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1.0 INTRODUCTION

This report presents the findings of a supplemental geotechnical investigation to characterize
and subsequently evaluate the probable cause of embankment cracking in the vicinity of Station
721+00 of the Buckeye Flood Retarding Structure (FRS) No. 1, located approximately 12 miles
northwest of Buckeye, Arizona. The investigation was designed to support the development of
recommended repair techniques for the Station 721+00 location, and at three other locales with
suspected severe cracking (Stations 624+35, 673+50 and 710+47), and to evaluate the
adequacy and stability of the existing central filter drain. These areas of concern were originally
identified during a previous study completed by AMEC in 2001 (AMEC, 2001)". This more
recent evaluation was also designed as an effort to validate and propose improvements to the
exploratory techniques applied at Station 721+00, thereby optimizing planned investigations of
the remaining segments of the dam affected by transverse cracking.

The investigation described herein was authorized by the Flood Control District of Maricopa
County (District) during March of 2004 as Work Assignment No. 2 of Contract FCD 2003C014.
The investigation involved both field and laboratory data collection. The goals of the work
assignment included the local characterization of the geometry, extent, width and spacing of
embankment cracks in the vicinity of Station 721+00, the geotechnical attributes of the
underlying foundation soils, and the physical properties of the embankment soils and drain
materials. Subsequent geotechnical appraisals regarding embankment integrity and safety
followed, including an analysis of seepage behavior. Field activities included geological
mapping, geophysical surveys, surficial cleaning and crack inspection, drilling, completion of
test pits and test trenches, and the excavation and logging of a deep longitudinal test trench
along the dam crest, resulting in the partial removal of the central filter drain. The laboratory
program included a suite of physical characterization tests, and specialized procedures to
evaluate the erosional characteristics of the aggregates used in the existing central filter drain
within the dam.

As part of this work assignment, AMEC retained Mr. James Talbot to serve as a senior
subconsultant on the project. During his past work with the Soil Conservation Service, Mr.
Talbot contributed to the design of the Buckeye FRS No. 1 central filter drain, and is a
recognized specialist in the design of sand and gravel filters. Mr. Talbot participated in the
formulation of the work plans for this project, observed the site conditions during the course the
field investigation, and commented on the content of this report.

' References are listed at the end of this report.
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This report first presents a summary of the investigative methods applied, followed by a
description of the local geology, the geotechnical profile of the dam foundation, the embankment
materials, and the discontinuities detected within the dam structure. Discussions of the
probable cause of embankment cracking are then presented, along with an appraisal regarding
the performance of the central filter drain. The investigative procedures are critiqued, and
recommendations regarding subsequent exploration are provided. An inclusive recommendation
is then presented regarding the remaining three cracked embankment segments, involving both
characterization and repair, with comments regarding the implications of the Station 721+00
discoveries upon the overall approach to assuring dam safety.

2.0 OVERVIEW OF BUCKEYE FRS

Buckeye FRS No. 1 was completed by M.M. Sundt Construction Company on March 1, 1974
under contract to the Natural Resources Conservation Service (NRCS, formerly the Soil
Conservation Service). The facility is designed to prevent flooding of Interstate 10, and to
protect property located south of I-10 near Palo Verde Road and I-10 east of the Hassayampa
River. The embankment is 7.09-miles long, extending from Stations 555+00 to 931+80, with a
maximum height of 33 feet. This homogeneous earthen embankment was constructed of
surficial soils from the low-flow channel within its impoundment, and from sub-excavation of the
native soils underlying the embankment. As depicted on the as-built plans for the structure
(SCS, 1974), the embankment has an upstream slope of 3H:1V (horizontal to vertical), a
downstream slope of 2H:1V and a crest width of 14 feet. The embankment geometry includes a
centerline foundation cutoff trench with a bottom width of 15 feet and 2H:1V side slopes. The
cutoff trench was designed to extend through the surface layer of softer Holocene deposits into
the underlying cemented Late Pleistocene deposits (termed “siltstone or sandstone as approved
by the engineer” on the project plans). The cutoff trench was constructed between Stations
590+00 and 907+70. The original design plans and a geologic investigation report (SCS, 1971)
for the structure also specify that native materials having a “high to moderate consolidation
potential” be stripped from the foundation area of the dam. The depth of stripping was to be
determined by the engineer, but this detail is not clearly delineated on the as-built plans.

Project plans indicate that the principal outlet conduit for Buckeye FRS No. 1 is a 60-inch
diameter reinforced concrete pipe with anti-seep collars at 16 feet on-center, located at Station
910+67 near the west end of the dam . The inlet channel to this principal outlet extends east to
about Station 855+00, and the outlet directs flows to the Hassayampa River located about 1,200
feet to the west. An earth channel spillway is located at the western end of the structure at
Station 931+80. Gated outlets extending through the dam are located at Stations 710+00 and
817+00. The project plans indicate these 12-inch diameter reinforced concrete pipes were
constructed with anti-seep collars at 16 feet on-center and supported by concrete cradles. An
irrigation outlet channel is located on the downstream side of the dam between Stations 710+00
and 798+00. Ungated outlets to this channel are located at Stations 764+50 and 796+50.
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About 4 years after the completion of the Buckeye embankment, a routine inspection of the
structure by the Arizona Water Commission (AWC, now the Arizona Department of Water
Resources) on March 29, 1977 “revealed serious surface lineations of transverse cracks and at
least one longitudinal crack” (AWC, 1979). The SCS and the AWC jointly investigated the
cracking in January 1978 by excavating the discontinuities to evaluate their nature and extent.
Fugro, Inc., Consulting Engineers and Geologists (Fugro) subsequently completed a detailed
assessment of the extent of cracking within the FRS (Fugro, 1979). Their report concluded that
47 percent of the embankment length had experienced no cracking, 36 percent had a low
degree of cracking and 17 percent had a moderate to severe degree of cracking. Their report
also presented several alternatives to mitigate the possible effects of the cracking, including
construction of a central filter drain connected to downstream outlet drains.

In 1980 a central filter drain was installed along the centerline of the FRS between Stations
565+00 and 801+00, constructed by excavating a trench from the dam crest and backfilling of
the excavation with permeable material. As detailed in the as-built construction report and on
the plans for the central filter drain (ERTEC, 1981), the drain is 2.5 feet wide and ranges in
depth from 4.4 to 19.5 feet, but commonly is about 17 feet deep. Sixty-one outlet drains were
installed at various intervals along the downstream side of the structure. The plans indicate the
outlet drains are located at intervals of 500 feet between Stations 565+00 and 650+00, and at
intervals of 1,000 feet between Stations 650+00 and 800+00. During construction, some
scheduled outlets were moved and additional outlets were installed at locations where cracks
were located within three feet of the excavation floor, or where 3/8-inch or wider cracks were
encountered deeper than three feet from the top of the structure.

During construction of the central filter drain, a detailed geologic inspection of the downstream
face of the excavation was performed to ensure that the trench intercepted all cracks, and to
provide detailed records of the cracks. Detailed documentation of the cracks encountered was
completed, including the type (transverse, longitudinal or oblique), width, length, depth and
location. (ERTEC, 1981).

As previously mentioned, AMEC completed a field investigation in 2001 of selected features and
cracks at the Buckeye FRS No. 1 (AMEC, 2001) to assess the cause of the cracking and the
adequacy of backfilling the cracks and related features with ASTM C-33 sand. The study, which
included trench flood testing, indicated that the cracking may extend below the depth of the
central filter drain and outlet drains at a few locations, specifically Stations 624+35, 673+50,
710+47 and 721+00. The apparent continuity of cracking at these locations resulted in large
seepage losses when water was introduced into trenches on the upstream face of the
embankment. Conditions encountered at the present study area near Station 721+00, based on
both the AMEC (2001) report and a subsequent AMEC (2002) evaluation, are summarized in
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Section 5.1. At Station 721+00, the flood testing resulted in seepage occurring near the
upstream toe of the embankment, which is below the bottom elevation of the central filter drain.
Flood testing conducted as part of the previous Fugro (1979) investigation also measured high
flows at two of the same general locations (Stations 710+47 and 721+00).

The previous AMEC study (AMEC, 2001) indicated that transverse cracking might extend to a
depth in excess of the depth of the central filter drain. To further investigate this possibility,
AMEC recommended that additional trenching be conducted in the vicinity of Station 721+00,
where both significant seepage flows and seepage discharging near the upstream toe of the
structure were observed. If a continuous crack to the full depth of the trench at this upstream
location was encountered, then additional trenching nearer to the upstream crest of the
embankment was recommended to further investigate the continuity of cracking with depth.
Additional trenching at the other locations (Stations 673+50, 624+35 and 710+47) where toe
seepage was observed was also recommended, if cracks extending vertically to the elevation of
the upstream toe were encountered at Station 721+00.

3.0 INVESTIGATIVE APPROACH

* The following discussion summarizes the investigative methods and data sets compiled for this
evaluation. The approach included several components: 1) initial site inspection and geologic
reconnaissance; 2) compilation of existing data and previous interpretations; 3) evaluation of
pipe videos; 4) development of work and backfill plans; 5) a geophysical program of seismic
refraction and shear wave profiling; 6) exploratory drilling; 7) upstream embankment cleaning
and excavations; 8) excavation of a deep longitudinal trench that removed the central filter
drain; 9) backfill and repair of drain, dam crest and embankment slope; 10) laboratory testing of
representative samples; and 11) select seepage and stability analyses.

31 Initial Site Inspections and Geological Reconnaissance

An initial site visit and geologic reconnaissance was performed by Ralph Weeks, P.G. and
Kenneth Fergason, P.G., both of AMEC. The length of the dam was traversed by vehicle, and
ground reconnaissance was performed at and around Stations 624+35, 673+50, 710+47, and
721+00. Surficial manifestations of cracking were not evident in the vicinity of any of the above
four locations, with the lack of those indications likely due to previous surficial treatment and
crack repair efforts. The local geology was assessed in the field using the published mapping of
Demsey (1989).
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3.2 Compilation of Existing Data and Previous Interpretations

A review of previous crack investigation work, geotechnical characterization efforts, repair
construction reports and related documentation for Buckeye FRS No.1 was performed for the
area in and around Station 721+00. The following documents were reviewed as a part of this
evaluation:

e Buckeye FRS No. 1 Investigation of Cracking - Work Assignment No.3, report submitted
to the Flood Control District of Maricopa County, AMEC, 2002.

e Geotechnical Investigation Report, Buckeye FRS No. 1, report submitted to the Flood
Control District of Maricopa County, AMEC, 2001.

e As-Built Report, Buckeye Site 1 Drain, Maricopa County, ERTEC , 1981.

e Crack Location Investigation, Buckeye No. 1 Flood Retarding Structure, Maricopa
County, Fugro Inc., 1979.

e Report of Geologic Investigation, Buckeye Watershed, Floodwater Retarding Structure
No. 1, Soil Conservation Service, 1971.

Pertinent data from these studies are included in Appendix A.
3.3 Evaluation of Pipe Videos

Inspection videos (DVD) of the two 12-inch diameter reinforced concrete pipe irrigation outlets
located at Stations 710+00 and 817+00 of Buckeye FRS No.1 were obtained from the District.
Both videotapes were reviewed and all pipe joints were closely examined to detect possible
separations, deformation or other abnormalities. Descriptions of the outlet video inspections for
both pipes are presented in Section 6.4 of this report, and the inspection reports for individual
pipe joints for both pipes are provided in Appendix B. The original inspection videos (in CD) for
both outlet pipes are also included in Appendix B. A review of the inspection videos of the
principal spillway was not part of this work assignment.

3.4 Development of Work and Backfill Plans

Prior to full-scale implementation of the field work, a field exploration and laboratory testing work
plan, and a proposed backfill plan were prepared by AMEC and submitted to the District and
other agencies (ADWR, NRCS) for review and approval. The work was divided into three
phases. Phase 1 included geological mapping, geophysical surveys, the cleaning and mapping
of the embankment surface, and drilling. Phase 2 included the excavation of test trenches in
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the upstream embankment slope and in the longitudinal trench along the central filter drain.
Phase 3 included the backfilling of the longitudinal trench and repair and reconstruction of the
upstream slope. The work plan provided descriptions of field exploration methods, investigation
procedures, the type and number of samples required for laboratory testing, and the number
and location of borings and test trenches. The work plan also provided a proposed array of
different laboratory tests deemed necessary to characterize the physical and mechanical
properties of embankment and foundation materials. The final work plan and backfill plan were
developed following discussions with and comments by the District.

A deep longitudinal trench was excavated parallel to the embankment axis. The longitudinal
trench removed the central filter drain material, and was subsequently backfilled with selected
aggregate material after the investigation was complete. The trenching exposed the upstream
and downstream embankment profiles at the contact with the drain, and the embankment below
the central filter drain. Prior to this work assignment, a filter analysis was performed to
determine if the original drain material functions as a filter for the embankment soil, in
accordance with Natural Resource Conservation Service (NRCS, 1994) criteria. The results of
the filter analysis were presented in a previous report (AMEC, 2001). On the basis of this
previous analysis, a suitable aggregate was selected for the backfill of the central filter drain
trench based on NRCS filter criteria.

A backfill plan provided by AMEC earlier was modified for this project. The plan for this backfill
and reconstruction was developed in consultation between AMEC, the District, ADWR, and
NRCS representatives, with the support of independent consultant James R. Talbot. The
interim findings of the crack investigation were discussed in a meeting held on May 5, 2004 at
Day’s Inn located three miles east of the site. The meeting took place at 3:00 p.m. following a
field visit to the site at 1:00 p.m. by the representatives listed below.

