred “Active” Landslide at West Abutment

Bedrock outcrops are limited in the vicinity of the bridge. The best exposures are along both
banks of the Snake River with a few on ledge-forming slopes on the west abutment. Although
the data set is limited, the most consistent discontinuity orientation is the bedding which exhibits
an inclination of about 20 degrees to the west-southwest. This orientation is into the west valley
wall and discounts bedding as a structural control for the historic landslides evident at this
location.

SUBSURFACE CHARACTERIZATION

The 2009 drilling and testing program investigated both the landslide deposits and the subsurface
conditions for the various foundation elements for the proposed bridge, retaining wall, and
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landslide stabilization. Based on both surface exposure and subsurface sampling, the materials
were categorized into the following units for engineering analysis:

Fill/Colluvium/Landslide Deposits: Material consists predominantly of moist to saturated sandy
clay to clayey sand and gravel with occasional cobbles and boulders. Gravel, cobbles, and
boulders generally consist of angular siltstone and sandstone fragments. The average measured
SPT value is 20, indicating medium dense material. Moisture content test results range from 5 to
16 percent with an average of 11 percent. Typical total unit weight based on laboratory testing is
128 pcf. The measured percent passing the No. 200 sieve ranges from 10 to 57 percent with an
average of 36 percent. The average measured liquid limit of the fine-grained material is 36
percent with an average measured plasticity index of 19 percent.

Alluvium/Terrace Deposits: Material consists primarily of clayey and silty sand and gravel with
rounded cobbles. The average measured SPT value is greater than 50 indicating dense to very
dense material. Difficult drilling conditions were encountered during the subsurface
investigations including rough drilling, auger refusal on cobbles and boulders, and hole
instability. The average moisture content test result is 7 percent with a total unit weight on the
order of 136 pcf. The measured percent passing the No. 200 sieve ranges from 2 to 49 percent
with an average of 17 percent. Plasticity testing on the fine-grained fraction indicates an average
measured liquid limit of 28 percent and an average measured plasticity index of 11 percent.

Bedrock (Fractured and Unweathered) West Side of the Snake River: Bedrock consists of hard
siltstone and fine sandstone (Figure 6) with interbedded seams (generally less than 3-ft thick) of
softer claystone, clay, and bentonite. The upper 2 to 3 ft of the bedrock is typically weathered
with the upper 15 to 20 feet described as fractured. The average measured unconfined
compressive strength of the bedrock is 10,400 psi. For the softer claystone, clay, and bentonite
seams, unconfined compressive strength testing indicates an average of 1,990 psi with an
average measured rock quality designation (RQD) of 29 percent. The average measured
unconfined compressive strength of the siltstone and fine-grained sandstone bedrock is 12,840
psi with an average measured RQD of 33 percent.

Figure 6 — Bedrock West Side of Snake River

Bedrock (Fractured and Unweathered) East Side of the Snake River: Bedrock consists of hard
siltstone and sandstone with an average measured unconfined compressive strength of 10,100
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psi. The average measured unconfined compressive strength of the siltstone is 8,070 psi with an
average measured RQD of 38 percent. The sandstone generally consists of “salt and pepper”
sandstone with laboratory test results indicating an average unconfined compressive strength of
10,580 psi. The average measured RQD is 60 percent.

ENGINEERING ANALYSIS AND DESIGN
Landslide
Probable Cause(s)

Landslides are typically the result of a combination of geologic conditions and external factors,
often related to human activities. In the case of the west abutment landslide, some assertions
concerning causation can be made with a high degree of certainty while others fall into the
category of probable cause.

e The Cretaceous Aspen Formation is a well-documented “bad actor” in the region, and ash
layers altered to bentonite provide the potential for low shear strength.

¢ Glacial meltwater was a probable major cause of valley wall over-steepening and
instability.

e The site is located in a seismically active area and ground accelerations could have
triggered historic slope instability.

e Excavation for west bridge abutment in 1950 triggered slide movement that represented
the reactivation of a portion of a much larger landslide.

e More than 4 inches of movement of the west abutment during the 1980’s following
several wet years was reported by WYDOT. No recent distress of pavement or the west
abutment has been reported.

e Inclinometers document creep type movement at depths at or above bedrock since 1999.

e The landslide is apparently not bedding-controlled.

e Anecdotal accounts of recent instability associate slope movement with high runoff years.

Based on the results of previous investigations, and the geologic and instrumentation analyses
conducted for this project, accurate delineation of the “active” portion of the west abutment
landslide complex is not possible. The agreed-upon course of action, therefore, was to apply
engineering judgment and failure risk as guidance to stabilize a reasonably sized block of ground
proximal to the west abutment structure. It was deemed not feasible to stabilize the entire
upslope landslide mass.
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Geotechnical Model

An assessment of the west abutment landslide was performed to evaluate the viability of
landslide movement under measured or inferred engineering parameters for the site. These
parameters, including the slide geometry, measured groundwater levels, and material properties,
were integrated into a geotechnical model for analysis. Validation of the geotechnical model
consisted of comparing the ratio of resisting forces (shear strength) to the driving forces (weight,
groundwater pressure) expressed as a Factor of Safety (FS). A calculated FS less than unity (1.0)
would be consistent with the observed landslide movement.

Based on surface mapping and borehole investigations, a geologic model was constructed that
captured the inferred three-dimensional geometry of the engineering units. This geologic model
was used to construct idealized two-dimensional cross sections along potential axes of movement
for which stability analyses could be performed. The primary cross sections for analyses were
through the west abutment and through the axis of the inferred “active” slide.

Back Analyses

Stability analyses for circular failure were performed using the software program, Slide Version
5.041 (2). For the initial two-dimensional analyses, the search algorithm determined the
minimum FS for a circular failure surface. Search limits were set to preclude failures that
extended upslope of the active slide identified by the field mapping. Three methods of analysis
were performed: Spencer, Janbu Corrected and GLE/Morgenstern-Price. Groundwater and
external forces were not included in the back analysis (conservative assumption) since the
purpose of the back analysis was to confirm the shear strength assignments for use in forward
design analyses.

The initial model consisted of a homogenous low shear strength for the colluvium/landside
debris material. For the primary cross sections, minimum FS values calculated were 1.11 (west
abutment) and 1.52 (axis of the inferred slide). The interpretation of these results was that the
shallow local topography through the slide was not compatible with the homogenous low shear
strength model. This suggested the probability of a lower shear strength surface between the
bedrock and the landslide debris along which previous movement(s) have occurred.

Coring in the 2009 boreholes was generally not initiated until the upper weathered rock had been
penetrated using hollow stem auger methods. Thus, remnants of a suspected weak layer at the
bedrock-overburden contact were probably not recovered. In some boreholes, plastic clay
infillings were recovered from deeper in the bedrock section. Based on the site geology, it was
reasonable to assume that such a weak, pre-sheared layer was present at or near the top of
bedrock.

In order to assign shear strength parameters to the inferred paleo failure surface, a number of
data sources were reviewed. Direct shear tests were performed on samples from lower depths
with friction angle results ranging between 12 and 34 degrees. In addition, Atterburg Limit tests
were performed on numerous samples. The measured Plasticity Index (PI) values were related to
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residual friction angle using the approach published by Mesri and Shahien (3). Depending on
stress level, the predicted residual friction angle was 22 to 23 degrees based on average PI values
and 12 to 16 degrees based on the maximum PI value. The design shear strength parameters
assigned to the pre sheared weak layer were friction angle of 20 degrees and cohesion of zero.

For the “weak layer” analyses, the analytical model could select circular arcs or a combination of
circular arcs and straight line segments as the failure surface. In this case the minimum

FS values for the two cross sections were 0.98 and 1.11, respectively. Figure 7 shows the results
for the analyses through the axis of the inferred slide.

Figure 7 — Weak Layer Back Analyses: Slide Axis

These results were interpreted to be compatible with the existing slope geometries at both cross
section locations and the weak layer model was therefore adopted for the forward analyses. The
assumption that the current FS for the slopes is about unity (i.e. on the verge of failure) is the
most conservative approach to the design. The remedial stabilization must increase the margin of
stability from this low threshold to a value reasonable for the risk to the structure.

Stabilization Options

Various landslide stabilization techniques were evaluated for the project. Ground anchors were
the selected option for the following reasons:

1. High strength per anchor;



61 HGS 2010: Hood, Martens, and Norrish 15

2. Ability to specify required capacity per anchor;

3. Successful utilization by WYDOT for a nearby stabilization effort; and

4. Contractor familiarity with the required construction techniques.
Forward Analyses

The objective of the forward analyses was to determine the anchor force requirements necessary
to achieve a FS for the reinforced slope consistent with the presence of the bridge structure.
Based on discussions with WYDOT, the target FS value was established as 1.50 under static
loading conditions. An anchor with a working load comparable to that used by WYDOT at a
previously completed stabilization was assumed (528 kips). The analysis indicated three rows of
anchors spaced on a 10-foot horizontal by 20-foot vertical pattern were required to achieve the
target FS value.

Limited groundwater monitoring data was available for the project. To investigate transient
groundwater conditions, a simple phreatic surface was modeled corresponding to a level slightly
higher than the measured head in the lowermost piezometers. The corresponding FS value
reduced to 1.38 for the cross section along the axis of the inferred slide. Furthermore, peak
horizontal accelerations for the site were obtained from the USGS website. The FS for the 500-
year event was approximately 1.2 and for the 2500-year event was approximately 0.9. These
pseudo static analyses used seismic coefficients conservatively set at 50 percent of the peak
accelerations in accordance with Pyke (4) and did not incorporate the transient groundwater
condition. It was concluded that the proposed anchor stabilization was acceptable under static
and transient loading, whether by groundwater or earthquake.

Design Criteria

Based on the stability analyses described above, the site topography and the geometric
constraints associated with the proposed bridge structure, a conceptual anchor layout was
developed. The design required two rows of anchors from the west abutment to the first interior
bent (Bent 2), and three rows between Bent 2 extending to a location beyond the axis of the
inferred slide. The following general design criteria were established:

1. Anchors to be located on uniform contour lines at nominal elevations 5950, 5930 and
5910.

2. Anchors spaced at 10 feet horizontal and extending from the west abutment to about 10
to 20 feet beyond the proposed bridge structure on the west side of the Snake River.

3. Two primary anchor azimuths (300 and 315 degrees) were specified with a transition area
between. Within the transition area, final grading plan was taken into account. Due to
curvature of existing ground surface, effective spacing was less than the target 10 feet
and therefore some anchors were eliminated to avoid interference with the structure.
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4. Target inclination was -20 degrees per optimization analysis. Inclination was varied from
-15 deg to -25 deg to avoid interference.

5. If interference issues were not resolved with inclination variance, then anchor head
elevation was varied by =10 feet.

6. Recommended design load was 528 kips. It was considered unlikely that solid bars
would be selected by the contractor to achieve this load due to installation difficulties.
Thus, 15-strand cable anchors were recommended.

7. Drain holes to be drilled in the lower slope to prevent buildup of groundwater pressure.

Final Design

The final design of the landslide stabilization required careful consideration of proposed bridge
substructure elements, temporary construction excavation(s), construction sequencing, and final
grading. In order to visualize potential interference issues, the above-mentioned design criteria
were used to develop a 3D model incorporating the existing bridge, roadway, and subsurface
conditions, and the proposed bridge elements, ground anchors, and final grading (Figure 8).
Adjustments to the anchor inclination, azimuth, and head elevation were required to avoid
potential conflicts with proposed bridge substructure elements. Furthermore, anchor installation
had to be staged to maintain traffic and avoid undermining the existing bridge foundations.

Anchor Rows

Figure 8 — Ground Anchor 3D Model
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After refinement, the 3D model was uploaded to MicroStation V8i software, and queries were
developed to obtain the horizontal and vertical position of the anchor head, azimuth of the
bearing panel, and inclination of the ground anchor. This information was used to verify that the
3D model was in general agreement with the design criteria established. Furthermore, this data
was used to evaluate potential adjacent anchor interference issues. Adjustments in the anchor
inclination were required to maintain approximately 5 feet of clearance between the distal ends
of the anchors. A partial plan view of the final ground anchor design is shown in Figure 9.

Figure 9 — Ground Anchor Plan View
Retaining Wall
Proposed Structure

As part of construction for the new bridge, an approximately 980 linear foot (LF) retaining wall
was proposed between Sta. 24+50 and 34+31 (proposed west abutment). The current roadway is
positioned on an approximately 40- to 70-foot wide sideslope bench with an existing roadway
elevation between 5945 and 5950 feet. The proposed roadway alignment requires widening of
the existing sideslope bench by 20 to 35 feet. Wall heights above the existing ground surface
range between 5 feet and 30 feet with a typical height of 20 feet.

The original proposed retaining wall consisted of a post-tensioned system requiring extensive
excavation to position the structural members and place the required select backfill. Initial slope
stability analyses of the proposed system indicated less than desirable short- and long-term FS.
Furthermore, temporary excavation support would be required for maintenance of traffic.
Finally, the aggressive construction schedule and inability of the proposed system to adapt to the
anticipated variable subsurface conditions necessitated a different wall system. After discussion
with WYDOT, the selected wall system consisted of an anchored soldier pile and lagging wall in
a fill condition.
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Engineering Evaluation

Lateral earth pressure diagrams incorporating both static and dynamic loading were developed
for structural analyses. Structural design of the wall identified various wall types based on the
anticipated height. The tallest wall sections required three (3) rows of anchors with the shortest
section requiring only a single row of anchors. The maximum tieback anchor load was
approximately 195 kips. Longitudinal spacing of all steel elements (tieback anchors and soldier
piles) was 8 feet.

Global stability analyses were conducted using Slope/W software at five (5) cross section
locations. Anchors were included in the analysis at their design location and inclination. The
design load at each anchor level was input into the slope stability model. Shear capacity of the
anchors was not included in the model. However, shear resistance of the soldier pile was
incorporated into the model for the double W14x68 section (Grade 50). Spencer’s method was
used to calculate the factor of safety for three different search routines: block, entry/exit, and
grid. Based on the slope stability modeling, the minimum calculated factor of safety is on the
order of 1.7 at the tallest wall section (Figure 10). The same stability models were also analyzed
under seismic loading.

Figure 10 — Anchored Retaining Wall Long-Term Stability
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Design Criteria
The following key design criteria were developed for the anchored retaining wall:

1. Construct the retaining wall in general accordance with the sequence identified in
Paragraph 5.11.5 of FHWA'’s Geotechnical Engineering Circular No. 4: Ground Anchors
and Anchored Systems.

2. Embed the soldier piles a minimum of 5 feet into the bedrock.

3. Employ an earth pressure coefficient between the at-rest and active earth pressure
coefficient as wall movement will be controlled by anchor tensioning.

4. Include a uniform traffic surcharge of 250 psf.
5. Use multiple corrosion protection (Class I).
6. Require pre-production pull-out tests to verify the allowable bond stress.
7. Use free draining granular backfill requiring minimal compactive effort.
Bridge
Proposed Substructure Elements

The bridge abutments will be supported on end-bearing H-piles. Intermediate bents on the west
side of the Snake River (Bents 1 and 2) will be supported on 4.5-foot diameter drilled shafts.
Finally, the intermediate bents on either side of the Snake River will be supported on arch spread
footings requiring the installation of temporary excavation support. Geotechnical design criteria
for the substructure elements were developed in accordance with AASHTO LRFD Bridge
Design Specifications, 4™ Edition 2007 with 2009 Interim Revisions.

CONSTRUCTION ISSUES

Construction sequencing is considered critical to the success of the overall project. The
construction sequence should strive to have all stabilization measures installed and functional
prior to the commencement of excavations. However, this objective is not entirely feasible,
particularly in the vicinity of the arch foundation on the west side. The compromise at this
location was to leave out only those anchors necessary to provide space for the footing
excavation and the associated temporary excavation support. As such, the contract documents
included mandatory sequencing requirements for certain elements of the work, and a proposed
construction sequence was provided to assist the contractor in developing his approach to the
project.

Extensive monitoring was also required throughout the duration of the construction contract and
also post-construction. A combination of load, displacement, and groundwater monitoring was
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required to monitor the performance of the excavations and to enable timely remedial actions
should the need arise. The monitoring takes advantage of existing instrumentation as well as the
installation of new equipment.

CONSTRUCTION CONTRACT AWARD

The bid letting took place on April 22, 2010. A total of five bids were submitted ranging from
$25 million to $31.3 million. The contractors submitting bids were Flatiron Construction Corp.,
WW Clyde, Ralph L. Wadsworth Construction Company, Wadsworth Brothers Construction,
and Reiman Construction. As per WYDOT policy, the lowest bid was accepted from
Wadsworth Brothers Construction for $24,999,493.50. The Engineer’s estimate was
$27,083,541.14. Work is anticipated to begin in June 2010 with final paving completed prior to
October 15, 2011.