Participant Representing

Brett Howey FCDMC

Michael Greenslade FCDMC

Jon Benoist ADWR

Michael Johnson ADWR

Danny McCook NRCS

Jim McHenry NRCS

Jim Talbot Independent Consultant
Ralph Weeks AMEC

Bibhuti Panda AMEC

Ken Fergason AMEC
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The goal of the backfill plan was to restore the dam height to the elevation specified in the
design, and to temporarily mitigate the hazard of failure through the discontinuities in the
embankment found during this investigation. It was agreed during the project meeting that
these measures were interim in nature, intended to reduce the risk of dam breach until full-scale
repair measures or other alternatives are selected, designed and implemented. The details
regarding the backfilling and reconstruction of the embankment are discussed in Section 3.9 of
this report.

At the time of the meeting referenced above, all participants present concurred that the
conditions observed in the Station 721+00 study area did not represent an unsafe condition,
and the appropriate course of action was to proceed with the tasks summarized in this report.
Subsequently, the ADWR reclassified the dam as “unsafe non-emergency” as detailed in a May
25, 2004 letter to the District.

3.5 Seismic Refraction and Shear Wave Profiling

Eight 120-foot long seismic refraction and shear wave surveys (Lines 1 through 8) were
completed by Michael L. Rucker, P.E. and Mr. Fergason, both with AMEC, on April 6, 2004.
The purpose of these lines was to assist in characterizing the subsurface geotechnical profile,
and to identify the presence or absence of potential discontinuities or fissures in the near vicinity
of the Station 721+00 study area. A Geometrics S-12 Smartseis signal enhancement
seismograph and geophone array were used. Lines 1 and 2 were positioned at the upstream toe,
Lines 3 and 4 were positioned on the upstream slope, and Lines 7 and 8 were positioned along the
downstream toe of the FRS. These six lines were overlapped to provide continuous profile
coverage in the area of investigation. Line 5 was positioned on the FRS crest and Line 6 was
positioned on the FRS downstream slope. These two lines were centered on a known and
previously staked transverse crack in the embankment.

A sledgehammer energy source was used to collect compression wave (p-wave) data for
seismic refraction analysis. Jogging alongside the geophone array was performed to generate
energy for refraction microtremor analysis for a one-dimensional vertical shear wave (s-wave)
profile at each seismic line. The seismic refraction data was fully interpreted to provide
information regarding the underlying geotechnical profile, including lateral variations in the
subsurface materials and within the embankment. The results of the refraction seismic surveys
are presented in Appendix C, along with brief descriptions of the seismic refraction equipment
and procedures used. Seismic line locations are shown on the site plan presented in Figure 2.
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Seismic results were used to identify the presence or verify the absence of fissures in the
foundation or significant discontinuities in the embankment. A method of visually examining
seismic traces for a sudden decrease in signal amplitude (attenuation) and/or an anomalous
increase in arrival time (time offset) of the seismic signal between adjacent geophones was
employed. The presence of such anomalies in several data sets for each line, such as in both
foreshot and backshot trace sets, was considered an indicator of an earth fissure or similar soil
discontinuity. This method is detailed in Rucker and Keaton (1998) and has been used to
identify and trace earth fissures at other sites in Arizona. Interpretation of the absence or
presence of anomalies consistent with earth fissures or significant embankment discontinuities
was made in the field during the performance of each seismic line. Location(s) of an anomaly
interpretation(s) at a seismic line were staked in the field while the seismic line cabling was still
deployed on the ground. Copies of seismic line traces with anomaly interpretations are
presented in Appendix C.

3.6 Exploratory Drilling

Eight borings (Borings B-1 through B-8, inclusive) were completed at locations adjacent to the
dam in the vicinity of Station 721+00, to depths of 40 feet below ground surface. The borings
were advanced using a CME-95 drill rig utilizing 8-5/8-inch O.D. hollow stem auger, owned and
operated by Heber Mining & Exploration Company. Standard penetration testing and sampling
were performed at selected intervals in the borings. In addition, CME continuous sampling
techniques were performed at selected intervals in the borings. CME samples were obtained in
acrylic tubs, 2.5 feet in length with an O.D. of 3.0 inches. A total of 80 linear feet was sampled
with CME sampling methods. The soils encountered during the investigation were continuously
examined, visually classified and logged. Upon completion of the borings off the existing dam
embankment, they were backfilled by the drilling subcontractor with the previously excavated
drill cuttings mixed with bentonite chips.

Logs of the test borings are presented in Appendix D, including a brief description of drilling and
sampling equipment and procedures. The boring locations are shown on Figure 2. The field
investigation was supervised by Mr. Fergason.

3.7 Excavations in the Upstream Embankment Slope

Excavation and investigation of the transverse cracking in the upstream embankment

proceeded in four stages: 1) initial cleaning of the upstream slope of the dam; 2) further cleaning
of surfaces in targeted areas; 3) embankment benching; and 4) excavation of toe test trenches.
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3.7.1 Initial Surficial Cleaning

A segment of the upstream embankment surface, approximately 150 feet long, was initially
cleaned by District personnel using a John Deere 710D backhoe. The zone extended from the
crest to the toe of the upstream embankment, and from about Station 720+25 to 721+75 (Figure
2). The upper 2 to 4 inches of the embankment soils were stripped off the surface and then
cleaned by District personnel utilizing compressed air from a Sullair 125 cfm compressor. This
initial cleaning proved to be insufficient for observing the transverse cracking in the
embankment.

3.7.2 Targeted Surficial Cleaning

Three zones (Figure 2) were identified as areas for further investigation from existing data and
seismic profiling. Zone 1 is located at about Station 720+80, Zone 2 at about Station 721+10,
and Zone 3 at about Station 721+55. These areas were further excavated from the crest to the
toe to a depth of 8 to 12 inches by District personnel utilizing a John Deere 710D backhoe, and
cleaned using compressed air. Each of the zones are about 10 to 20 feet wide. A grid was
staked and the cracks were mapped in detail. A log showing the location of the discontinuities
and a CD with photographs of these zones are presented in Appendix E. The targeted surficial.
cleaning was supervised and crack mapping was completed by Mr. Fergason.

3.7.3 Embankment Benching

Following surficial logging of the three target zones, the zones were benched by District
personnel utilizing a John Deere 710D backhoe. Four benches were excavated within each of
the three target zones. Bench heights ranged from about 4 to 5 feet. Logs showing crack
locations were created for both the vertical back wall and floor of each of the 16 benches.
Samples of embankment material were obtained for laboratory testing. These logs and
photographs (CD) are presented in Appendix E, with Figure E-2 showing the location and form
of the excavated benches.

Supplemental to the embankment benching, the uppermost bench in each of the three zones
was further excavated by District personnel utilizing a John Deere 710D backhoe. The benches
were excavated back to the central filter drain to observe the contact of the transverse cracking
with the drain material. In Zone 2, this excavation was performed before a log for the back wall
of the uppermost bench could be completed. This excavation was closely observed and
documented by Mr. Fergason and photographs are available as presented on Figures E-18
through E-20 and in the CD in Appendix E. Representatives of the District and the NRCS and
Mr. Talbot observed the excavation on several occasions during the process.
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3.7.4 Embankment Toe Test Trenches

One test trench was excavated at the toe of the embankment in each of the three target zones.
The trenches were excavated by District personnel utilizing a John Deere 710D backhoe. The
soils encountered during the investigation were continuously examined, visually classified and
logged by Mr. Fergason. Locations of the test trenches and logs are presented in Appendix E
(Figures E-7, E-12 and E-17).

3.8 Excavation of Central Filter Drain

A deep trench was excavated in the crest of the dam from about Stations 720+45 to 721+85 by
District personnel using a Komatsu PC 160LC track hoe with a 36-inch bucket. The trench was
excavated parallel to the embankment axis to expose the interface between drain aggregate
and embankment soil on both sides of the drain where it intersected the most persistent
transverse cracks included in the three zones. The primary goal of the deep embankment test
trenching was to obtain detailed information about the transverse cracking, including
determinations of the aperture, depth, extent, and connectivity of the cracks. In addition, it was
important to ascertain whether the cracks were present beneath the central filter drain. The
trench had vertical slopes on both its upstream and downstream sides. The other sides were
sloped at about 1H:1V. The depth of the trench extended to about 4 to 12 inches beneath the
central filter drain and ranged from 17 to 21 feet below the dam crest. Due to the maximum
reach of the track hoe, the crest of the dam was excavated by District personnel using a CAT
950G front-end loader and a John Deere 710D backhoe to a depth of 3.5 to 4 feet below the
dam crest before the trench was excavated. The trench proper had a maximum depth of about
17 feet and was 36 to 40 inches wide.

The embankment soils are predominantly clayey sands. The soils are fairly uniform, weakly to
moderately cemented, and low to medium in plasticity. The soils and site conditions were
characterized using the OSHA (OSHA Excavation Standard Handbook) classification system for
shoring design, with the soil type in the embankment classified as Type B. Type B soil is a
cohesive soil with an unconfined compressive strength greater than 0.5 tons per square foot
(tsf) but less than 1.5 tsf. Type B soils also include granular cohesionless soils like angular
gravel, silt, silt loam, sandy loam and sometimes silty clay loam and sandy clay loam.

The trench shoring support was designed and installed in accordance with OSHA Regulations
(Standards — 29 CFR, Part 1926, Subpart P — Excavations, and subparts therein). Vertical
aluminum hydraulic shoring or spot bracing was used for the support of the vertical slope.
Minimum parameters were in accordance with Option 1 [1926.652(c)(1)] as follows for Type B
soil:
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e Maximum 5.5 feet horizontal spacing,
¢ Maximum 4 feet vertical spacing, and
e Minimum 2 inch diameter hydraulic cylinders.

A memo was prepared by Bibhuti B. Panda, Ph.D., P.E. of AMEC outlining the design of the
shoring system for the trench and submitted to the District for review. The safety shoring was
installed by Geomechanics Southwest, Inc. (GSI) personnel in accordance with OSHA
regulations. In addition to shoring, an oxygen meter was on site and periodically used to ensure
that sufficient oxygen levels were present in the trench. The trench crest was cleaned and
scaled to remove falling hazards. The trench was secured by placing chain-link fence panels
across its top, and fencing was installed at each end of the trench to limit access. A minimum of
three ladders were spaced throughout the trench for entry and exit, and the ends of the trench
were sloped to provide escape routes. The trench was periodically inspected by a registered
professional engineer. Inspections were made by Dr. Panda, Lawrence Hansen, Ph.D., P.E.,
and Tony Freiman, P.E., all of AMEC. The appropriate OSHA and Arizona Division of
Occupational Safety and Health regulations concerning excavation safety, including worker
egress, were followed.

Logs were prepared of the cracking observable in the upstream ahd downstream walls and
trench bottom within each of the three zones. Logs and photographs are presented in Appendix
F and the location of the trench is shown in Figure 2. Six samples of the drain material and
adjacent embankment material were obtained at varying depths at the two ends of the trench.
Excavation of the trench and installation of the shoring was observed, samples obtained, and
logs prepared by Mr. Fergason. With the trench at full depth, and with the shoring fully in place,
the site conditions were observed by representatives of ADWR, NRCS and the District, and by
Mr. Talbot on May 5 and 6, 2004.

3.9 Backfill of Longitudinal Trench and Reconstruction of Upstream Slope

A filter analysis was performed to select a suitable backfill material that would function as a filter
for the embankment soil in accordance with NRCS (1994) criteria. NRCS (1994) presents
criteria for determining the grain-size distribution (gradation) of sand and gravel filters needed to
prevent internal erosion or piping of soil in embankments or foundations of hydraulic structures.
These criteria are based on results of an extensive laboratory filter study carried out by NRCS.
The laboratory filter study clearly demonstrated that properly graded filters designed in
accordance with these criteria are capable of sealing a crack. The sealing begins when water
flows through a crack or opening and carries soil particles eroded from the sides of the opening.
The eroded soil particles collect at the face of the filter and seal the crack at the interface. In
order to design the filter as a filtering media and drain, both filtration (maximum allowable Ds
size of the filter) and permeability requirements (minimum allowable D;s of filter) have been
defined by the NRCS criteria. The NRCS criteria define the width of the filter band and
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maximum (Dig) and minimum (Ds) particle size criteria to prevent gap-graded filters. The
relationship between the maximum Dg, and the Minimum D,y is also defined by the NRCS
criteria to minimize segregation during construction.

The filter analysis performed earlier (AMEC, 2001) was reviewed and a suitable coarse
aggregate (Filter Material A) was selected to satisfy the NRCS filter criteria for a base
embankment soil representative of the compacted dam fill within the Station 721+00 study area.
Filter Material A is a dry product combining 80 percent Ys-inch minus and 20 percent %-inch
washed rock, and was used as a backfill for the central filter drain longitudinal trench. Filter
Material A was placed in a dry and un-compacted condition. The grain-size distribution for the
filter, base embankment soil, embankment soil in the study area, and NRCS filter criteria are
presented in Figure G-2. The grain-size distribution of the observed embankment soil within the
Station 721+00 study area was found to be close to the base embankment soil previously used
to design the filter (AMEC, 2001).

At each crack zone the toe of the dam was excavated to a depth of 4 feet to expose the native
soil. The three benched areas were excavated to provide a relatively smooth base with a 3H:1V
slope on the upstream side approximately 5.5 feet deep. A one foot thick layer of Filter Material
B was piaced on the base of upstream slope, and then compacted embankment material was
placed on the top of the filter to reconstruct the upstream slope to its original geometry. The
gradation for Filter Material B is equivalent to ASTM C33 concrete fine sand. The grain-size
distribution for the filter and NRCS filter criteria are presented in Figure G-3. The filter was
placed in a moist and un-compacted condition. The extent of the excavated area, in plan view,
and a representative cross section are presented in Figure G-1. The specification for the
gradation of the filter material, and the specification for the compaction of the embankment fill,
are also presented in Figure G-1.