CONCLUSIONS

Key aspects of the Snake River Bridge replacement at Hoback Junction were the recent and
historical evidence of slope instability, the requirement for extensive slope reinforcement for
both slope stabilization and alignment structures, and the need to compress a large number of
reinforcing elements into a very restricted working area. These challenges were overcome with a
combination of detailed site characterization using high quality drilling and in situ testing
techniques, assembly of geotechnical models that were consistent with existing and previous
stability and therefore suitable for prediction of future stability, and incorporation of state-of-the-
practice visualization software for final design and construction scheduling. All the foregoing
supplemented with a liberal application of “dirty-boots” engineering.
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ABSTRACT

Coal mining in Pennsylvanian-aged rocks of southwestern Indiana has occurred for over 100 years.
Seventeen counties from Terre Haute to Evansville have experienced both surface and underground coal
mining. Since coal measures in Indiana dip southwest toward the Illinois Basin, geologic units show
increased overburden thickness as they extend westward. Shallow strip mines prevailed in the early
history of mining, but increased stripping capacity occurring in later years allowed for deeper extraction.
Underground room and pillar mining was conducted on the deeper coal seams beyond the limits of strip
mining at the time of extraction.

Early in mining history, reclamation of surface strip mines was virtually non-existent. Abandoned
mine lands consisting of cast-over strip piles prevailed along the eastern boundary of the coal-bearing
strata. In recent years, however, Federal mining laws have required that strip mines be properly reclaimed
with the land surface restored to that which was present before mining. With this history in mind, we find
that for recent strip mine areas, the overburden thickness is typically about 100 feet and the mined areas
are carefully reclaimed to mimic their original contours. A primary consideration for reclamation is to
allow the surface material to support vegetation, including row crops, pasture and forestation.
Consequently, the surface material is left in a loose condition so as not to discourage plant growth.

Currently some reclaimed land is being sold by mining companies for development as housing
tracts. Roads and house lots are then developed on the reclaimed land. In southern Warrick County, north
of Evansville and near Interstate 164, problems have developed in a housing area on the reclaimed mine
spoil. Foundation settlement leading to interior damage in homes has occurred. Streets have also
undergone major settlement. In the paper these settlement problems are discussed and mitigation

procedures are addressed.

Introduction
In southwest Indiana, within the sequence of Pennsylvanian-aged rock, coal mining operations

have been conducted for over 100 years. Seventeen counties from Terre Haute south to Evansville have
been sites for strip mining, underground mining or both during this period. Indiana has extensive areas of

mined lands, 186,000 acres of underground mines, plus 284,000 acres at the surface. In southern Indiana,



rock units dip about 1° to the west toward the Illinois Basin. Shallow strip mines are located to the east
with deeper mines to the west that developed with the passage of time as larger strip mining equipment
became available. Thickness of the overburden removed above the coal which was typically less than 50
feet was extended to well over 100 feet as time progressed. Area strip mining, the procedure used at the
study site, is illustrated in Figure 1.

In addition to surface mining, underground mining was also accomplished. In the early days, adit
mine entrances from hillside locations prevailed, to be supplemented later by vertical shafts extended
downward to the coal seams. Room and pillar mines were developed from these shaft entrance ways.
Only more recently, a new underground mining technique has been added, longwall mining, but this
procedure, which is outside of the scope of this presentation, is not considered here.

In some locations in the state, both surface mines in an upper coal unit and underground mines in
a lower one, are encountered. An ongoing study by Fisher and West, 2009, is investigating the utilization
of these sites for geothermal energy development. There are a number of sites, for example the Friar Tuck
site near Dugger, IN, where major surface workings and coal processing plants overlie extensive
underground mine workings (Kuo and West, 1990; West, et al., 1990; West and Lary, 1983; West, 2006).
This was an early AML site (explained below) that has been extensively reclaimed.

Coal mine land reclamation for surface mines has improved significantly since the inactment of
the Surface Mining Act (SMCRA) in 1977. Prior to that time, reclamation of cast over strip mine piles
was not required which gave rise to long piles of cast over debris with an elongated lake occupying the
final cut of the mining operation. Also a vertical wall was left intact as a hazard and vertical shafts to
underground workings were sometimes left open. Such areas were designated as Abandoned Mine Land
sites (AML) which are now being reclaimed through federal funds paid to states as a return on taxes on
coal obtained from current surface mine projects. Requirements today call for separating top soil and
subsoil materials, placement of the mined rock back into the strip mine excavation, and grading the
surface to its original contours so that row crops, pasture and forest areas can be developed. The final cut
must be filled in to reduce the steep slope of the highwall of rock which had remained at the end of the
mining process.

In order to encourage growth of cultivated crops, care is taken not to compact the subsoil and top
soil of the reclaimed surface area. It is an established fact that traffic over crop land densifies the soil
which reduces crop productivity. Current farm practice attempts to minimize the traffic of heavy
equipment onto the field. An example experienced by the first author (West, 1992, consulting report)
pertains to this situation. It involved truck traffic across a farm field following an oil tank spill that ran
across the neighboring field. This led to compensation for the land owner due to soil compaction from the

truck traffic and anticipated loss of crop yield to follow. Because the anticipated use for reclaimed surface



mine land is for agricultural purposes, care is taken not to compact the upper layers of the reclaimed soil.
This turns out to be counter-productive when the ultimate use of the land is to build residential sites and
streets, and to promote business development. This concern is further addressed later on in this

presentation.

Geologic Setting

The geology of Indiana is best considered by evaluating several maps of the state. These entail
the physiographic regions map and the geologic or bedrock geology map of Indiana. The physiographic
map is presented as Figure 2. There are two distinct areas involved, the northern glaciated portion and the
southern area beyond the glacial boundary, where bedrock exposures prevail. There are two divisions of
the glaciated area, the first formed by Wisconsin glaciations and the other where Illinoian drift prevails,
which is located south of the Wisconsin glacial border. The extremely flat portion of Indiana consists of
the Tipton Till Plain in central Indiana along with the Kankakee Outwash/Lacustrine Plain to the north.
South of Terre Haute and Indianapolis, Illinoian drift prevails, which extends to the terminal glacial
boundary to the south. Thickness of the glacial drift is less for the Illinoian glaciated area than it is for that
of the Wisconsin. The Wabash Lowlands division is found on the southwestern part of Indiana, consisting
of flat terrain developed on Pennsylvanian-aged rocks, composed mainly of shale, siltstone, sandstone and
coal units. This comprises the area of interest for the current study.

The bedrock map of Indiana is presented as Figure 3. It shows the state with all surficial material
removed, notably the glacial deposits of northern Indiana. The structure of the rock indicates a northwest
trend, or strike, of the beds which dip gently to the west. For the southern part of the State this involves
the exposed bedrock including a number of coal bearing units in the southwestern area. Ordovician aged
rocks occur in the southeast corner of Indiana and from there the progression moves up the geologic
column to Silurian, Devonian, Mississippian and finally Pennsylvanian rocks in western Indiana. Figure 4
shows the different bedrock units of the state along with their geologic age. Groups and formations of
rocks are designated. The coal measures occur in the Pennsylvanian rocks as the coal members become
younger toward the western boundary with Illinois. Figure 5 shows the different coal seams present in the
Pennsylvanian rocks of Indiana.

Seven mineable units of coal are present in the Pennsylvanian. The Springfield Coal, also known
as the Number 5 Coal, is a prominent seam that has been mined extensively, both in underground mines
as well as being strip mined. It crops out in the eastern part of the Wabash Lowlands but as it dips
westward, vertical shaft mines are required using the room and pillar mining procedure, prevalent in

central Illinois.



Site Specific Details of the Housing Area

The site in question (near Chandler, IN) is located in a reclaimed strip mine spoil area. The land is
part of the closed Ayrshire Mine that was a large strip mine operating up until about 20 years ago.
Therefore, the spoil has been allowed to settle since that time and to compact under its own weight. The
No.5 Springfield Coal was mined here, located at an average depth of 100 feet.

Streets were constructed throughout the site and housing lots were plotted and made available for
sale. Two and one-half acre lots were the minimal size allowed, with water lines and utilities provided,
but septic tanks were needed. The focus of this study is on a specific residence that has undergone major
settlement causing distress both on the outside and inside of the structure. It is located on 3.25 acres and is
adjacent to a remnant lake located immediately to the north.

The house is a two story frame structure built on a crawl space with strip footings below the
outside walls and most interior walls as well. Brick veneer was not recommended for the site so vinyl
siding was used instead. Construction of the house which began in 2005 was completed in 2006. Within
six months of completion, cracks developed along the masonry blocks in the foundation walls and in the
dry wall inside the home. Also the concrete floor of the garage moved away from the adjacent interior
wall. Many door frames were affected so that a number of doors inside the home would not close
properly. To investigate the nature of this problem a structural engineering firm was hired to evaluate the
damage (Associated Engineers, Inc., 2008). It was concluded that cracking and settlement of the house
persists but the house, of high quality construction, is not in danger of structural collapse.