The backfill and reconstruction activities consisted of the following steps:

The bottom of the longitudinal trench at the crest was cleaned manually before being backfilled
with Filter Material A.

e The filter material was placed using available equipment advancing from one end of the
trench to the other end following the removal of shoring in stages. The filter material was
placed in the longitudinal trench up to height of the excavated crest, which was 3.5 feet
below the original crest height at the location of crack zones. In other areas where the
crest had not been removed, the filter material was placed to a depth of 1 foot below the
original crest.
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e The upper 3.5 feet of the crest was then reconstructed in compacted 6-inch lifts using
the embankment soil removed during trench excavation. The embankment material was
placed and rolled with a Cat 950 loader and a Motor Grader 140G. The soils were
compacted to a minimum of 95 percent of the ASTM D698 maximum dry density, with
the moisture content as close as possible to optimum, but within the range of 1 percent

. above to 3 percent below optimum moisture content. In-situ density tests were
performed at every 1-foot depth to verify conformance to the specification for fill
compaction.

e A shallow trench was excavated for the entire length of the removed crest area above
the central filter drain to expose the filter material. The trench was then backfilled with
Filter Material A up to 1 foot below the original crest.

e The three benches above the upstream toe were excavated to provide a relatively
smooth 3H:1V base slope on the upstream side starting from 4 feet below the toe to the
crest of the dam within each crack zone.

e The entire base of the excavation was covered by 12 inches of Filter Material B, which
was placed un-compacted.

e The original embankment soil was then placed on the filter material and compacted (as
per specification described in a previous step) in 6-inch lifts to backfill the slope up to the
top of the dam. The average thickness of the embankment soil above the filter on the
upstream slope was measured to be approximately 4.5 feet. The upper bench was
raised at the same time the upper 12 inches of the crest was raised back to its as-built
elevations.

e The upper 12 inches of the longitudinal trench was then backfilled with the compacted
embankment soil removed during trench excavation.

Soil compaction activities were regularly monitored by Brian Banks, an AMEC field technician.
The field density was measured utilizing a nuclear gauge, and compaction specifications were
met. The daily field observation reports and results of field density tests are presented in
Appendix G, with selected photos of the backfill operation depicted in Figure G-4.

3.10 Laboratory Testing Program
The following subsections are comprised of descriptions of the laboratory tests performed for
this work assignment. All laboratory test results are presented in Appendix H and summarized

in Table H-1. The following table summarizes the number of each laboratory test performed for
the current study.
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amec”

. : No. of
Test Type Test Designation Tosts

Consolidation ASTM D2435 5
Density of Ring Sample with Porosity ASTM D2937 8
Clod Density Soil Survey Standard 11
Sieve Analysis ASTM D2487 28

ASTM C136/C117 )
Liquid Limit and Plasticity Index ASTM D2487 28

AASHTO T89 & T90 3
Moisture Content ASTM D2216 29
Standard Proctor ASTMD698A 6

ARIZ 225A 3
Pinhole Dispersion ASTM D647 4
Crumb Test USBR 5400-89 4
Calcium Carbonate ADOT 732 5
Permeability (Flex Wall — Undisturbed) ASTM 5084-90 2
Sodium Sulfate Soundness ASTM C88 1
Unconfined Compressive Strength ASTM D2166 3
Exchangeable Sodium ' ARIZ 729a 1
Soil pH ARIZ 236 2
Filter Test Slot Test 2
Magnesium Sulfate Soundness ASTM C88 1
Sand Equivalent ASTM D2419 1

3.10.1 Index Properties

The laboratory testing program included index testing (grain-size distribution and Atterberg
limits), moisture content, and determinations of moisture-density relationships (standard

Proctor) for the embankment and foundation soils, and for the drain material.

3.10.2 Chemical Properties

The existing drain material was analyzed to characterize relevant chemical properties. The

laboratory tests included determinations of calcium carbonate content,
soundness, magnesium sulfate soundness, exchangeable sodium and soil pH.

sodium sulfate
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3.10.3 Strength, Consolidation and Density Tests

Densities of representative samples obtained from the test borings were performed to
characterize the physical properties of the materials encountered in the dam foundation. One-
dimensional consolidation-collapse tests were performed on samples of the foundation soils to
measure the degree of collapse on wetting. Clod density tests were performed to approximate
the bulk density of selected samples. Three unconfined compression strength tests were
performed on the foundation soils.

3.10.4 Permeability Tests

Laboratory scale permeability tests were performed on samples of compacted embankment
soils.

3.10.5 Dispersion Tests

Several pinhole and crumb tests were performed to characterize the possible dispersive nature
of the embankment soil.

3.10.6 Filter Tests

Two filter tests were performed in accordance with the procedures described by Sherard and
others (1984a and 1984b). In one test, the new drain material (Filter Material A) was. the
selected filter material and the embankment soil was the base material. In the second test, the
embankment soil was the base material and the existing drain material was the filter material.
The procedure for the filter test is presented in Appendix H. The typical filter test mold
dimension and specimen details are presented in Figure H-1, and photographs of the test
experiment and the soil specimens after the tests are presented in Figure H-2 in Appendix H.

3.11 Previous Seepage Testing and Dam Breach Modeling

The subsections that follow summarize the procedures and results of previous crack infiltration
testing at several of the District’s flood retarding structures, and an embankment dam breach
model developed for the District. These summaries are provided as additional background to
the issue of potential embankment seepage behavior at the subject facility.

3.11.1 Previous Ponding Tests

In 1979, Fugro conducted ponding tests in backhoe pits during crack investigations at Buckeye

FRS No.1. During these studies, the flows into embankment cracks were estimated from the
filling of 50- to 100-foot long trenches. The trenches were flooded with a 3,800-gallon water
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truck that had an output capacity of 200 gallons per minute. Of the 110 tests in the Fugro study,
88 measured little or no leakage. Water surfaced on the embankment at 15 of the sites, and in
seven tests between Stations 706+00 and 719+00, leakage was so severe that the water level
in the trench could not be maintained. The testing induced piping (turbid discharge and crack
erosion) at Stations 711+15, 718+60, 767+27 and 579+47.

In 2001, AMEC also conducted several crack infiltration tests in small pits at Buckeye FRS
No.1, where water was ponded to a depth of two to three feet in test pits on the upstream slope
near the top of the dam (AMEC, 2001). The flood tests resulted in either high seepage through
cracks or toe seepage at Stations 624+35, 673+ 50, 710+47 and 721+00. At Station 721+00,
the flood testing by AMEC resulted in seepage occurring near the upstream toe of the
embankment, which is below the bottom elevation of the drain system.

Twenty-one ponding tests were performed at McMicken Dam by Sergent, Hauskins, and
Beckwith (SHB) in 1982 as a part of a dam safety and subsequent restoration study. Seepage
through cracks and water seeping out of the upstream and downstream slopes were observed
at several locations.

Trench’ flooding tests were performed at White Tanks FRS No. 3 by Fugro in 1979 using a
3,800-gallon water truck with a pumping capacity of 200 gallons per minute (Fugro, 1979). High
seepage (trench could not be filled) was observed at a trench at Station 28+50. The flooding
tests resulted in six occurrences of piping (sediment-laden water and exit erosion) created when
water from the ponding test flowed out of cracks onto the embankment slope. Holes were found
on both the upstream and downstream slopes. Piping through the cracks induced by the
flooding tests occurred at Stations 18+78, 28+62, 28+87 and 42+20. Similar ponding tests were
performed at White Tanks FRS No.4 by Fugro in 1979. During this water testing, leakage
occurred mostly on the upstream embankment slope at 23 locations. Eroded holes conveyed
water at Stations 34+60 and 60+00 at a rate greater than the pumping capacity of the supply
tanker.

Ponding tests were performed at Powerline FRS by Engineering Testing Laboratories, Inc.
(ETL, 1977) and also during a 1986 study by Sanders (1986). Water percolated to both the
upstream and downstream slopes at several locations. Rapid water losses were experienced at
several locations, including Stations 113+94 to 111+95, 63+30, between 54+90 and 54+40, and
between 44+00 and 30+00. Aperture erosion and sediment transport within the cracks were not
observed during the test program.

In 1970, SCS performed ponding tests at Vineyard FRS by injecting water into a longitudinal
crack on the dam crest at Station 316+27 (SCS, 1970). Another ponding test was completed on
a crack at Station 313+20. A 60-foot long longitudinal crack intersected several transverse
cracks at this location, and water was pumped into the crack at the mid-point. Water appeared
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at several locations at the downstream toe. Fugro also conducted flooding tests in 99 trench
segments during a crack investigation study in 1979 (Fugro, 1979). There were 210 cracks
where water was observed to be flowing into the discontinuities, but only 17 of these displayed a
discharge of water to the embankment surface. Water loss from 29 trench segments was so
rapid that the trenches could not be filled at injection rates up to 200 gpm.

Additionally, SCS performed a full-scale field ponding test at the Vineyard Road FRS to test the
centerline filter system constructed in 1982 (Arrington, 1988 and Leckband, 1983). The study
was conducted using four separate test cells (Nos. 1, 2, 3, and 5). Three sides of each cell
were constructed, with the dam embankment as the fourth side. The cells were 100 to 200 feet
long and about 30 feet wide. The top elevation of each cell dike was at the same elevation as
the dam crest. All of the cells were filled by August 5, 1983 and were maintained at full depth
until at least September 1, 1983, with Cell 5 operated until October 11, 1983. The most
significant finding of the full-scale ponding tests was that the filter system appeared to be
effective in preventing water from entering cracks in the downstream shell of the dam. A soil
cake appeared to form very rapidly on the upstream side of the filter and prevented appreciable
flow into or through the filter. Additionally, it was found that the cracks swelled shut such that
even in the test site that had no vertical filter element, no water escaped through open cracks in
the dam, even though all the overburden was cleaned from the cracks on the upstream slope in
the cell bottom.

Ponding tests in trenches were conducted at the Magma FRS (Fugro, 1979) and at the Florence
FRS (SCS, 1977). A centerline trench was divided into 100-foot long segments that were filled
with water. Rapid water loss and eroded discontinuities were observed in the Magma FRS
embankment between Stations 106+60 and 226+70. Most of the leakage at the Florence FRS
appeared on the downstream face of the dam.

3.11.2 Embankment Dam Breach Model

A computer program was developed by Engineering and Hydrosystems (E&H, 2003) to simulate
dam breach formation as a function of time and space. The assumed dam breaching process is
caused by seepage and subsequent erosion along transverse cracks through the embankment,
or along earth fissures through the foundation soils of the dam. Particular emphasis in model
development was placed on simulating the time required to breach and the maximum extent of
the breach. These two parameters have a significant impact on the rate of water release, and
the overall magnitude of downstream inundation.

The maximum extent of a breach and the time to complete the breach are dependent on the
magnitude and spatial distribution of the erosive power of water, and on the erosional
characteristics of the soil. The magnitude of the erosive power of water is a function of the
potential energy of the water contained in the reservoir, and the geometric properties of the
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subject crack or fissure. The model calculates variations in the erosive power of the water in the
discontinuity as a function of time due to changes in the water surface within the reservoir, and
as a function of space due to changes in the dimensional characteristics of the breach,
particularly it's width and width-depth ratio. Erosion rate not only depends on the magnitude of
the erosive power of water, but on the erosive properties of the embankment and foundation
sails.

Six breach models were developed (four for a no-drain embankment condition and two for
modified or reconstructed embankment conditions with drains) to simulate breach formation
resulting from vertically rectangular and square embankment cracks. The analytics then
simulated the widening of a breach commencing as a vertical fracture by approximating the rate
of erosion as a function of erosive power, and quantifying the resultant widening of the
discontinuity. The computer program has been developed and verified by applying the results of
erosion tests conducted on embankment soil samples obtained from the Vineyard FRS.

The dam breach model assumes flow and erosion along a single transverse crack. In reality
multiple cracks or a network of transverse and longitudinal cracks are observed in most of the
embankments investigated. In this recent investigation of Buckeye FRS No.1, a multiple crack
network of longitudinal and transverse cracks was found along the excavated section of the
embankment near station 721+00. The computer model developed by E&H (2003), though
capable of simulating flow and erosion in a single transverse crack, is limited in its ability to
simulate the effects of flow through a network of embankment cracks.

3.12 Transient Seepage Analysis

Transient seepage analysis through a dam section representative of Station 721+00 was
completed to estimate the distance a wetted front would advance through the dam embankment
under maximum impoundment conditions. The embankment was assumed to be a
homogeneous porous media with no cracks present. The 2-dimensional finite element
computer program SEEP/W (Geoslope International, Inc., 1998) was used. SEEP/W is a finite
element program that can be used to model the saturated and unsaturated flow of water within
porous materials. Analyses were completed using quadrilateral elements to develop the finite
element mesh, and solutions were obtained using four-point integration techniques. A
conceptual two-dimensional transient flow model was developed to model the infiltration of
water into the embankment under constant head boundary conditions. In reality an unsaturated
flow condition is created as the wetted front advances through the embankment. As unsaturated
properties of the soil are complex and more difficult to develop, the analysis applied
conservative assumptions related to the hydraulic properties of the soil and the boundary
conditions of the model.
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A conservative unsaturated hydraulic conductivity function was used for the embankment soil.
The horizontal saturated hydraulic conductivity (Kx) value for embankment soil was assumed to
be 0.3 feet per day (ft/d), which is higher than that obtained through laboratory testing. For the
filter material (both central filter drain and upstream sand) Kx = 280 ft/d was assumed. The
foundation material was conceptually divided into three layers (upper, middle and lower). The
assumed Kx values are: upper = 0.3 ft/d, middle = 2.8 ft/d and lower = 0.03 ft/d. The results of
the SEEP/W model are presented in Figure I-1 and are discussed in Section 6.3.