With the knowledge that surface subsidence can be caused by the collapse of underground mines
and that this problem is addressed in Indiana through the U.S. Office of Surface Mining (OSM), a second
study was performed to determine if subsurface mine collapse was a possibility at the site (Quality
Environmental Professionals, Inc., 2008). This report indicated that no underground mining had occurred
below the site and therefore, OSM had no authority or responsibility to deal with the settlement problem.
From this it is clear that the surface settlement is due to the continuing compaction of the mine spoil that
was placed during the strip mining operation. Coal mine subsidence protection through OSM apparently
is limited to the settlement from the collapse of underground coal mines but the densification of coal mine
spoil from surface mining is not included in the law. This yields a major concern for the home owner in

question as the house continues to settle, the walls crack and doors and windows do not open and close

properly.

Site Visit



The problem at the housing site was brought to the attention of the second author of this paper
and the first author was invited to join in the evaluation of the settlement problem. Dr. Terry West, who
specializes in geology, geological engineering and civil engineering, joined Dr. Nils Johansen a
professional engineer specializing in geological and geotechnical engineering. They both visited the site
to obtain first hand information about the settlement problem.

The housing tract covers a large area of the reclaimed strip mine previously operated by AMAX
Coal for their Ayrshire Mine. It is located in southwestern Warrick County about 14 miles northeast of
Evansville and about a mile east of Interstate 164 in the small community of Chandler. The home in
question is a two-story residence on Meadowlake Hills Road. In this area the access roads were built over
mine spoil which has settled differentially yielding grade problems on the roads. Figures 6 and 7 are
photographs showing some of the worst distress on the access roads in the area. The residential roads like
Meadowlake Hills Road are raveling and contain pot holes. These secondary roads are predominantly
chip and seal roads.

The two-story home, shown in Figure 8 is a frame structure with vinyl siding. The owner was
instructed not to use brick veneer because of a concern for cracking in this more brittle material when
settlement occurs. Vinyl siding being more flexible is more able to undergo settlement without
developing exterior cracking.

The foundation plan for the home is shown as Figure 9. Strip footings below the perimeter walls
and below some internal walls were constructed. These are 24 inches wide, 14 inches thick with 5/8”
reinforcing steel placed in the footings. The “rebar” wraps around the corners to hold the footings
together. Foundation construction was checked by a county building inspector after the trench was dug,
when reinforcement bars were placed and after the concrete footings were poured.

Large volumes of water in the spoil were encountered during building construction. Perched
water zones appear to be abundant in the spoil and large blocks of rock may be encountered as well. A
cut-off wall was added later along the wall between the garage and the kitchen. This was added to
stabilize the house which had settled differentially to cause interior cracking. This is a 4-inch slab of
concrete over a series of piers that extend about 6 feet into the subsurface. A photo of this is shown as
Figure 10.

Inspection of the house by the two authors verified that cracking had occurred in the exterior
block wall foundation. Figure 11 shows this. In the garage the floor slab (a 4-inch thick concrete slab) has
pulled away from the wall by more than an inch (Figure 12). Inside the home the walls are settling and
have separated from the ceiling (Figure 13) and doors no longer close properly (Figure 14).

Following inspection of the Meadowlark Hills Road residence, a tour of the overall residential

area was conducted. Only a few homes have been constructed in this sizeable building area which in total



is more than 10 square miles. A home on Fahd Avenue was examined (Figure 15). This house, built in
2002, began to settle immediately after construction. Rainfall accumulated against the foundation before
it was backfilled, which aggravated the problem. Subsequently, 42 piers, 50 to 80 feet long were placed
under the house involving steel tubes driven to refusal on resistant material. The insurance company for
the home owner paid for this improved support of the residential home.

Another one story brick veneer home was observed on Fisherview Road (Figure 16). Brick
construction was used despite the recommendation that vinyl siding should be used instead. This house
supposedly has serious cracking problems in the interior, but does not show any obvious cracking on the
exterior of the home. An inspection of the home’s interior was not possible. On return to the home on
Meadowlark Hills Road the general area of the large reclaimed mine tract was examined. Churches and
graveyards were left intact during the mining process (Figures 17 and 18). However, the entire town of
Millersburg was removed as mining proceeded over that location. As a final photo of the area, Figure 19
shows the lake north of the Meadowlark Hills Road residence with the home, featured here, on the left of

the photograph.

Conclusions and Recommendations

On the basis of the information provided above, available literature and the site visit, several
conclusions have been reached. It is apparent that the differential settlement and cracking of the
residential areas is caused by post construction compaction of the mine spoil. It is unclear how much of
the settlement is due to the weight of the house recently added to the site and how much settlement would
have occurred without the added construction. It is a well-established fact that mine spoil in Indiana
continues to settle after many years following mine reclamation (J. Nowacki, personal communication,
2010). Cast over mine spoil is extremely heterogeneous by nature of the mining and reclamation process,
so that one building site could considerably more susceptible to settlement than another.

The houses themselves, with strip footings only two feet wide should produce increased pressure
only to depths of five or six feet below the footing, based on stress distribution analysis. It is clear,
however, that the reclamation process which prescribes soil conditions for growing crops is specifically
designed not to densify the soil which thereby enhances crop production capability. The two uses are
therefore at cross purposes: 1) agricultural use versus residential construction. This needs to be
recognized and dealt with prior to home and road construction.

Soils can be densified using compaction rollers pulled by dozers across the ground surface.
However, the effects of such compaction only extends less than a foot below the ground surface. A
possible solution would be to excavate the area of the imprint of the home, to a depth of six feet or so, and

then replace the soil back in the excavation in 8 inch lifts, with compaction following each lift.



Another procedure with promise is dynamic compaction. This involves a crane and a heavy drop
ball to compact the soil for some distance below the surface after the ball is dropped from a considerable
height above the ground. This would be conducted in an area which covers the imprint of the building
plus extending some additional dimension beyond it.

The assumption involved in these recommendations is that the compaction settlement is caused
by near surface densification that occurs after home construction. If instead, settlement is caused by deep
seated differential densification of the mine spoil, this densification of the near surface material will not
entirely solve the problem. If deeper seated settlement prevails, another solution would be to drive
support columns to refusal in the spoil cross section and place the strip footings over these pile supports.
The effect of septic tank effluent is another concern. Several hundred gallons of liquid per day for a
family household may induce some densification of the spoil.

The authors also learned that the developer is contemplating the construction of commercial
buildings or even a mall facility to serve the growing community. Obviously the support procedures
discussed above must be considered in the design of the foundations for such major structures.

Recommendations for future construction involve the densification of the housing site prior to
construction. Densification of the upper six feet or so is likely to be sufficient for homes on strip footings
and crawl space construction. There is another consideration for buildings in coal mine spoil areas. Mobil
or manufactured homes will settle as a unit without significant cracking taking place. Such homes can be
re-leveled on a regular basis to regain their original elevation after settlement occurs.

A recommendation for further study would be to examine the rate of natural compaction for mine
spoil sites. Obviously a twenty year period of natural settlement is not sufficient to prevent the cracking of
residential structures nor excess settlement of access roads. For road construction, removal of the spoil to

a depth of six feet and recompaction of the soil in 8-inch lifts would also be in order.
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Figure 1. Coal strip mining including post mining reclamation.



Figure 2. Physiographic Units of Indiana.



Figure 3.



Figure 4. Bedrock Geology of Indiana.



Figure 5. Geologic Units, Pennsylvanian Bedrock of Indiana.



Figure 6. Access road, Ayrshire Mine, Warrick County, Reclaimed Spoil Area.

Figure 7. Access road, Ayrshire Mine, Reclaimed Spoil Area.



Figure 8. Vinyl siding on home, Meadowlake Hills Road, Chandler, Indiana.

Figure 9. Foundation floorplan, Meadowlake Hills Road, Chandler, Indiana.



Figure 10. 4-inch concrete slab over pile supports, Meadowlake Hills Road.

Figure 11. Exterior block wall with cracks in mortar joints, Meadowlake Hills Road residence.



Figure 12. Garage floor pulled away from wall, Meadowlake Hills Road residence.



Figure 13. Walls separated from the ceiling, Meadowlake Hills Road residence.

Figure 14. Doors unable to close, Meadowlake Hills Road residence.



Figure 15. Fahd Avenue residence, Chandler, Indiana.

Figure 16. Fisherview Road residence, Chandler, Indiana.



Figure 17. Church near previous town of Millersburg, IN, mining proceeded around the church.

Figure 18. Cemetery near Church, near previous town of Millersburg, mining proceeded around the
cemetery.



Figure 19. View across pond in final cut toward Meadowlake Hills Road residence (on the left).
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ABSTRACT

On Saturday morning, October 25, 2009 at 02:30 a massive rockslide occurred on
Interstate 40 in North Carolina at Mile Marker 2.6 near the border with Tennessee. The volume
of material that fell was roughly 80,000 cubic yards and some of the rock blocks were the size of
city busses. Phillips and Jordan of Knoxville Tennessee were called under an emergency
contract to remove slide material from the roadway and find a specialty subcontractor to address
remediation of the remaining rock slope. Noel Philippon of Janod Contractors arrived on site
Monday October 26™ to assess the slope condition and develop a work plan with Phillips and
Jordan, and Janod commenced initial scaling of the slide mass and scarp on October 28", Initial
scaling and material removal operations were closely monitored for movement as the slide was
considered potentially still active.

Jody Khune, a geological engineer with North Carolina Department of Transportation
(NCDOT), completed geologic mapping of the slide mass and scarp and concluded that the slope
consisted of several potential wedge failures and further rockfalls could be expected from the
failure plane. An initial plan was developed to remove the slide debris and the remaining wedge
structure extending up to 900 feet above the roadway where the joint planes daylighted. When
wedge removal proved to be too expensive, NCDOT short listed contractors to bid on installing
50,000 linear feet of post-tensioned rock anchors up to 130 feet long in 60 days to stabilize the
wedge structure. The team of Phillips and Jordan and Janod were the successful bidders on the
project and the contract work started on December 28, 2009. There were several challenges on
the project that became exponentially more complicated due to the fact that the work was to be
performed during the worst weather of the year for that area and in one of the most severe
winters in the last 30 years. Due to the time restraints in designing such a complicated project
there were several changes to the design that were proposed by Janod. We discuss in detail the
design and construction challenges that were met and innovative construction methods used that
exceeded expectations.
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INTRODUCTION

In the early morning hours of October 24, 2009, a massive rockslide occurred at milepost
2.6 on Interstate 40 in Haywood County, North Carolina (Figure 1). The slide encompassed
roughly 80,000 cubic yards of rock and debris, burying the westbound barrel with rock blocks
the size of busses and covering the eastbound barrel car-sized rocks. Two vehicle strikes
occurred: a westbound car that braked too late and struck the rock pile deploying the vehicle’s
airbag and an eastbound tractor trailer that pierced a saddle tank on a rock in the eastbound
barrel. Luckily there were no serious injuries.

Figure 1 - Aerial View of I-40 Slide on October 26, 2009

The slopes had been cut in the 1960s as the Interstate was advanced through the Smoky
Mountains. Several rock benches formed by the excavation are still visible, and suggest the rock
cuts were made at a 4-on-1 slope commonly used in highway construction at the time (Figure 2).
The strike and dip of geologic features were apparently not taken into consideration, and the
Interstate has seen numerous rockfalls and slides since construction, including a major slide less
than half a mile from the North Carolina- Tennessee border that closed I-40 for 10 weeks in
1997.
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Figure 2 - Benched Rock Cut Adjacent to Slide

The slopes along the interstate were stabilized in the early 1990s using tensioned resin-
anchored rock bolts. These bolts were supposedly tight grouted with cementitious grout to the
collar, but observation of the bolts following the slide indicated that the holes were not tight
grouted (Figure 3). Further, some of the bolts appear to have sheared off at the depth of the slide
plane and “launched” out of the bolt holes as their tension was released (Figure 4). In 2009 the
area received record rainfalls and NCDOT personnel noted more frequent rockfall activity and
slides than normal. The I-40 slide happened after a long, rainy summer and autumn.

Figure 3 - Ungrouted Rockbolt Figure 4 - Popped Rockbolt

"Turkey Timer"

Following the slide, NCDOT personnel, with assistance from Tennessee DOT, closed the
Interstate and NCDOT geotechnical personnel commenced analyzing the slide. Terrestrial and
aerial photographs were taken of the site, and the margins of the slide scarp and orientations of
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the bedding and joint planes were mapped by the NCDOT Geological Engineer (Figure 5).
Phillips and Jordan, under an existing emergency services contract with NCDOT, were called in
to assess the slide and develop a plan for debris removal and roadway repair. Phillips and Jordan
called in Janod Contractors, a specialty rock slope stabilization contractor, to address the
metastable slide scarp and assist with the high angle work to complete the project. Janod’s
operations manager, who had worked on the 1997 slide as a foreman, arrived two days after the

slide and began the safety and construction assessments needed to start removing the slide
debris.

Figure 5 - NCDOT Geological Engineer Inspecting Slide Scarp

Similar to the 1997 slide, the fallen rock mass was described by joints forming a wedge
feature with a line of intersection dipping at roughly 38 degrees out of the slope. The line of
intersection daylighted near the toe of the slope and extended to nearly 900 feet above the
roadway where it daylighted upslope. The initial concept for remediation was to remove the
wedge entirely, as had been done in 1997 for the other wedge slide. However, as the slide debris
was cleared and the lower scarp was trimmed, it became apparent that the remaining portion of
the wedge was reasonably stable and could potentially be secured using tensioned ground
anchors. NCDOT with support from Fisher and Strickler developed a design incorporating 506
post-tensioned anchors with lengths varying from 45 to 120 feet (Figure 6). Anchor lengths were
established based on the depth to the planes forming the wedge, establishing a 10-foot bonded
anchor zone starting at least 10 feet below the wedge planes. The design called for 1 3/8-inch
diameter, Grade 150 bar anchors, tensioned to 140 kips, which yielded a calculated factor of
safety of 1.3 derived from the anchor loads. The orientation (azimuth and plunge) of the anchors
was critical, along with the aggregate anchor load anticipated. The design was assembled into a
contract and bids were solicited for the work. The contract stipulated that the anchors would
need to be installed in 60 days, which would be precedent-setting given the steep terrain, scale of
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the project, and project start the week after Christmas. The Phillips and Jordan/Janod Team was
selected to complete stabilization of the wedge feature.

Figure 6 - Initial Anchor Layout

CONSTRUCTION

Following project award on December 18, 2009, the construction team began mobilizing
materials, equipment and support personnel to the site. To accommodate the tight schedule,
drilling would need to be done around the clock, equipment maintenance and repairs had to be
completed on site, bar anchors had to be fabricated on site for on-time delivery to the anchor
holes, and getting materials and equipment up the 900-foot slope would require innovative
methods. Within a week, the site was receiving materials, maintenance supplies, compressors,
and staff for a maintenance facility to keep 10 to 12 drills running 24/7 for two to three months
straight (Figure 7). Additional staff from Golder Associates were added to Janod’s crew to
monitor submittal/approval processes, production, drill logs, drill hole acceptance, downhole
video logging, anchor fabrications, installation, grouting, testing and acceptance. This allowed
Janod to focus on production.

Critical to the schedule was acceptance of an alternative anchor design for anchors longer
than 60 feet - the maximum length of continuous threadbars commercially available. Janod
proposed using multistrand tendons comprising four Dywidag 7-wire strands to eliminate
potential issues associated with having bar couplers in the unbonded length of the anchors.

These would require several weeks lead time for fabrication and delivery, along with custom
bearing plates for the anchor head assemblies. The change required increasing the anchor hole
diameter to 4 2 inches to accommodate the 4-strand anchors. It also increased the minimum
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bond length requirement to 15 feet. NCDOT elected to increase all the bond lengths to 15 feet to
address the uncertainty of ground conditions.

Figure 7 - On-Site Maintenance/Fabrication

As with all high angle projects, addressing site safety, access and mobility was the first
priority. The construction team was familiar with the site, having been working on the
demolition and removal of the slide mass from October to December. But with the design
change to stabilization from blasting and removal, logistics issues for a greater number of staff,
night operations, movement of materials, machines and plant upslope and proof testing of every
anchor greatly increased the complexity of the project. Access was initially improved with a
highline tramway installed to ferry supplies upslope (Figure 8). Removal of cleared trees was
facilitated with a CH-53 helicopter, and proved so effective, the helicopter was used throughout
the project to deliver light and grout plants, drill rigs and anchors to the working face (Figures 9).
This practice proved so successful, that all of the ground anchors were installed using the
helicopter.

Figure 8 - Highline System
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The construction schedule started on December 28", As the work began, the beginning
of the worst winter locally in 30 years also started. Although in the south, the Smoky Mountains
are known for producing snow and beautiful fall foliage. This winter would see record rainfalls
in the south, additional rockslides on 1-40 near the project in Tennessee and North Carolina,
major road closures in Tennessee and a record flood in Nashville. Every storm it seemed,
tracked through the I-40 corridor producing rain, sleet, high winds and snow. Site work was
suspended for safety reasons on days when high angle access was hampered by weather.