3.13 Static Stability Analysis Under Sudden Draw-Down Condition

Simplified stability analyses of the embankment under sudden draw-down from a maximum pool
condition were completed. The analysis was performed using the computer program SLOPE/W
(Geo-Slope International, 1998). The comprehensive formulation of SLOPE/W makes it possible
to easily analyze both simple and complex slope stability problems using a variety of methods to
calculate the factor of safety. The factor of safety (FOS) was computed using Bishop’s method,
which is conservative in comparison to solutions obtained by applying other limit equilibrium
techniques.

A section representative of Station 721+00 was used in the stability analysis. The geotechnical
parameters required for the slope stability analysis include unit weights and shear strengths of
the materials present in the cross section. Conservative shear strengths were selected based
on AMEC'’s experience with these and similar materials. The input parameters are included in
Figure 1-2. The results of the SEEP/W model are presented in Figure |-2 and are discussed in
Section 6.3.

4.0 GEOLOGICAL SETTING

Buckeye FRS No. 1 is located in the eastern portion of the Lower Hassayampa River Valley,
from the southern flank of the White Tank Mountains to the Hassayampa River. Buckeye FRS
No. 1 is within the Sonoran region of the Basin and Range Physiographic Province. This region
contains many broad, deeply founded, alluvium-filled basins, separated by structural highlands
composed of competent bedrock. The White Tank Mountains are one of these uplifted
highlands, composed of both metamorphic and granitoid bedrock (Reynolds, and others, 2002).
The dam is founded mainly on unconsolidated and semi-consolidated Quaternary-Tertiary
alluvial fan deposits composed of outwash from the White Tank Mountains and alluvial terrace
deposits related to the Hassayampa River. These materials consist primarily of loose to very
dense sand, silty sand, and clayey sand. Many small, southerly-flowing washes are intercepted
by the dam. Although faults likely occur at the flanks of the basin, along the mountain fronts,
there are no known faults at or near the dam site.
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Buckeye FRS No. 1 traverses an extensive, south-sloping alluvial surface between the southern
end of the White Tank Mountains and the Hassayampa River, as shown in Figure 1. Under the
western two-thirds of the FRS alignment, Cooley (1973) estimates that the weakly indurated
basin alluvium is in excess of 1200 feet in thickness. Further east towards the exposures of
Precambrian metamorphic and granitic rock at the southern terminus of the White Tank
Mountains, Cooley (1973) depicts rapid thinning of the alluvial section, culminating in bedrock
exposed at the surface.

Recent geophysical surveys (Sweeney and Hill, 2001), in the form of Bouguer gravity anomaly
plots, reveal the presence of a gravity low north of the western half of the FRS alignment, and a
gravity high south of the western portion of the structure. These features in the gravity data
could represent a region of thicker basin deposits north of the FRS, with a buried bedrock high
and shallower alluvium south of the facility.

Anderson and others (1992) predicted that the predevelopment groundwater levels in the
vicinity of the subject FRS were about 900 to 950 feet in elevation, about 100 feet below land
surface. Schumann and Genualdi (1986) estimated that declines in the groundwater were from
0 to 100 feet in the site area during the period from about 1950 to the early to mid-1980s.
Anderson and others (1992) estimate that declines have been less than 50 feet.

Figure 1 shows the surficial geology in the vicinity of Buckeye FRS No. 1. Development of this
map was from Demsey (1989), supported in part by the field investigation. Only two units occur
in the vicinity of Station 721+00, Holocene alluvial deposits and Latest to Late Pleistocene
alluvial deposits (map units Qy and Qm,, respectively).

Holocene Alluvial Deposits (Qy) — Outside the active braided channels, this unit is locally
comprised of a limited thickness of silty to clayey sand and sandy silt, overlain by a thin mantle
of aolian silty sand. Stage | carbonate cementation development is common in the lower sands,
with the upper loess largely uncemented. Moderate to strong rubification (reddening) is
common in this unit. Within the ephemeral channels, the upper aolian deposits are absent, with
larger amounts of gravel and small cobbles present.

Latest to Late Pleistocene Alluvial Deposits (Qm;) — This unit is locally comprised of
moderately cemented (Stage Il) clayey to silty sands, occasionally interbedded with silty to
sandy gravels. These deposits usually display poor soil development and some rubification,
with a prismatic to blocky texture.

Page 20




Supplemental Investigation of Transverse Cracks ame‘

Buckeye Flood Retarding Structure No. 1
Flood Control District of Maricopa County
Contract FCD 2003C014

Work Assignment No. 2

AMEC Job No. 4-117-001021

January 7, 2005

5.0 GEOTECHNICAL AND EMBANKMENT CHARACTERIZATION

The following discussions present the findings of this appraisal, beginning with a summary of
the relevant efforts of previous investigators. This discussion focuses on the three primary
geotechnical features of the facility: the properties of the local alluvial soil profile under the dam,
the characteristics of the embankment materials, and the distribution and nature of the
discontinuities within the structure.

5.1 Review of Previous Studies
5.1.1 Embankment Cracking

A detailed geologic inspection of the downstream face of the excavation was performed during
the construction of the central filter drain to ensure that the drain intercepted all cracks. A
detailed record of the cracks encountered was compiled, including their type (transverse,
longitudinal or oblique), width, length, depth and location (ERTEC, 1981). During construction,
some scheduled outlets were relocated, and additional outlets were installed at locations where
cracks were found within three feet of the excavation floor (bottom of the drain trench), or where
3/8-inch or wider cracks were encountered deeper than three feet from the top of the structure.
These outlet drains were also designed to remove open or deep cracks that would render the
central filter drain ineffective against piping. One such outlet drain was constructed at 710+53
near the study area to remove a wide, open crack in the downstream section of the dam. The
greatest depth of cracking was 19.0 feet between Stations 710+53.5 and 710+57.5 and there
were twenty cracks more than 16.0 feet deep between Stations 687+00 and 718+00. The two
most prominent cracks encountered near the study area were at Stations 717+14 and 721+22,
having crack depths of 18 feet and 16 feet, respectively.

AMEC reviewed the data presented in the ERTEC (1981) report and presented the information
in the form of summary charts (AMEC, 2002). These summary charts contain plots of the
average crack width, the average crack length, the maximum crack length, the maximum crack
width and the crack intensity (in units of feet per crack) for each 200-foot interval of the
structure. The summary chart for the 721+00 study area is presented as Table A-1. The exact
location of maximum crack length for a distance of 200 feet is also shown in Figure A-1. The
maximum crack width was less than 1.2 inches, except at a few locations, and typically was less
than 0.3 inches. The crack intensity (embankment length per crack) typically was less than
about 12.5 feet per crack, with several locations at about 4 feet per crack.

AMEC completed a field investigation of selected features and cracks at the Buckeye FRS No. 1
(AMEC, 2001), to assess the cause of the cracking and the adequacy of backfilling the
discontinuities with ASTM C-33 sand. The study, which included trench flood testing, indicated
that the cracking may extend below the depth of the central filter drain and outlet drains at a few
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locations, specifically Stations 624+35, 673+50, 710+47 and 721+53 as indicated by cracks
found in the upstream slope below the bottom elevation of the central filter drain. The apparent
continuity of cracking at these locations resulted in large seepage losses or in seepage
emanating from the upstream face of the embankment from water ponded in test pits on the
upstream slope near the crest. At Station 721453, the water testing resulted in seepage
occurring near the upstream toe of the embankment, which is below the bottom elevation of the
drain system. It was concluded that the seepage could be indicative of cracks extending deeper
than 19 feet from the crest of the dam, possibly below the depth of the central filter drain.

Conditions encountered at the present study area near Station 721+00, based on both the
AMEC (2001) report and the AMEC (2002) report, are summarized in this paragraph. The
cracks encountered in 1980-81 generally were a maximum of 0.45 inches in width, and
extended to a maximum depth of 16 feet, or to within 3% feet of the bottom of the central filter
drain. A crack density of about 5 feet/crack was measured. About 12 feet of Holocene soils are
present, and the centerline foundation cutoff trench probably fully penetrated these soils.
Downstream outlet drains are located at Stations 714+56, 716+48, 717+14 and 720+00; no
other outlet drains are located within about 900 feet. In the AMEC (2001) study, high seepage
flows into test pits and natural features at Stations 719+42, 721+06 and 721+53 were noted,
and seepage emanated from several locations on the upstream face of the embankment
between the test pits and the upstream toe.

The summary of the crack investigation and flood tests within the present study area is provided
in Table A-1. Results of the crack investigation work performed by ERTEC (1981) and AMEC
(2001) are presented in Figure A-2. The field logs for selected test pits near Station 721+00
completed by AMEC (2001) are presented in Appendix A.

The AMEC (2001) study recommended further investigation of the zone of cracking at Station
721+00 to determine if cracks extend vertically to the elevation of the upstream toe or below the
central filter drain. The crack investigation completed in 1981 indicated a crack extending from
the crest to a depth of 15.9 feet at Station 721+22. This specific location was recommended for
further investigation, since during a ponding test, seepage was observed emanating from the
toe, which is about 23 feet below the crest of the FRS.

5.1.2 Foundation Conditions

The surface soils along the alignment of the FRS generally are comprised of recent alluvium
transported from the White Tank Mountains by south to southwesterly flowing ephemeral
streams. The surface soil layer (Holocene deposits) is predominantly silty sand and is probably
0.5 to 13 feet in thickness. In a previous report (SCS, 1971), this layer was described as “very
loose at the surface to very dense beneath”. The underlying soils were described as
“‘consolidated and semi-consolidated alluvial deposits, including siltstone, caliche, sandstone
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and sand”. The sandstone and siltstone were described as “poorly to moderately cemented”.
This description conforms to the characteristics that would be expected of Late Pleistocene
deposits. Recent alluvium consisting of poorly graded sand, silty sand, sandy silt, silty gravel
and gravel was encountered within the floodplains of the three washes intercepted by the
western portion of the dam. These are located from about Stations 819+00 to 828+50, 842+50
to 843+50 and 890+25 to 892+75. These deposits typically are 5 to 6 feet thick.

The surface soils from depths of 0.5 to 11 feet were described as having a moderate to high
consolidation potential, based in part on their having standard penetration blow counts of less
than 30. Consolidation-collapse tests performed on four samples measured collapse potentials
of 4 to 14 percent when saturated at a load of 2 tons per square foot. The coefficient of
permeability of the silty sand was estimated to be in the range of 0.4 to 22 feet per day.

5.1.3 Embankment Conditions

The embankment soils have previously been characterized based on laboratory testing
completed at the time Buckeye FRS No. 1 was constructed, when the central filter drain was
installed (ERTEC, 1981) and as part of the AMEC (2001) investigation. There are, however,
limitations to these data sets. Original construction data are available only for the area between
about Stations 756+00 and 930+00. The ERTEC (1981) data is limited to the length of the
central filter drain (Stations 565+00 to 801+00), and only the moisture content and Atterberg
limits for the embankment materials in this area were reported. The AMEC (2001) study
included only a minimum amount of laboratory testing, and did not include density testing of the
embankment materials. The test pits excavated for the study were located between Stations
577+36 and 724+22.

Based on the available data, the embankment is fairly uniform and consists primarily of low to
medium plasticity clayey sand, with some zones of nonplastic to low plasticity silty sand. Both
the AMEC (2001) and ERTEC (1981) studies indicate the predominance of clayey sand, based
on laboratory testing. However, the ERTEC (1981) field logs indicate a larger percentage of the
soils to be silty sand or silty and clayey sand mixtures. The pre-construction geologic
investigation (SCS, 1971) indicates a predominance of native silty sand, which was then used to
construct the embankment.

Plasticity index values for fine-grained embankment soils determined by the AMEC (2001)
investigation varied from about 5 to 24. In comparison, testing of samples collected when the
central filter drain was installed in 1980-81 determined plasticity index values varying from about
2 to 23. The AMEC (2001) data indicate generally lower liquid limit values than the ERTEC
(1981) data.
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Most placement moisture contents in 1973 were in the range of 7 to 17 percent. In comparison,
a majority of the moisture contents determined at the time the central filter drain was installed in
1980-81 were in the range of about 3 to 12 percent, and the distribution generally shows the
moisture content increasing with depth. Moisture content data for the AMEC (2001) investigation
were in the range of 2 to 7 percent.

At the time of placement, the degree of saturation of the embankment soils generally varied
from about 45 to 95 percent. Similar to the placement moisture content data, there is a large
amount of scatter, and there is no apparent trend with elevation. Testing necessary to
determine degree of saturation was not performed during the ERTEC (1981) and AMEC (2001)
investigations.