Figure 9 - CH-53 Lifting Grout Plant

Design modifications were developed to address changing conditions as the slope was
exposed or drilling revealed different ground conditions. Initial removal of the lower scarp by
controlled blasting exposed a stable joint face that became the new terminus of the wedge feature
rather than a planned presplit line. This extra face area provided space for additional anchors
when they were needed later in the project. Deep soil conditions up to 18 feet deep were
encountered on several of the anchor rows. Because of their location, scaling or grubbing of the
soil was not practical. Deep soil conditions at the anchor heads had not been contemplated
during the design and bidding process. Further, excavating below 4 or more feet in soil to would
trigger OSHA trench safety requirements. A two-stage grouted anchor design was developed
where the bonded anchor length portion of the anchor would be grouted in place, the anchor
tensioned using a temporary wood cribbing system on the ground surface, and a second filling of
grout would lock in the tension with an upper bond zone. After the grout cured the cribbing
would be removed and re-used. Two test anchors were installed and the first stage grouting was
completed, but ultimately anchors in deep soil zones were relocated.
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Figure 10 - Checking Anchor Hole Orientation

Due to the tight anchor spacing (roughly a 10 ft by 10 ft grid), it was very important to
align the drilling equipment at the correct azimuth and inclination to prevent holes crossing at
depth. In addition, because the wedge planes are not parallel to the ground surface, drilling a
hole to the design depth at an incorrect azimuth or inclination could put the bond length within or
above the failure plane rather than below it. NCDOT inspectors worked with Golder staff to
measure all completed holes for azimuth and inclination and evaluated their acceptability on a
hole-by-hole basis (Figure 10). Any holes drilled outside the prescribed tolerance were
evaluated to see if they would still be beneficial to the design or needed additional length to
satisfy the design. NCDOT added additional anchor locations at the bottom of the slope to make
up for rejected holes.

Variable rock conditions were also encountered and forced field design changes in anchor
length. Where drilling was terminating in softer rock, noted by faster drilling rates, anchor holes
were extended deeper to terminate in at least 15 feet of harder rock. As drilling progressed,
some holes were approaching 150 ft in length to reach competent rock. Although the multistrand
cable anchors could accommodate this length, the elongation of the free stressing length in the
strands during tensioning would exceed the maximum travel of the hydraulic test jacks. This
required the use of larger jacks weighing over 300 Ibs, which could not be safely moved under
high angle conditions. Janod installed a Tyrolean hoist system across the upper portion of the
slope (Figure 11) to safely move the heavy jacks between anchors.
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Figure 11 - Tyrolean Hoist System, Inset - Moving a Jack

Variable rock zones similarly made development of flat bearing surfaces for the bearing
plates problematic. Larger bearing plates were required in some instances because the intact
rock strength after bearing pad preparation was not great enough to withstand proof test loads.
Preparation of the bearing pads in harder rock at times took more than twice as long as it took to
drill an individual anchor hole.

As the project progressed, there were continued difficulties installing multistrand tendons
caused by bearing pad preparation, problems with the large jacks, and testing of strands with
over 10 inches of elongation during stressing. Because the helicopter pilot was able to install full
length bar anchors, Janod switched back to using 1-3/8” bar anchors for all anchors and
developed a sleeved sheath for couplers in the free stressing length. Drilling continued with the
4 ' inch diameter downhole hammer drills. With the successful ability of Janod to drill the
larger diameter holes straight and full depth, the ability of the helicopter to install full length
anchors, and the slow nature of chipping out bearing surfaces, testing and locking off tensioned
anchors, NCDOT proposed changing the design to use 1 % inch Grade 150 continuous threadbar
passive rock anchors. Each 1-3/4” passive anchor would provide the capacity of 2 tensioned
anchors and would be easier to fabricate (no greased and sheathed section), they would not be
limited to holes with less than 3 ft of soil, and would not require proof testing of each anchor
(Figure 12). The use of passive anchors also eliminated the proposed two stage grouted anchors.
NCDOT’s design for the passive anchors required that 125 tensioned anchors be installed on the
slope, which was roughly what had been installed and grouted at that time. Locations for the
remaining anchors were identified based on soil depth and location in proximity to other
tensioned anchors.
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Figure 12 - Rock Bolt Fabrication and Staging

Anchors were generally grouted in blocks to keep the crews focused on the steps of
drilling, fabrication, installation and grouting of the ground anchors. It also cut down on the
effects of communication between anchor holes through the fractured rock mass forming the
wedge. Due to the large number of fractures in the rock mass, grouting was difficult when
working from the top down, as grout tended to migrate down into open holes that anchors had
not yet been installed into. NCDOT allowed Janod to complete the drilling and insertion of all
anchors in a work area prior to grouting them in order to minimize the loss of open holes to grout
migration.

As the anchors were being completed, the major push was to reopen the Interstate. Final
anchor locations were identified by NCDOT and the requirement for completing a TECCO
stabilized soil slope prior to reopening the roadway was dropped so that NCDOT could redesign
this area to accommodate the 29 foot depths of soil present. The Interstate re-opened on April
26,2010. From the Contract Start Date of December 28", 120 calendar days had elapsed,
including 48 full days and 19 partial days the site was closed down by weather.

In the final tally, over 58,000 linear feet of drilling had been done, concurrent with
scaling, bolt installation and testing. The mix of anchors included:

e 105 multistrand anchors (10,210 LF), tensioned to 140 kips

e 25 1 3/8 inch tensioned bar anchors (1,680 LF), tensioned to 140 kips
e 278 1 % inch passive bar anchors (24,544 LF)

e 91 1 % inch passive bar anchors (6,171 LF) on the vertical face

e 22 1 3/8 inch passive anchors (1,342 LF) completed after the highway reopened
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e 35 holes (3,303 LF) drilled and not approved by NCDOT for azimuth and inclination
e 26 holes (2081 LF) drilled and approved by NCDOT but not used
e 29 holes drilled (911 LF) for the original TECCO design on the east side of the slope
CONSTRUCTION TECHNIQUES

Achieving the production in drilling and anchor construction noted above in rugged
terrain and during winter could not have been done without considerable resources and
experience in high angle work techniques. The number of drills, staff, anchors required, and the

steep terrain (Figure 13) necessitated using specialized equipment, materials handling
techniques, and modification of plant and power supplies to accommodate site conditions.

Figure 13 - Project Work Area (compressors at lower left for scale)

Air Supply

Running ten to twelve drill rigs simultaneously required significant planning. Janod
mobilized six high capacity air compressors to the site and staged them all together. With the
drills requiring both high and low pressure air, several large air tanks were placed on the
mountain about halfway up. The individual air lines to the equipment were run off of these air
tanks with dedicated high volume/high pressure airlines running to the compressors down below.
The use of the air tanks reduced the loss in pressure of moving air for long distances through
small air lines. As work progressed down and across the slope, additional air tanks were
installed on the east side of the site and the compressors split between both sides of the site.
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Moving Materials

With the top of the site more than 500 vertical feet off the highway below, moving
material and supplies around the site was a major concern. Janod installed a highline hoist
system (Figure 8) from the highway up to the air tanks on the west side, about half way up the
slope. This system, typically equipped with a large basket, quickly and easily moved everything
from drill bits and air tool oil to the lunches of the workers up the slope. By removing the
basket, larger items such as coiled multistrand anchors could be moved up the slope.

Figure 14 - CH-53 Installing a Ground Anchor

During anchor testing, moving the hydraulic test jacks weighing up to 300 pounds each
around the slope was facilitated using a Tyrolean cable hoist system developed in the Alps for
work in high terrain. For this project, an upper highline supported by one intermediate tower and
a lower highline supported by two intermediate towers was used. A third highline ran from the
lower slope though a block on a trolley on the lower highline up through a second block on a
trolley on the upper highline. Items were attached to a trolley on the third highline and could be
moved anywhere on the upper slope by moving the third highline left or right.

The majority of the heavy lifting was accomplished with a twin turbine CH-53 helicopter
flown by Construction Helicopters. In addition to being able to precisely locate and insert full
length bar anchors weighing upwards of 1000 Ibs (Figure 14), the helicopter was used to move
grout plants to the top of the mountain above the site and stockpile all of the grout used. Other
lifts by the helicopter included removing the trees cut from the slope at the start of the project,
moving light plants around the slope, and also moving test jacks.



61 HGS 2010: Journeaux, et al. 15

Drilling

Drilling production and installation of anchors in 3 2 inch and 4 '2 inch holes using
conventional bencher drilling equipment would have been impossible. For this project, the basic
drill consisted a 3 %2 inch downhole hammer drill mounted to a custom-built air powered wagon
drill (Figure 15). Special modifications to accommodate larger anchors for this job, included 4 2
inch downhole hammers, and several drills were adapted to use hydraulic power for rotation and
downfeed pressure. Hydraulic power was supplied by portable hydraulic power units mounted to
carts that could be winched up and down the slope. During drilling on the vertical face, standard
air-powered wagon drills were again used, this time running the 4 ’2 inch downhole hammers.
Janod also adapted two Ingersol Rand airtrack drills to operate on the slope and drill with the 4 5
inch downhole hammers and hydraulic feed.

Figure 15 - Multiple Wagon Drills
Night Shifts

In an effort to complete the work by the original deadline, Janod elected to work two
crews per day, eventually going with two 12-hr shifts. This required working under lights in the
dead of winter. Dedicated generators were installed at the bottom of the slope and three phase
power run up the slope to several temporary power panels complete with breakers. Power was
then run to electric light towers (as well as any tools used by both the day and night shifts). To
increase the amount of light, three diesel light plants were flown up the slope and installed at
strategic locations (e.g., the grout plant) to supplement the existing lights.

CONCLUSIONS

Construction of large scale repairs to slopes requires capability and flexibility on the part
of the project team. From the designer to the contractor and owner, expectations should include
the need to adapt to changing conditions as they are identified. Greater success will be achieved
by those who have more tools and flexibility to adapt and implement the necessary changes.
This project was a good example of the teamwork needed to complete design and construction to
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reopen a critical roadway following a rockslide. Through application of innovative construction
techniques, adaptive design modifications and teamwork, this precedent-setting project was
completed despite changing ground conditions and the worst winter weather in 30 years.
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ABSTRACT

On November 10, 2009, a large rockslide struck U.S. Route 64 in the Ocoee Gorge in
Polk County, Tennessee, following an intense rainfall event associated with tropical storm Ida.
The slide obliterated the roadway and a sidewalk, blocked access to a boat ramp, and impacted
area access as well as the local economy for five months. Approximately 15,000 cubic yards of
rock, soil and forest vegetation buried the roadway to a height of nearly 25 feet. An adjacent
historic concrete faced timber crib dam operated by the Tennessee Valley Authority (TVA) was
not impacted by the slide. An initial smaller slide occurred early in the morning closing the
roadway and mobilizing maintenance, repair and television crews to site. Observation of the
slope during the initial cleanup indicated a larger slide mass was failing and provided sufficient
warning to evacuate workers clearing the initial rock debris before the main slide fell, avoiding
potential loss of life. Television news crews on site to cover the initial smaller slide obtained
rare video footage of a major rockslide occurring.

Originally called the Copper Road because it was constructed to haul ore west along the
Ocoee River valley to Cleveland, Tennessee, U.S. Route 64 is a vital east-west two-lane highway
providing the only principal access between extreme southeast Tennessee and adjacent North
Carolina. Detour routes around the area extended travel up to two extra hours. The roadway
follows the winding Ocoee River, the site of the whitewater events of the 1996 Summer Olympic
Games. The roadway is also the primary route for commuters from Polk County to jobs in
neighboring Bradley and Hamilton Counties, a daily commute that ranged from one to two hours
for citizens on the far side before the slide occurred. The river and roadway traverse the
Cherokee National Forrest, providing access to outdoor enthusiasts. The roadway also serves as
the primary route for emergency and commercial vehicles serving the towns, tourist camps and
whitewater rafting outfits in the area, and is also the main east-west corridor for commercial
trucking from Chattanooga and southeast Tennessee with North Carolina. The rock slope, like
many within the Ocoee Gorge, has been monitored closely by the Tennessee Department of
Transportation (TDOT) under their rockfall hazard program. Area TDOT maintenance workers,
well aware of the issues posed by many of the rock slopes within the gorge, check the slopes and
roadway for changes regularly during the winter freeze-thaw events and after significant rainfall.

The rocks in the Ocoee Gorge consist of late Precambrian, complexly folded, thin to
medium bedded, low-grade metasediments, including slates, phyllites and metagraywackes.
Differential weathering of thin beds of slate and phyllite bounded by more competent
metagraywacke can lead to planar and wedge failure of steeply dipping beds, intersecting joints
and cleavage planes. Exposure of these weak beds in the toe of the slope, in conjunction with
over five inches of rain over a 24-hour period, led to planar sliding failure of a portion of the
rock slope. Remediation included scaling of loose rock and soil; trim blasting of remaining beds
on the slope to remove the potential for further rockfall; installation of pattern rock bolts
throughout the slope; and installation of drains at the toe of the slope. Due to the proximity of
the TVA dam, blasting vibrations had to be monitored. Limited access along the mountainous
two-lane highway hampered rock slope mitigation construction.
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INTRODUCTION

On November 10, 2009, at about 6:00 a.m., a small rock slide occurred on U.S. Route 64
in Polk County, southeast Tennessee, mile marker 17.6 in the Ocoee River Gorge (see Figure 1).
The small slide partially blocked the highway, but occurred during light traffic with no reports of
any accidents. The maintenance crew of Region 2 of the Tennessee Department of
Transportation (TDOT) immediately closed the roadway and started to clear the road using a
hydraulic breaker and other heavy equipment. The rockslide occurred following heavy rains
from a tropical storm/nor’easter nicknamed “Nor-Ida”. As heavy rains continued that morning,
TDOT monitored the rock slope closely. At about 12:30 that afternoon, after hearing the slope
continue to crack and groan, the TDOT geotechnical engineer ordered all maintenance crews,
media and others to evacuate the rock slope. At about 1:00 p.m., a much larger rock slide
occurred, comprised of about 15,000 cubic yards (cy) of rock, soil and forest debris that slid onto
the roadway and into the Ocoee River. Two television crews captured the second slide on video,
which made national news and many rounds amongst the engineering geology community.
Review of the video indicates a possible key rock block slab about five feet (ft) long slid out
from the toe of slope seconds before the main mass slid. The initial estimate of roadway closure
was at least eight weeks.

Figure 1 — Site Location Map Showing Detours Around Rock Slide Location (TDOT).

The second slide destroyed about 150 ft of two lane roadway, a sidewalk, and a put-in for
white water rafting and other vessels on the Ocoee River (see Figure 2). The slide just missed a
historic concrete-faced timber crib dam (Ocoee Dam No. 2) operated by the Tennessee Valley
Authority (TVA), built in 1912. U.S. Route 64 is a vital east-west highway linking western
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North Carolina with the Cleveland-Chattanooga area of southeastern Tennessee. It is the main
east-west corridor for commercial trucking from Chattanooga and southeast Tennessee with
North Carolina, and provides recreational access to the Cherokee National Forrest and Ocoee
River. In 1996, whitewater events of the Summer Olympic Games were conducted at the site of
the rock slide. Detours (Figure 1) around the slide area were extensive, up to two hours one-
way, as roadways are spaced widely in the rugged mountainous region of the Southern
Appalachians. The detours caused major socioeconomic impacts from late fall 2009 into spring
2010, adding significantly to commute times each way for citizens working in the neighboring
counties of Bradley and Hamilton (the location of many of the area’s jobs), and closing down the
regionally critical tourism trade associated with outdoor activities and whitewater rafting on the
Ocoee, delaying the start of rafting season by several weeks. Most significantly, the road closure
adversely impacted emergency services to Eastern Polk County, cutting off Ducktown from a
hospital with surgical capabilities necessitating a helicopter evacuation for any critical patients.

Improvements in the roadway, particularly those since the 1930’s, have focused on
adding some width, but in several places these improvements have removed the toe of planar
beds steeply dipping toward the roadway. Some of the roadway, nearest to the Whitewater
Center and before the entrance to the Gorge at Parksville Dam, have already been widened to a
four lane route. However, this last section of roadway while extensively studied, has not been
widened due to the area geology, unique cultural and environmental features, environmental
opposition, potentially acid producing rocks, and the extreme potential expense of roadway
construction in this mountainous terrain.

Figure 2 — Aerial Photograph of the Rockslide on November 15, 2009. Note TVA Dam and
Partially Buried Whitewater Raft Put-In on Lower Right. View to the Northeast.
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REGIONAL GEOLOGY

The project area is located within the Blue Ridge Physiographic Province of southeast
Tennessee. U.S. Route 64 traverses mountainous terrain characterized by over steepened ridges
locally associated with existing and historic landslides and narrow, steep-sided drainages and
stream valleys containing little or no flood plain. These drainages and streams generally trend
northeast-southwest and discharge into the Ocoee River. The corridor is predominantly
underlain by rocks of the Great Smoky Mountain Group. These rocks generally consist of fine-
to coarse-grained, interbedded metasedimentary rocks subjected to structural deformation that
produced large-scale folds with local chaotic bedding. Low-grade metamorphism resulted in a
pervasive slaty cleavage that generally overprints most of the bedding planes and is axial planar
to large-scale folds.

The bedrock at the site consists of late Precambrian metaconglomerate, metasandstone,
metagraywacke and locally graphitic and sulfidic slate, with thin discontinuous dark gray layers
of “pseudodiorite”. Initial detailed field mapping correlated these rocks as equivalent to the late
Precambrian Hothouse Formation of the Ocoee Series (Hernon, 1968). Later mapping assigned
these rocks as belonging to the Buck Bald Formation of the Ocoee Supergroup, consisting of
quartz-feldspar pebble metaconglomerate, with interbeds of metagraywacke, slate and
metasiltstone (Clark et al., 1993). More recent mapping indicates these rocks lie within the late
Precambrian Dean Formation, within the Western Blue Ridge Greenbrier Thrust Sheet,
consisting of metaconglomerate, metagraywacke, slate and metasiltstone (Thigpen and Hatcher,
2009) (see Figure 3).