Dry density values varied from about 105 to 126 pcf. The higher values correspond to low
plasticity, well-graded silty and clayey sands, and the lower values correspond to nonplastic to
low plasticity sand-silt mixtures. Maximum dry density (ASTM D 698) ranges of 116.5 to 119.3
pcf and 122.9 to 124.9 pcf were the most frequently used, and were evenly distributed
throughout the embankment, except between about Stations 860+00 and 885+00. With very
few exceptions, the assumed construction specification was met, and the mean relative
compaction was 97.9 percent. '

5.2 Local Dam Foundation Soil Profile

Holocene alluvial deposits (map unit Qy) are the only unit found exposed in the immediate
vicinity of Station 721+00. These deposits are predominantly fine-grained and range from silty
or clayey sand to sandy silt or silty clay. The depths of these deposits are typically 5 feet or
less. Deposits are uncemented at the surface but may develop weak cementation (Stage | to
I+) below 1 foot. These deposits are generally soft to firm with N values that are typically less
than 30, and often less than 15, and with low to medium plasticity. These deposits have
moisture contents that are typically less than 7 percent. The dry densities of six samples in this
unit varied from 117 pounds per cubic foot (pcf), and one unconfined compressive strength test
yielded a result of 9 pounds per square inch (psi) for a sample at a depth of 5 feet in Boring B-4.
Consolidation/collapse tests were performed on samples from Borings B-4 at 2.5 to 3.5 feet, B-5
at 4.5 to 5.5 feet, and B-8 at 4.5 to 5.5 feet. These tests determined consolidation on inundation
of 3, 7, and 10.5 percent, respectively, with corresponding dry densities of 95.5, 94.4, and 91.8
pcf, respectively. One clod test was performed in this unit and yielded a bulk density of 117 pcf.
Compression wave velocities in the surficial Holocene deposits range from about 600 to 1,300
feet per second (f/s). Shear wave velocities in the Holocene deposits are generally less than
about 600 f/s.

Page 24




Supplemental Investigation of Transverse Cracks ame‘

Buckeye Flood Retarding Structure No. 1
Flood Control District of Maricopa County
Contract FCD 2003C014

Work Assignment No. 2

AMEC Job No. 4-117-001021

January 7, 2005

Pleistocene deposits underlie the Holocene sediments throughout the study area. Generally,
Pleistocene deposits begin at 3 to 6 feet below ground surface. These deposits generally
consist of silty or clayey sand with occasional lenses of sand and sandy silt and clay to a depth
of about 25 feet. Below 25 feet the deposits generally consist of clayey sand. These deposits
are generally weakly to moderately cemented (Stage Il to Il+) to a depth of about 25 feet and
moderately cemented (Stage II+ to Ill) below. These soils typically are very firm to hard with N
values greater than 30 and typically over 50 below 25 feet. The moisture content of these soils
is generally low, being 2 to 6 percent. In Boring B-1, the moisture content below 25 feet is
significantly higher than elsewhere on the site, with values of 10 to 11 percent. Five calcium
carbonate tests were performed at depths ranging from 8 to 35 feet and values ranged from 2
percent (at 30 feet) to 12 percent (at 8 feet), with calcium carbonate content generally
decreasing with depth. Seven dry density tests were performed within this unit and values
ranged from 96 to 113 pcf. Ten clod tests were performed in this unit and yielded bulk densities
that range from 106 to 119 pcf. Two consolidation tests were performed on samples from this
unit in Boring B-6 at depths of 9.5 to 10.5 and 14.5 to 15.5 feet. The resulting volume change
on inundation was 0 and 3 percent, respectively, with corresponding dry densities of 98.6 and
95.6 pcf, respectively. Two unconfined compressive strength tests yielded results of 8 psi for a
sample from 10 feet in Boring B-4 and 35 psi for a sample from 15 feet in Boring B-4.
Compression wave velocities of the Pleistocene deposits range from about 800 to 1,200 f/s to
depths of about 10 to 20 feet, and increase to about 2,300 to 4,100 f/s below depths of about 10
to 20 feet. Shear wave velocities of the Pleistocene deposits at depths less than 10 to 20 feet
generally range from about 800 to 1,200 f/s, and at depths greater than 10 to 20 feet increase to
about 1,700 to 2,700 f/s.

5.3 Embankment Soils

The embankment soils within the Station 721+00 study area are predominantly silty and clayey
sands with some sandy clays. The embankment soils are light brown, weakly to moderately
cemented, and low to medium in plasticity. The plasticity index of the soils varied from 2 to 28
and the percentage of fines (minus no. 200 sieve) varied from 18 to 46 percent. The soils in
areas of significant cracking were comparatively soft, likely as a result of water infiltration. The
majority of the cracks were filled with embankment soils or drain material. The crack infilling
typically was sand with some finer-grained soils.

The permeability of the embankment soil was found to be very low. The laboratory permeability
value ranged between 8.8e-5 ft/d (3e-8 cm/sec) to 1.0e-4 ft/d (3.5e-8 cm/sec).

The embankment soils may be classified as nondispersive. Four pinhole tests were performed
and all tests identified the soils as nondispersive. Four crumb tests were performed. Two tests
showed that the soils are nondispersive while other two tests grouped the soils in an
intermediate category (slightly dispersive).
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5.4 Central Filter Drain Material

The existing drain material consists of fine- to coarse-grained sand with some gravel. The
particle-size distribution derived from testing during this study was similar to the previous test
results (AMEC, 2001). The grain-size distribution for the previous analysis is presented in Figure
A-3. Comparing to the original grain-size (as-built) distribution, it appears the drain material has
not changed. The moisture content varies from 3.3 to 7.8 percent. The maximum dry density
varies from 112.0 pcf to 124 pcf. The amount of exchangeable sodium was very low, and the
soundness results were excellent. Additional characteristics of the existing central filter drain
are discussed in detail in Section 6.2.

5.5 Embankment Discontinuities

As documented in 1980 during the construction of the central filter drain, further characterized
by AMEC in 2001 (AMEC, 2001), and observed during this investigation, multiple, vertical
transverse cracks are present in the Buckeye FRS No. 1 embankment between Stations
720+80 and 721+60. Due to adjustments in dam stationing, it is likely that the crack identified
during drain construction at Station 721+23, extending previously to a depth of 16 feet, is the
same discontinuity observed during this appraisal at Station 721+09. As with all the transverse
cracks observed, describing this fracture as a single crack is for convenience only, in that the
embankment distress is actually expressed as a complex of smaller discontinuities, occurring in
discrete zones. In the case of the subject study area, three zones are present, spaced about 20
to 40 feet apart from east to west between Stations 720+80 and 721+60.

Several of the cracks, including the Station 721+09 feature in Zone 2, do persist vertically
throughout the embankment for the full depth of the central filter drain, and beyond. In the case
of the principal Station 721+09 crack, the crack has apparently deepened from the depth of 16
feet recorded in 1980 to a depth in excess of 20 feet, as observed during this investigation
where it was found crossing under the central filter drain.

The primary discontinuity in Zone 3 was first identified during investigations by AMEC in 2001
(AMEC, 2001). As further characterized during this study, the Zone 3 complex of embankment
cracks extend deep into the embankment, with the principal discontinuity crossing under the
central filter drain and into the downstream shell. Towards the crest, the zone appears to be
more diffuse, with several of the more prominent discontinuities being discordant to the
predominantly transverse orientation of the crack complex as observed mid-slope in the
upstream dam shell. Evidence of the compacted backfill of Test Pit TP-29 excavated by AMEC
previously was exposed in the upstream slope. Cracking did not extend across the backfill, but
some deflation and movement of backfill into the crack was noted.

Page 26




Supplemental Investigation of Transverse Cracks amec

Buckeye Flood Retarding Structure No. 1
Flood Control District of Maricopa County
Contract FCD 2003C014

Work Assignment No. 2

AMEC Job No. 4-117-001021

January 7, 2005

The Zone 1 cracking apparently was not present at the time the central filter drain was
constructed. An indication of the presence of embankment fractures in this zone was derived
from an initial interpretation of seismic refraction data, on profiles completed on the downstream
side of the dam crest, and mid-slope on the downstream side of the structure. As is the case in
all zones, distress was observed on both walls of the excavated central filter drain to depth at
and below the bottom of the central filter drain. The discovery of Zone 1 is an expression of this
persistence, with the zone first detected downstream using seismic methods, followed by full
disclosure within the upstream shell, and discontinuities observed on both walls of the
longitudinal trench deep within the embankment.

The near-surface expression of the cracks observed in all three zones in the excavations of the
upstream slope of the embankment is typified by a relatively prominent, dominant discontinuity,
flanked by subordinate, smaller fractures. In several cases, the principal feature is segmented,
consisting of an en echelon array of cracks. The segmented appearance of the cracking
appears to be more prevalent in a lateral direction, down the upstream slope of the structure, in
contrast to the more persistent conditions of the discontinuities observed vertically in the deep
longitudinal trench. It appears that the arrays of principal discontinuities within all zones are not
purely transverse, with a slight expression of stepping westward (up-station) as the fracture
array is expressed down-slope towards the upstream toe of the embankment, or towards the
retention basin.

It appears that uneroded crack apertures generally decrease with depth in all zones, but there
appear to be some exceptions to this trend. At several locations in the walls of the excavated
central filter drain, crack aperture decreases with depth in a particular fracture. That
discontinuity then terminates, and another adjacent crack has slightly greater aperture. Then
another transition to closure with depth occurs in this companion feature. This condition may be
an expression of the degree to which one particular crack displays the total crack displacement
within each distressed zone. It appears correct to assume that transverse crack aperture
decreases with depth, with no apparent vertical displacement, just tensional response.

Both erosional widening of open crack aperture and infilling with primarily sandy soil were
observed in some cracks in all three zones. In the upstream slope excavations, infilling of the
embankment cracks was most pervasive in the lower half of the embankment section. These
observations are of the soil profile of the outermost shell of embankment section, and may not
be an expression of what lies deeper in the embankment. Erosional features associated with
the transverse cracking within the longitudinal excavation deep in the embankment were not
observed below a depth of 17 feet below the crest. Only the transverse crack at Zone 2
contained observable erosional features to this depth. All other observable erosional features
associated with the transverse cracking were observed within the approximate upper 5 feet of
embankment. Of the eroded cracks observed near the central filter drain, a maximum aperture
of 1.5 inches was measured.
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It is likely that the source of water responsible for erosion of the deeper Zone 2 transverse crack
was from direct precipitation onto the slopes and crest of the dam. The location of the deepest
crack erosion is well above the elevation of limited, past upstream retention of flood waters.
The fate of the water migrating through the crack complex, and in particular, the deeper eroded
transverse crack in Zone 2 is not known. It is possible that the water that eroded the deeper
crack exited the dam along the slopes, if the crack was persistent at that time, or connected to
other discontinuities. The influence of sediment transport and infilling during the process of
crack erosion could cause plugging of small apertures at depth and cause a redirection of flow
laterally, but this possibility is purely speculative regarding the true mechanics of this complex
process.

Trenches were placed at the upstream embankment toe at the lower terminus of each
excavated zone. In all cases, no cracks were observed migrating into the underlying foundation
soils. At the embankment/foundation interface, no measurable aperture was observed, only
hairline features.

Excavations near the crest of the dam at the intersection of the transverse zones with the
existing central filter drain provided an opportunity to observe the interrelationship between the
embankment cracks and the ceritral filter drain. No indications of any discontinuities projecting
from the upstream earthen shell into the central filter drain aggregate were observed. In
addition, no migrations of fine sediment from the cracks into the drain were noted. During the
early stage of removing the drain material longitudinally along the dam crest, an additional
opportunity arose to observe the drain/shell interface within Zone 3 at a depth of about 7.5 feet.
Essentially the same conditions to those noted above were observed.

A new discovery regarding embankment discontinuities was made in the bottom of the deep
longitudinal trench, in the compacted embankment soils below the central filter drain. A
persistent, open, longitudinal fracture was observed beneath the drain section, projecting
vertically, and likely originating in the proximity of the lower, upstream corner of the drain.
Unlike the transverse features, this longitudinal crack did not appear to be flanked by
subordinate fractures, and the aperture was consistently open, averaging about 0.25 inches.
The feature, however, is segmented, with the aperture stepping en echelon in a narrow zone
less than 1 foot wide. The open fracture was probed to a maximum depth of 3.8 feet. No large-
scale shearing or vertical displacement was observed, but the raggedy, stepped habit of the
feature implies slight shear in a left-lateral sense. Very slight vertical offset may have been
present near the west end of the exploratory trench, with the upstream or northern side down.
Although concealed in some segments due to machine effects in the trench bottom, the
longitudinal crack array was present throughout the entire length of the trench bottom, a
distance of about 90 feet. However, the crack was more prominent in the western half of the
trench bottom.
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Within all three transverse zones, the longitudinal crack below the drain intercepted transverse
discontinuities, with these intercepts observable in the bottom of the exploratory trench. In most
cases observed, the transverse cracks were largely hairline features but with some measurable
aperture to 0.05 inches where the longitudinal crack crossed. No indications of erosion were
noted in association with the longitudinal feature, with the crack exhibiting a fresh appearance
with no infilling. No central filter drain aggregate was found in the longitudinal discontinuity.

None of the transverse cracks observed in this investigation penetrated into the dam foundation
material at the upstream toe of the embankment. Additionally, no seismic anomalies were

detected at either toe, supporting the above observation.
6.0 DISCUSSIONS AND RECOMMENDATIONS
6.1 Probable Cause of Embankment Cracking

The discontinuities within the Buckeye FRS No. 1 embankment in the Station 721+00 study
area possess characteristics that would result from deformation of the structure due to
differential settlement within the dam foundation. Conditions amenable to the occurrence of
differential consolidation within the shallow soil profile are present. The first of these favorable
conditions is the natural lateral and vertical heterogeneity of the underlying alluvial deposits,
resulting in an equally variable potential for settlement. On the basis of the limited collapse
testing performed during this investigation, the apparent magnitude of the collapse potential of
the shallow profile is pronounced (measured at O to 10.5 percent). It is likely that limited
foundation preparation of the original dam footprint, combined with the inherent geotechnical
properties of foundation soils, creates a setting in which pronounced settlement of the earthen
embankment has occurred. Although considered to be a secondary mechanism associated with
embankment cracking, it is likely that any shrinkage of the embankment would occur along
discontinuities originally formed due to settlement.

A likely prerequisite to the occurrence of substantial consolidation of the cemented soil profile
under the dam is the introduction of water. The investigation of the local geotechnical profile
revealed a slight increase in the ambient moisture content of soils at depth within Boring B-1,
located upstream and on the northwestern corner of the study area. A slight topographic low
occurs in this area, possibly associated with an original drainage swale now intercepted by the
dam embankment. It is possible that runoff has historically ponded against the embankment in
this locale, and within many low swales of a similar nature along the upstream toe of the
structure. Variable soil moisture conditions, and hence, consolidation responses could have
resulted.
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As depicted in photographs acquired by the District in February 2003 (Appendix J), water within
the temporary retention basin has reached the embankment toe in the past. This retention
provided not only water for shallow retention in the low swales discussed above, but for wetting
the shallow soil profile adjacent to and under the dam along large reaches of the structure.

The geometry of the network of embankment cracks, and the probable sense of movement of
those displacements lend credence to the concept of differential foundation settlement. Both
the transverse cracks and the deep longitudinal crack appear to have slight shearing
components, and there may be a minor amount of vertical displacement in the western segment
of the longitudinal discontinuity. The shear appears to be left-lateral in the longitudinal zones,
and right-lateral in the transverse zones. It is plausible that greater settlement towards the
northwest corner of the study area would result in an expression of displacements of a similar
nature. In order for the largely tensional parting of the longitudinal crack to occur without
significant vertical displacement, tipping or north-south bending of the structure is needed. With
the deeper embankment cross section in its center due to the cutoff, greater settlement may
have occurred in those areas susceptible to moisture increases and containing a thicker,
shallower, possibly softer soil profile under the upstream toe of the structure. With greater
collapse there, tipping of the structure toward the basin would result, with a focus of the ensuing
strain concentrating at the bottom of the cohesionless central filter drain profile.

The likelihood of the probable settlement behavior discussed above is also supported by the
geometry of the original dam foundation preparation, with a deeper central cutoff, flanked by
regions towards the dam toes where a greater thickness of more collapse-susceptible, shallow
soils were likely left in place in the dam foundation footprint. Upon consolidation, these flanking
soil conditions would account for the embankment stress necessary to form a longitudinal crack
at centerline, with the location of the ensuing discontinuity dictated by the presence of the
cohensionless, central filter drain.

In the process of assimilating the available data to render an opinion regarding the causal
mechanisms of embankment distress, several select observations surface repeatedly as having
significance in supporting a crack genesis related to foundation settlement. The first of these
observations is the gross pattern of transverse cracking. The grouping of the discontinuities into
zones spaced at roughly equi-dimensional intervals may be an indication that the causal
mechanisms are exterior to the structure. It also appears that both the depth of the principal
discontinuity in Zone 2 has increased since the early 1980's, and new zones of cracking have
developed since the early 1980’s. Both of these observations are compatible with a theory of
ongoing foundation settlement as the primary mechanism responsible for the cracked
embankment. The third and last observation of some significance is the vertical termination of
the transverse cracks at the interface between the embankment materials and the foundation
soils at the upstream toe of the structure. This condition would be expected, given the likelihood
that the embankment cracks are caused by settlement of the underlying mass.
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6.2 Performance of Existing Central Filter Drain

The filtering characteristics of the central filter drain material against the base embankment soil
are discussed in this section. Laboratory filter tests were conducted to test the filter materials.
Other analytical methods are discussed that compare the gradation of filter material with that of
the base embankment soil. Field observations regarding the condition of the central filter drain
at crack locations in the upstream embankment shell near the dam crest are also discussed.

6.2.1 Filter Test

AMEC performed two filter tests to evaluate whether the central filter drain materials are
adequate in providing filter protection to the embankment soil. The existing drain material and
the new filter material (Filter Material A) recently used as central filter drain backfill at Station
721+00 were tested. The filter test procedures and results are presented in Appendix G, and
summarized below.

o Filter Test 1. The new filter material (Filter Material A) was tested. The filter test was
performed under an average water pressure of 50 psi. Cloudy water was observed
exiting the sample within the first 30 seconds of the test. The water became slightly
cloudy after 4 minutes and eventually became clear after 7 minutes. Initially the flow
rate was 5.8 ml/sec, and the flow rate then reduced within 10 minutes and the water
became clear. The flow was constant after 10 minutes at a rate of 4 ml/s. The slot area
was slightly larger after the test sequence. Initially the slot size was 0.06 inch, with the
final slot size at approximately 0.2 inch. The end of the slot exhibited no severe erosion,
and the opening was not filled with any material. Very little loss of fine soils was
observed.

o Filter Test 2. The existing drain material (Filter Material B) was tested. The filter test
was performed under an average water pressure of 54 psi. Cloudy water was observed
exiting the sample for the first 30 seconds of the test. The water became slightly cloudy
after 3 minutes and eventually became clear after 5 minutes. Initially the flow rate was
7.2 ml/sec, but the flow rate reduced within 10 minutes and the water became clear.
The flow was constant after 10 minutes at 3.5 ml/s. The slot area was slightly larger at
the inlet end and was nearly closed at the outlet end after the test. Very little loss of fine
soils was observed.

For tests with successful filters, the flow rate decreases and water becomes progressively clear
with time. During both filter tests the water became clear with a reduced flow rate. Hence, the
tests were successful and it is unlikely that the embankment soil will pass through either the
existing or new drain material.
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6.2.2 Internal Stability

In past years, researchers have attempted to formulate a theoretical basis for the methods used
to select filter gradations within dams. Kenney and others (1985) discussed the concept of the
controlling constriction size. The controlling constriction size (D) is defined as the maximum
possible size of the particle that can be transported through a filter of specific thickness. The
thickness of the filter is not a significant factor because the practical width of filters far exceeds
the thickness required for filtering action. Analytical and experimental research indicates that the
controlling constriction size is related to the fine fraction of the filter (Dc <= 0.2 D;s).

Kenney and Lau (1985) investigated the internal stability of granular materials. Their research
showed that, when samples with several grain-size distributions were subjected to through flow,
some grain-size distributions experienced loss of fine particles and could be considered
unstable. Other size distributions did not experience such loss of fine material. They defined a
boundary between stable and unstable behavior and proposed the use of this method to
evaluate the internal stability of a given material. The boundary is defined by:

H=F

where,
H = percent of mass between two grain sizes: d and 4d
F = percent of mass finer

As very little loss of fines was observed during the filter tests performed for this study, an
evaluation of the internal stability is not needed.

6.2.3 Criteria for No-Erosion Boundary

Foster and Fell (2001) present a method for assessing the particle size distribution of filters in a
dam as compared to the soil that the filter is protecting. The approach was designed to
determine whether the filters are sufficiently fine to result in no excessive and continuing
erosion. Their method is based on the analysis of the results of laboratory tests and
characteristics of dams that have experienced piping incidents. Their study recommended the
establishment of a no-erosion boundary based on the statistical analysis of experimental data.
The embankment soils near Station 721+00 (base soils) were compared with the existing filter
drain materials. The base soils can be grouped into two categories (Group 2A — fines between
35 to 85 percent and Group 4A - fines between 15 to 35 percent). The existing filter drain and
new filter material were compared to these soil groups. The filter requirement (DF ;s ) satisfies
the proposed criteria for a no-erosion boundary for both soil groups. This derivation is
compatible with the filter test results, where very little soil erosion was observed.
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6.2.4 NRCS Filter Criteria

The suitable NRCS (1994) design of a filter for the representative base embankment soil near
Station 721+00 has been discussed in Section 3.9, and is graphically presented in Figure G-2.
The result of the filter analysis was presented in an earlier report (AMEC, 2001). The filter
analysis was employed to develop the design of new filter material (Filter Material A) that meets
the NRCS filter criteria. This material was used as backfill for the central filter drain near Station
721+00. In addition, the existing drain material satisfies both filter and permeability criteria, but
the drain material is more broadly graded than the design filter based on NRCS criteria (Figure
A-3).

6.2.5 Field Observations

Careful excavations were made at the interface of the embankment soil with the central filter
drain at crack locations near the crest of the dam and to a depth of about 5 feet. These careful
excavations were made to determine if the cracks propagated into or through the drain. There
was no evidence of cracking in the central filter drain. The filter material appeared to be
completely free flowing with no binder or cementation of any kind. There were no signs of
weathering or alteration of the drain materials. The filter was found to be moist. The filter
material and it's gradation appear to be unchanged since construction.

6.2.6 Selection of Filter Material

Two different filter materials (Filter Materials A and B) were utilized during the partial
reconstruction of the embankment. The Filter Material A is coarser than Filter Material B. Filter
Material A was used to reconstruct the central filter drain, which acts as an intercept for the
observed transverse cracks within the embankment soils. The function of Filter Material A is to
intercept and subsequently seal the crack by filtering transported fine sediments at the interface
of filter and embankment material, while draining the excess water. The filter was installed dry
and uncompacted to minimize any potential for crack propagation through the drain, and to limit
particle-size segregation during placement.

Somewhat In contrast to the utility of the central filter drain discussed above is the function of
the filter blanket placed on the upstream slope. This blanket serves as a filter over the
transverse cracks with no need for drainage. Filter Material B was installed to optimize the
filtering properties of the blanket, and the material was placed wet to enhance density and
improve stability.
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The selection and subsequent installation of the filter material on the upstream slope were an
integral part of the overall rehabilitation of the partially excavated embankment. The previously
benched areas on the upstream slope were first excavated to a smooth base to a depth of
approximately 5.5 feet. A one-foot thick layer of Filter Material B was then placed in a moist and
uncompacted condition. Embankment soils were then compacted on the top of the filter to
reconstruct the upstream slope to its original geometry.

The defensive strategy for the upstream component of the interim safety improvement can be
described as follows:

e The principal intent was to backfill the three upstream transverse crack investigation
locations utilizing methods that restored the original as-built geometry to a “better”
condition than previously existed prior to the investigation trenching.

e The upper segment of all transverse cracks at the upstream slope were removed by
excavating to a depth of about 5.5 feet, thereby removing the connectivity of any
remaining transverse cracks below 5.5 feet with the surface of the upstream slope

e The base of the excavated portion of upstream slope was backfilled with a layer of filter
sand because it's not cohesive and it is unlikely that a crack could maintain aperture
through the sand.

e The filter sand would limit the transport of water through the blanket, likely to a
magnitude that would moderate erosive exit velocities and stream power, thereby
limiting piping into the crack, and to some extent sealing the opening. This design
approach does not consider crack size.

e The compacted soil cover placed above the sand will limit flow into the sand and provide
a layer of soil devoid of cracks for the interim time period. It has been demonstrated
through a conservative transient seepage analysis (Section 6.3.1) that significant flow
into the sand layer is unlikely unless a new crack formed in the reconstructed upper soll
layer of upstream slope.

As an interim measure, the approach is deemed adequate, in that it is reasonable to assume
that new crack formation or any appreciable widening of the now buried discontinuities is
unlikely over the term of the interim measure and that the upstream embankment has been
restored to a “better” condition than existed prior to the investigation activities.
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6.3 Results of Seepage and Stability Analyses
6.3.1 Transient Seepage Analysis

A transient seepage analysis of the section representing maximum height near Station 721+00
was performed using the computer code SEEP/W. This section represents the profile of the
embankment that is consistent with the interim repair completed during this work assignment.
The analyzed flow section is based on the typical section presented in Figure G-1 that
represents the as-built of embankment repair.

The analyses were extended to 30 days, with the location of the wetted front plotted for 1, 3, 5,
8,10, 20 and 30 days to estimate trends. In comparison, the time to drain the reservoir
impounded by Buckeye FRS No. 1 through its primary and emergency spillways is estimated to
be 10 days. The analyses assume the full impoundment level throughout the 30 days, with no
gradual lowering of the level. The migration of the wetted front is shown in Figure I-1 in
Appendix-.

The analyses generally indicate that a wetted front will not advance to the downstream toe of
the embankment during the estimated 10-day impoundment period, even for the conservative
hydraulic conductivity values (higher than laboratory value) assumed for the materials
comprising the embankment soils. The analyses do not explicitly include the impact of cracking
of the embankment soils, since the two-dimensional plane strain finite element model cannot
incorporate such features. The analysis represents a possible scenario in the section of dam
that is devoid of any cracks.

6.3.2 Static Stability Analysis

The result of the stability analysis for a typical cross section (25 feet high) is shown on the
Figure I-2 in Appendix-l. The stability analysis was performed for a slope condition under
sudden draw-down from a maximum pool elevation. The transient seepage analysis predicted
that the wetted front moves only to a few feet even after 30 days under maximum pool
conditions. The stability analysis conservatively assumed a saturated condition for the whole
dam section under maximum pool conditions.