The corridor occurs just west of the world-renowned Ducktown massive sulfide deposit.
Sulfides, mainly in the form of the minerals pyrite and pyrrhotite, are reported to occur as
disseminated crystals and in veins in the slate and to a lesser degree in the metamorphosed
sandstone. These sulfides locally occur in much higher concentration in the troughs and crests of
folds. The occurrence of sulfides has also been reported to increase with decreasing
metamorphic grade; metamorphic grade generally decreases to the west within the corridor.

Road cuts within the corridor generally consist of interbedded metasandstone,
metaconglomerate and variably phyllite and slate. Slope stability is largely controlled by joint
sets and cleavage in the slate. Rock cuts are typically excavated at about “4H:1V where the rock
is massive and appears to be stable overall. Locally, the irregular appearance of the slopes,
however, suggests rock falls have historically occurred. A fairly thin veneer (typically O to 20 ft)
of residual soil mantles the bedrock on ridges within the corridor. The Ocoee River, along with
associated drainages and tributaries, flows primarily on slightly weathered to fresh bedrock.

One key feature of the rock cuts through this section of the Ocoee River Gorge is the
extensive weathering and some blast damage of the original rock cuts and bluffs. Most of the
cuts that have been made in the area, with the exception of several areas improved during the
winter of 2009 and over time, date back to the original construction of the road and many are still
in their natural state. Very little presplit blasting was utilized during the construction of the rock
cuts in the area, adding to the potential problems. Numerous rockslides and rockfalls have
occurred in the area over the years ranging from small falls to larger road blocking events.
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Figure 3 — Regional Geologic Map (Thigpen and Hatcher, 2009)
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Bluffs, cliffs and slopes above the roadway show extensive loose rock and stacked rock. Hidden
weak layers of rock/weathered rock/clay dipping toward the roadway and underneath the natural
1/2:1 to 1:1 slopes have also given way over time, as with the rockslide of 2005 that shut the
roadway down for two months. Numerous natural slide scars can be seen along the roadway,
many of which have no record at TDOT, and personnel who have been working in the area for
the last 40 years report no knowledge of when these events occurred.

SITE GEOLOGY

The lithology of the site consists of metaconglomerate, metagraywacke and metasiltstone.
The metaconglomerate consists of massive, thickly bedded (1 to 5 ft), medium to dark bluish
gray (weathered), medium bluish gray (fresh), very hard (R6), coarse to very coarse grained (up
to 0.75-inch dia.), weakly foliated metaconglomerate, with clasts consisting predominantly of
quartz with some feldspar (probably potassium feldspar), with rare oxides. The
metaconglomerate contains some iron hydroxide staining and replacement of calcite and
oxides/sulfides. The metagraywacke is similar to the metaconglomerate, but consists of massive
to medium bedded (0.5 to 3 ft), medium to dark gray (weathered), medium to light gray (fresh),
rusty weathering, medium to coarse grained (up to 0.25 inch dia.), hard (R5-R6), weakly to
moderately foliated greywacke. The metasiltstone consists of thinly bedded (less than 0.5 ft),
medium to dark brownish and greenish gray (weathered), dark gray (fresh), very fine grained to
aphanitic (where slaty), strongly foliated and cleaved (with at least three cleavages), weak (R1-
R2) metasiltstone and slate. This unit occurs as pods, lenses and discontinuous beds, often
containing rusty weathering and damp to wet seeps, and is susceptible to differential weathering.
Both the metaconglomerate and metagraywacke contain dark gray, foliated pods and lenses of
metasiltstone, interpreted to be rip-up mudclasts. Discontinuous quartz veins up to three inches
wide commonly exist perpendicular to bedding, and less so concordant with bedding. Folding is
minor at the rock slope site. Unlike many of the adjacent areas, the metaconglomerate and
metagraywacke at this site are not a source significant potentially acid producing rock.

TDOT and Golder, Associatescollected over 300 discontinuity measurements from
adjacent rock outcrops in the Ocoee Gorge, as well as from the rockslide slope via rope rappel.
From these data, four major discontinuity sets exist (see Figure 4). These are:

Table 1 — Discontinuity Set Summary
Set ID Strike/Dip Right Notes
I m 038 /56 Parallel to bedding, dip slope former
2 m 222 /38 Perpendicular to bedding, quartz veins
3m 171/50 Minor discontinuity set
4m 314/ 84 “Evil Twin” release joint set

Of these, the 1 m set (above) contains the dip slope forming joint set, which is parallel to
bedding and foliation (as contained within the metaconglomerate and metagraywacke). It is this
set in which the rockslide originated.
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Figure 4 — Discontinuity Stereonet (Major Discontinuity Planes and Face Orientation in
Strike/Dip Right Format).

The primary failure surface consists of a thin bed of highly to completely weathered
metasiltstone between thickly bedded to massive metaconglomerate and metagraywacke of the 1
m discontinuity set. Following the failure, this material was found to have eroded to a
completely weathered, saturated, light brown sticky silt and clay.

ROADWAY HISTORY

Adding to the geological challenges at the site is a roadway that has evolved over time,
and was not designed for rockfall catchment or under current accepted standards. This section of
roadway, while extensively studied for re-alignment over the past 40 years as part of TDOT’s
roadway program and with the encouragement of the Federal Appalachian Development
Authority has not yet resulted in a re-alignment or significant upgrades to the roadway facility
from a two lane road. Adjacent sections of this roadway from the east and west have all been, or
are being constructed as a four lane divided highway. However, this particular section presents
significant technical, cost and environmental challenges. Currently, a new alignment is being
studied and is in the “environmental phase” of assessments.

Major improvements to the area, such as a major realignment or construction of a four
lane road through this section of roadway, have not been performed due to the technical
challenges, large cost and potential environmental and cultural impacts to the area. Much of the
rock in the area, though not at this specific site, is highly susceptible to producing acid rock
drainage and this area was damaged extensively by such drainage and acidic rain due to copper
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and sulfate mining in the 19th and 20th centuries. Many of the old mines in and around
Ducktown and Copper Hill still discharge significant acidic runoff. Pyrite cubes can be seen
with the naked eye along many of the rock cuts and bluffs and net acid based accounting gives
many of the tested samples in this area among the worst of the potentially acid producing rock of
Tennessee. The topography also presents significant challenges: many of the potential new
alignments, and even improvements of the existing road, lead to potential cross sections of
numerous cuts at 200 to 300 ft in height in folded, faulted and otherwise structurally complex
rock. Over the years tunnels, viaducts and other expensive structures have been proposed to
reduce the height of these cuts and the significant fills (200 to 400 ft) that might be necessary
depending on the alignment chosen.

The roadway through the Ocoee Gorge was initially constructed in the mid-1800’s to
haul copper from near Ducktown to a railhead in Cleveland, and was originally called the Old
Copper Road. The Tennessee Department of Highways reconstructed the roadway in the 1930’s
and again in the mid-1960’s, improving travel along the scenic Ocoee Gorge. Part of the
improvement included shallow, vertical rock cuts at the toe of the rockslide area. The removal of
the toe has caused successive failure of small rock blocks further up slope, as the weak
metasiltstone beds were exposed to weathering and water pressure build-up, causing TDOT
maintenance crews to monitor the project area. Maintenance crews regularly inspect the
roadway for changes and falls after freeze-thaw events in the winter and after any large rain
events, and then notify the TDOT Geotechnical Division of changes and concerns. Numerous
calls have been made to inspect sites over the years and spot improvements have been conducted
as weathering and sliding changes impact the cuts.

Rockfall and rockslide repairs to the slope in this area have tended to be more reactive,
partially because of plans to improve the entire corridor. Before the 2009 slide, this section of
roadway contained 11 of the 36 worst rockfall sites statewide in Tennessee and had over 44
“Class A” (high potential for rockfall) sites within a 10 mile section. Numerous “Class B” Sites
(medium potential for rockfall) are also contained within a 10 mile section. The need to improve
so many sites in order to significantly reduce the risk to the public leads inevitably to the
conclusion that in terms of rockfall and rockslide mitigation, the most effective method of repair
is to mitigate (i.e., improve or realign) the section of roadway, rather than just concentrating on
individual rock cuts and bluffs.

Unfortunately, with no good detour, a narrow two lane road with no shoulder and a
significant ADT of more than 6,000 cars per day would require closing the road for any work
along this section of roadway. Many areas cannot have more work performed other than some
simple patchwork scaling due to the site