The minimum factor of safety for the most critical failure surface was determined for static
conditions using the program’s search features. The minimum factor of safety for the
embankment slope was found to be 1.47, which is higher than the value of 1.3 considered
adequate for the embankment fill slope under sudden draw-down conditions. The slope
appears to be stable under a sudden draw-down condition considering the conservative
assumptions used in the stability analysis.
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6.4 Condition of Pipes

The video tape of the two 12-inch diameter reinforced concrete pipe irrigation outlets located at
stations 710+00 and 817+00 provided by the District was reviewed. The video inspections of
pipes at both stations were performed on April 15, 2003 by Mr. J. Setelin from ProPipe Services.
All pipe joints were closely examined to determine possible separations, deformation or any
other abnormalities.

e Station 710+00. The total length of pipe photographed was 155 feet and the starting
access point was at 4 feet. The pipe joints were at 10.8’, 17.8’, 22.8', 34.6’, 46.8', 59.0,
70.7', 82.7', 94.5', 105.3', 117.3', 129.4’, 141.4’ and 151.6". The pipe joints were intact to
slightly deformed and separated (elongated, but well within the allowable joint extension).
The pipe joint conditions were relatively good at locations 117.3", 129.4" and 151.6". At
some locations, a few minor, insignificant cracks were observed at the joints. Small black
spots (possibly minor holes or debris) or cracks were observed on the pipe wall at locations
5.1", 44.4" and 151.6'. At places some objects hanging from the wall along with spider webs
were found. The pipe was dry except between locations from 117.3" to 141.0° where water
inside the pipe was observed.

e Station 817+00. The total length of pipe photographed was 170 feet and the starting
access point was at 4 feet. The pipe joints were at 11.6", 23.2", 35.0°, 47.0', 59.0°, 71.1",
83.3, 94.9', 107.1", 105.3’, 119.4°, 131.4’, 143.9', 155.4', and 166.6’. The pipe joints were
slightly deformed and separated. The pipe joint was relatively more deformed at location
131.4". At some locations a few minor cracks were observed at the joints. A big crack was
observed on the pipe wall at location 166.6°. At places some objects hanging from the wall
along with spider webs were found. Numerous spider webs were observed between
locations 155.5" and 160.0". An uprooted tree trunk was observed near pipe joint location
143.9’. No water was observed inside the pipe at any location.

On the basis of the video tape inspection, both pipes appear to be in an acceptable condition,
constituting no apparent threat to the integrity of the embankment. The uprooted tree trunk
within the outlet pipe at Station 817+00 does not appear to pose any risk to the structure.

6.5 Critique of Investigative Approach

The following discussions focus on the adequacy and effectiveness of the methods employed
during this study to explore and characterize the physical attributes of the geotechnical
foundation profile, dam materials and embankment discontinuities of the Station 721+00 study
area. This discussion is provided to facilitate improvements and subsequently guide the
planning of future geotechnical investigations of Buckeye FRS No.1 and similar district facilities
designed to quantify the magnitude and nature of cracking, and the cause(s) of that cracking.
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6.5.1 Exploration of Foundation Conditions

The exploration drilling undertaken in this investigation proved to be sufficient to obtain
necessary data regarding the geotechnical profile. The utilization of CME continuous sampling
techniques, however, is less clear. Recovery of CME samples generally ranged from 50 to 70%
and full recovery was never achieved. The resulting samples were somewhat disturbed. CME
sampling techniques appear to be more successful in moist environments with higher clay
content. Soil coring techniques would likely yield greater recovery with less disturbance.
However, water is introduced during soil coring and measuring accurate moisture content is not
possible, and blow counts may be less representative.

The rather high density of the borings in this investigation was necessary to observe subtle,
lateral differences in the geotechnical conditions over a relatively small distance. The depth of
the investigation also appears to have been appropriate. All borings penetrated over 10 feet of
more competent, hard soils before being terminated.

6.5.2 Crack Detection Utilizing Seismic Refraction Method

Seismic signal traces indicating the presence of significant discontinuities are presented in
Appendix C. Arrival time trends were examined for sudden delays in arrival time that indicated
an abrupt increase in travel distance for the first arrival signal. Such a condition was consistent
with an organized fracture or crack in the embankment, requiring the signal to travel below or
around before arriving at the next geophone. Gains for the signal traces were adjusted in the
field to create traces of a relatively uniform height. Relative signal amplitudes, measured in
decibels, could then be compared. At geophones more than 20 to 30 feet from the energy
source, a sudden increase in decibel gain was consistent with a loss of signal energy across a
soil or embankment discontinuity. The lateral location of an organized discontinuity along a
seismic line was determined by comparing the locations of either arrival time and/or sudden
attenuation in the forward (foreshot or fs, forward quartershot or fms, midshot or ms) and
reverse (midshot, reverse quartershot or bms, backshot or bs) directions of the data traces. An
anomaly location was interpreted to be between the forward and reverse indications in the trace
data.

Lines 1, 2, 7 and 8 were completed adjacent to the FRS embankment upstream and
downstream toes on native ground where no soil discontinuities were identified. Beyond 20 to
30 feet from the energy source, the refracted seismic energy had passed through the underlying
soils where an earth fissure would be present. Trace first arrival times followed a consistent
trend. Once gains were set and signal trace heights were similar, decibel gain increases were
moderate at increasing distances. Moderate gain increases, or attenuation, were typically less
than 12 decibels (dB) between geophone spacings. Each change in gain of 6 dB indicated a
change by a factor of two. A gain increase of 12 dB indicated signal attenuation by a factor of
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four. A gain increase of 12 dB or more between geophones far from the energy source was
normally a strong indicator of a crack-type soil discontinuity. Alternatively, a significant increase
in signal noise prior to the first arrival could be a strong indicator of a crack-type discontinuity.

Lines 3, 4, 5 and 6 were completed on the FRS. First arrival time delays and/or significant loss
of signal quality were apparent in many of the traces for these lines. The presence of these
seismic anomalies indicated the existence and at least some locations of transverse cracking in
the embankment. For example, at the Line 3 reverse quartershot traces (bms), typical time
arrival differences between each geophone at geophones 9 to 3 and geophones 2 to 1 were 3
to 5 milliseconds. Between geophones 3 and 2, however, the arrival time difference was about
18 milliseconds. At Line 5 between geophones 6 and 7, the signal quality degraded significantly
at both the reverse quartershot and backshot traces (bms and bs). Similarly, at Line 6, a
significant arrival time delay and signal attenuation was indicated at geophone 4 in the midshot,
reverse quartershot and backshot traces (ms, bms and bs), while an arrival time delay was
indicated between geophones 7 and 8 in the forward quartershot (fms).

Based on the preliminary results of this brief application of the seismic refraction technique to
the problem of detecting embankment discontinuities, the technique holds great promise. More
testing will be required to prove its continuing reliability.

6.5.3 Upstream Slope Excavations

It is clear from this investigation that it is necessary to remove at least the upper 8 inches of the
embankment to properly observe embankment discontinuities. Due to the necessity of removal
of at least 8 inches, identification of key zones is important to focus the removal process.
Detailed review of both previous investigations and seismic surveys can aid in the identification
of key zones. Compressed air has proved to be a valuable tool in the efficient cleaning of the
slope for crack mapping and observations, and should be utilized.

Notching does not appear to be necessary in the excavation procedure, but it was adequate for
the goals of the project. Cracking is often more evident in plan view and easier to observe. It
would be sufficient to slot ‘trench’ in crack zones to observe cracks at the desired depths.

An additional method of mapping cracks and identifying key zones for surficial removal is the
lowering and cleaning of the crest. This allows for the observation of the interaction of the
transverse cracks and the central filter drain, and allows for increased reach of excavation
equipment if the removal of the central filter drain is desired. Notching down the crest in a
careful manner proved to be valuable for observing the cracks interaction with the central filter
drain and could be incorporated into the lowering of the crest.
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6.5.4 Removal of Central Filter Drain

The deep longitudinal trench and removal of the central filter drain proved to be the most
enlightening and valuable exercise in this investigation, highlighted by the discovery of the
longitudinal crack at the bottom of the drain. Investigating the depth of this longitudinal crack
could prove to be somewhat difficult. The equipment used in the investigation was at its
maximum reach, so greater excavation depths would require greater removal of more than 4
feet of the crest. Larger equipment could yield a greater reach, but the increased weight may
cause instability of the embankment.

The construction of a ramp for equipment access on the upstream embankment proved to be of
great value for site access. Likewise, spoiling material on the downstream slope worked well
and allowed for the creation of a ramp that expedited the backfill process.

The safety shoring design and installation worked well. The use of a knowledgeable
subcontractor for the installation of the shoring increased the efficiency of the work activities.
The stability of the trench was never in question and OSHA requirements were met. The
cleaning of the bottom and sides was sufficient as was the sloping of the trench ends. The use
of security fencing to cover the trench and prohibit vehicular access to the trench was adequate.

6.5.5 Backfilling and Embankment Restoration Efforts

The deep longitudinal trench removed the drain material from the center of the crest to a depth
of 19 feet and also the embankment material to a depth of 3.5 feet. The upstream test trenches
removed the embankment material along three crack zones to a depth of 5.5 feet along the
slope. The existing central filter drain material was replaced with suitable filter material (Filter
Material A), and a one-foot layer of another filter material (Filter Material B) was placed on the
excavated slope on the upstream side. Filter Material A was placed in a dry condition inside the
central filter drain from one side following the removal of the shoring system. No noticeable
segregation was observed during the placement of filter material. The filter material was placed
without any compaction. The backfill operation was efficient with no major constraints
encountered.

Filter Material B was placed in the bottom of the excavations on the upstream slope in a wet and
un-compacted condition to cover the exposed cracks. The filter was then covered with
previously removed and re-compacted embankment material. The purpose of the filter in this
location is to intercept seepage through the soil overburden on the upstream slope before it
enters the open cracks, preventing migration of fines into the cracks with any seepage that may
occur. The compaction activity was monitored regularly and the embankment was restored to
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its original integrity. The compaction effort met the specified criteria throughout the backfill
operation. The restoration of the crest and linking that construction to the repairs of the
upstream slope were performed without complications.

The only concern related to the backfill operation is the integration of original slope with the
backfill slope on the upstream side. There was a vertical wall between the two slopes and the
repaired boundary may be the focus of future cracking. It was observed that the two slopes
integrated fairy well during backfill operation. It is recommended that in future operations, the
undisturbed wall on the side of the excavated slope should be sloped instead of vertical.

The function of central filter drain is to provide drainage capacity, while preventing uncontrolled
crack erosion by developing a filter cake at the upstream soil/drain interface, and preventing
crack propagation. The reconstructed central filter drain was placed in a dry and uncompacted
state to assure the integrity of the drain. In this condition, the drain will not support a crack
aperture, and the material was less prone to segregation upon placement. [f moisture was
added to the drain materials during placement, it could aid compaction, with the possibility of
reducing the permeability of system and affecting the drainage capacity.

On the other hand, the filter on the upstream slope was placed moist and uncompacted. The
main function of Filter Material B is to provide an intervening filter medium. Compacting the
material would have been difficult due to the slope of the blanket, and this action would not have
appreciably enhanced its desired characteristics. As the filter is not required to function as a
drain, it was placed wet to improve its density and improve the stability of the upstream slope.

6.6 Recommended Approach for Subsequent Phase

Subsequent actions by the District, associated with the issues of cracking of the Buckeye FRS
No. 1 embankment, can be viewed as being associated with three interrelated, but distinct
objectives. The first of these objectives would be to gain further insights into the characteristics
of the distressed embankment, with a focus on the distribution and geometry of the
discontinuities. Additional information regarding the cracking may be useful in ultimately
assessing risk and selecting feasible, long-term repair or facility alternatives. A second goal
relates to any opportunity to further test the effectiveness of the center central filter drain
system, the existing crack defense in the dam. Such testing could be useful in quantifying the
protective contribution made by the existing central filter drain, and to what degree this system
would need to be augmented. The third and final action under consideration is adjunct to the
investigative objectives mentioned above, in that it relates to the need for interim protective
measures, either at Station 721+00 or the other three zones of pronounced cracking. These
measures are viewed as being both procedural and physical, with the need for further
construction-related actions at Station 721+00 deemed unnecessary at this time, but
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appropriate at the other problem locations. A further discussion of these recommendations and
others related to both investigative and interim repair activities are presented in the following
sections.

6.6.1 Site Characterization of Three Remaining Areas

During the initial stage of formulating the scope of this investigation, it was anticipated that an
exploratory program of a similar magnitude as that reported herein would be completed at the
remaining three problem areas of the embankment, as part of a subsequent work assignment.
The focus of any additional investigations of the remaining sites should be moderately adjusted,
with the primary objective shifting to interim repair, with characterization somewhat adjunct to
that effort, but benefiting because of the required cleaning and inspection during repair.

The District has options regarding any further investigation of the possibility of deep longitudinal
cracking under the central filter drain. If further insights into the cause and persistence of such
cracking are desired, then additional deep trenching to remove the drain may be required. As
will be discussed below, it may be prudent to first investigate the potential usefulness of
geophysics before proceeding with additional deep trenching.

In anticipation of selecting the best sites for testing, and preparing the three remaining areas for
repair, it is recommended that the upstream slope of each area be subjected to surficial
cleaning, inspection and over-excavation of the persistent transverse cracks. The two most
significant transverse cracks exposed should then be targeted for the ponded crack infiltration
testing discussed in the report section to follow. At the termination of the ponded tests, partial,
relatively shallow removal of the central filter drain to observe moisture penetration and crack
erosion could be accomplished in the narrow zones encompassing the two tested cracks. No
additional excavation of the center central filter drain may be required. Backfilling procedures
adopted for the Station 721+00 site should be employed to return the central filter drain to
service.

The question remains whether the limited program of characterizing the problem embankment
sections described above, occurring in conjunction with ponding tests and repair, should be
augmented with an investigation of the underlying foundation conditions using geophysical and
drilling programs. The purpose of such work would be to once again search for the causal
mechanisms of embankment cracking. The degree of confidence regarding the likely differential
consolidation of the shallow soil profile has improved, and additional rigorous characterization of
the dam foundation may not be necessary at this phase of the project. A reduced program of
auger drilling, laboratory testing, and surface geophysics is recommended.
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6.6.2 Investigation of Western Segment of Dam Structure

From the perspective of dam safety for the entire FRS, it would be beneficial to investigate the
shallow soil profile under the previously uncracked portion of the dam between Stations 801+00
and its western terminus. This reach is geologically mapped as being underlain by older, more
cemented Quaternary alluvium than the deposits present under the cracked embankment. A
limited subsurface program could further support the proposal of a foundation-related cause for
embankment cracking by identifying less compressible conditions under the uncracked portion
of the structure. An abbreviated exploratory program is recommended, when compared to that
completed in the Station 721+00 study area. Four hollow-stem auger borings with drive
sampling to depths of 40 feet are recommended, augmented with intervening seismic refraction
and shear wave profiling. A limited suite of laboratory tests should ensue, with a focus on the
moisture, density and consolidation/collapse characteristics of the shallow soil profile.

At the time that the central filter drain was installed, the density and depth of transverse
embankment cracks were defined, with limited portions of the structure apparently free of
discontinuities. The drain was not constructed in these crack-free segments between Stations
555+00 and 565+00, and between 801+00 and 931+80, for a total distance of 13,080 feet,
representing about 35 percent of the 7.1-mile embankment. It is recommended that the region
previously free of discontinuities be investigated, with the purpose of redefining that portion of
the dam in need of attention should the structure require a full restoration. The investigation of
that portion of the dam previously free of discontinuities should be accomplished by visual
inspection, followed by seismic refraction profiling and limited shallow trenches to verify select
geophysical indications of embankment fractures. Due to the discoveries made in the Station
721+00 study area, it is assumed that major changes in areas previously identified as
containing numerous discontinuities include deepening of many cracks, and formation of new
fractures. Little would be gained from a new investigation of these reaches of the embankment,
with the likely confirmation of the assumption stated.

The discovery of the deep longitudinal crack below the central filter drain in the Station 721+00
study area, and the recent detection of pervasive longitudinal cracking along the crest of the
Spook Hill FRS raises the possibility of a shallow longitudinal feature in the Station 801+00 —
931+80 reach of the Buckeye FRS No. 1 structure. This portion of the dam is devoid of the
central filter drain; therefore, conditions approximate those present at the Spook Hill FRS, with
its strain expressed as a prominent, centered longitudinal crack exposed along the crest of the
dam. It is recommended that the possibility of longitudinal cracking in the subject reach be
investigated, utilizing transverse seismic refraction profiling, followed by confirmatory trenching.
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Although the investigations summarized above, and other work on the embankment, including
pond testing and repair, could be accomplished safely during any time of the year, there is
inherently less risk of compromising the flood retention function of the structure during drier
seasons of the year. Certainly, retention of a flood pool could hinder or curtail either
investigative or construction activities, but with contingencies implemented, the risk of dam
breach caused by the investigation or repair appears remote. The most preferable timing for the
investigations, testing and repair is between mid-October and early-December, or between mid-
April and late-June. These times avoid the typical wet periods, including the summer monsoons
and the regional winter cycle.

6.6.3 Ponded Crack Infiltration Testing

For regions of the dam structure where cracks do not pass under the central filter drain, both
filter testing and observations within the Station 721+00 study area indicate the probable
adequacy of the existing drain. The central filter drain appears capable of arresting crack
propagation due to its lack of cohesion, with filtering properties that would limit crack flow and
sediment transport, and provide adequate drainage capacity. Further quantification of this
apparent adequacy could influence the degree to which this existing protective component will
be considered in selecting and designing additional deienses, should the District opt to
implement a full repair of the structure.

Full-scale, relatively long-term pond testing of the style performed on Vineyard FRS by the Soil
Conservation Service is recommended at two crack locations on the Buckeye FRS No. 1
embankment. These two locations should be selected to be the most potentially detrimental
conditions known in the dam structure, likely within the other three remaining problem zones,
but possibly at other locations of known, prominent cracking. Procedures for the test setup and
operation are discussed in Section 3.11.1 of this report, in general conformance with the
approach taken by the SCS at the Vineyard FRS. A test duration of 30 days is recommended.
As previously mentioned, the District should consider the subsequent removal of a shallow
segment of the central filter drain after completion of each ponding test to observe the wetted
front and the erosional conditions within the central filter drain section and the adjacent
embankment crack previously inundated. The upstream slope should also be trenched.

6.6.4 Interim Repair
As previously mentioned, no additional interim protective or defensive measures are
recommended for the Station 721+00 location, with one exception described below. The

upstream filter blanket and the re-compacted slope backfill should provide adequate protection
in the interim against damaging crack erosion. Following the placement of the upstream slope
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filter and the overlying compacted embankment soils, the dam’s condition in the investigated
reach is deemed comparable or likely better than the remainder of the structure. It is
recommended that the same slope treatment be constructed in the other three problem areas
as an interim measure.

Repairs in the Station 624+35, 673+50 and 710+47 areas should begin subsequent to the
limited characterization of the excavated upstream slopes and the ponding tests. Backfill
procedures and the material types similar to those employed at the Station 721+00 site to
restore the dam profile should be applied to repair the three remaining areas. The design of this
repair and materials used are summarized in Section 3.9, and an as-built drawing is presented
in Appendix G.

For all four problem areas, the District should consider regrading the terrain adjacent to the
upstream slope, thereby eliminating any local ponding and providing positive drainage away
from the region of concern. This regrading should be accomplished using clayey borrow in a
further attempt to reduce infiltration. These actions could lessen the wetting of the foundation
soils in the future, and the resultant underlying settlement of the soil profile and embankment
distress.

6.6.5 Monitoring and Surveillance
The four areas of concern should be periodically inspected for surficial signs of distress, on a
quarterly basis following the interim repairs. An inspection should also occur within one week of

the retention of water in the flood pool behind the dam. No further monitoring actions are
recommended.
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TABLE A-1

Summary of Previous Crack Data
Station 721+00 Study Area

Test Pit | Station Location | Possible Crack Flood Test
Lid Depth (feet)
TP-27 719+40 us 20 Toe Seepage
TP-28 721+06 CDS 17.5 High Flow
TP-29 721+53 usS 21 Toe Seepage
TP-30 723+00 CC 3 No Test
TP-31 724+12 us 7 No Test
TP-32 724+22 cC 4 No Test
CUS - Crest at upstream side.
CC - Crest at center.

CDS - Crest at downstream side.
DS - Downstream slope.
usS - Upstream slope.
. From: Summary of Field Investigation (AMEC, 2001)
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PROJECT Buckeye FRS #1 I ﬁ

0-117-001044 2 5/31/00
JOB NO. DATE — BACKHOE TYPE__Backhoe
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- pit. The depth of the crack possibly is about 20', considering the location of
1 the toe seepage. The zone of wet soil related to the water experiment was
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1 l | and filled with sandy soil. A flood test was performed with a high seepage
1 } observed. After the flood test, the crack became wider and by probing it was
E 1 determined that the crack extended at least 6' below the bottom of the test
1 l T pit. A sample of the material infilling the crack was collected.
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' SAMPLE TYPE
B - Undisturbed Block Sampl
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U-3"0.D. 242" 1.D. tube sample
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SAMPLE TYPE

B - Undisturbed Block Sample
D - Disturbed Bulk Sample

U-3"0.D 2.42"1.D. tube sample

A - Drill Cuttings
G - Grab sample

LOG OF TEST PIT NO.  TP-29

Page 1

0-117-001044 5/30/00
JOB NO. - DATE BACKHOE TYPE__Backhoe — i
, | 1 | o GROUNDW:\T_ER LOCATION Sta. 721+53, upstream slope 20' above toe
. | | [ DEPTH [HOUR| DATE | B
e -5 | ¥l | rone | SURFACEELEV. ]
. 2y 35 3% | Y| 1 | DATUM
s _| & |8|2/2882] B3 [ » |
2 % f9 |EIE8552 £8 | REMARKS | SOIL DESCRIPTION -
def| 09 |A|H|=Caa| S0 | |
01— - =l o l e ’ B
| | | Two small holes were observed about 20" above the upstream toe. The |
| [ I I pS| ,
J' | crack was exposed on the walls and bottom of the test pit. The crack was a |
1 ;' =h - ‘ : maximum of 1" wide and was filled with fine soil. A flood test was performed |
. — | with high a seepage rate observed, and seepage from a few holes at the
! | ' | embankment t ted
1 b ‘ | embankment toe noted.
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- BACKHOE Type_Backhce ==
-l r T j B GROUNDWATER LOCATION Sta 723+00, near center drain
] | | | DEPTH [HOUR| "DATE | _ . "
| | g - none_| | SURFACEELEV. o
3 [ 1510 35 3% | ¥/ : | | DATUM — . -
£ .| 5, |B|83883 B ,"M ‘ |
a o |E[8€E & sEn | |
gcp Sg’ f als @8&’51 58 y REMARKS ’ SOIL DESCRIPTION [
L=tz = L e - : . —
) | | B Two small aligned cracks were observed at the crest near its center. The ]
] J [ ] ] crack was exposed at the bottom and on the upstream wall of the test pit. |
] ‘ i ’ ] | The crack was a maximum of 1" wide. The crack terminated near the center |
1 [ I == " drain. The center drain was exposed and the width of the crack was smaller !‘
: | J!,__,__*_% | on the downstream side '
. | S |
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N — |
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SAMPLE TYPE

B - Undisturbed Block S |
D- D?sl:zsrt?;deBulkoScam;r:p : LOG OF TE ST P IT NO TPL&Q_ B
U-3"0.D. 242" |.D. tube sample

A - Drill Cuttings
G - Grab sample Page 1 of 1
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0-117-001044 5/30/00
JOBHO: —————"L - DATE - ——~~— BACKHOE TYPE__Backhoe
— 1 T 17T T ] GROUNDWATER LocaTion ~ _Sta.724+12 upsteamslope
||| | [oten[vouR| bATE ] -~ . |
[ | ?;j -8 | ¥ | _none | | SURFACEELEV. o |
o | ! -_c -— 1 I_——_ﬁ SRS
8 |olalezzg w8 (X[ . | DATUM S
s _| & |e|ggess 8% [ T — - o “‘ 1 ‘
5 g ¥ [E|EBESs E8 ! REMARKS | SOIL DESCRIPTION ’ ‘
0OcSuw O ‘(/J'LUJJEUO_DI 20 I, | l
e : 5| EE— =
T \ ‘ | { ]n A large crack was observed on the upstream slope about 6' above the toe. ;
L l ] ! The crack was exposed on the walls and bottom of the test pit. The crack |
| I | ] | had a maximum width of 1" and was filled with fine soil. Probing indicated ;
1 I T i | the crack extended about 2' below the bottom of the test pit. I
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SAMPLE TYPE

B - Undisturbed Block Sample

K LOG OF TESTPITNO. _ TP-31
U-3"0.D. 242" 1.D. tube sample
A - Drill Cuttings
G - Grab sample Page 1 of 1
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0-117-001044 ~ 5/30/00_
JoBNO. — =+ . DATE SRS ~—— BACKHOE TYPE Backhoe -— -
e ' 1 ‘ ’ ,_,*GEQUNDWf_TEB_ LOCATION Sta. 724+22, 8' from south end near center dre
| | | DEPTH [HOUR DATET
g o =85 | ¥l | none | SURFACE ELEV.
T | |Fle._35 8% | ¥ | | DATUM _
e .| 5, |B|EEEES B I | |
e 8| 59 |E|El55z2 E8 REMARKS ’ SOIL DESCRIPTION ,
OEu| O3 |o|nZ0ad| 350 1 | L ) |
W i _] ! Two 1" diameter holes were observed at the crest. The crack was exposed
| ‘ N [ | on the downstream wall and bottom of the test pit. The crack was a
1 . T ’ 1 maximum of 0.5" wide and was filled with sandy soil. Probing indicated the |
1 { ‘ crack extended only 6" below the bottom of the test pit.
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L SAMPLE TYPE
B - Undisturbed Block S |
@ S gummessasave ) OG OF TEST PITNO.  TP-32
U-3"0.D.2.42"1.D. tube sample
A - Drill Cuttings
G - Grab sample Page 1 of 1
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Pro Pipe Services
2222 W. Grant Street
Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: (602) 8611423

Inspection repdrt

Date: PO# Weather! Sutveyor/Cert #: section number: PLR:
20030415 1 J. SETELIN/O2-218 [
Tot Pipe Length: Survey Customer: ‘System Owner: " Clean Date: Pre-Cleaned: rate:
. FLOOD CONTROL MARICOPA COUNTY
Street; ‘BUCKEYE! Flow Controf: MH: STA.710+00
City: BUCKEKYE Year Renewed MH: STA.710+00
Location Code: Z Other Tape/Media #: 64-1 pipe length: 1551t
Reason for inspection: A Maintenance Related Dia/Ht: C Circular 127
Use: SW Storm Water Mafenal: . RCP Reinforced concrete pipe Pipe Jt. 101t
Lining Meterial:
Drainage Area: . )
Remark::
1:400 _ position code observation photo

Slaldon b 710100

£ Acress point

NO -,
,D_',x-)rﬁp

1éeme .

T VRN I S 4 oy
= U OVER O T [
| .
. /"’”M . ,-‘». A !
Lok v/ 4

% i
fomremd

15 04 2003.mdb /! opaae: 1
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Pro Pipe Services
2222 W. Grant Street
Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: (602) 861-1423

Inspection report

Date: POS#® Weather: Surveyor/Cert #: saction humber: PLR:
20030415 ] : 1 J. SETELINA2-218 6
Tot Pipe Length: Survey Customer: System Owner: - Clean Date: Pre-Cleaned: rate:
: : FLOOD CONTROL MARICOPA COUNTY :
Street: - BUCKEYE! Fiow Conrol; M , STA.710+00
City: BUCKEKYE Year Renewed MH: STA.710+00
Location Code: 2 Other TapeMedia #: 54-1 pipe fengih: 155 ¢
Reason for inspection: A Maintenance Related Dia/Ht: C Circufar12”
Material: RCP Reinforced concrete pipe Pipe Ji: 10t
Use: SW Storm Water :
Lining Material: '
Drainage Area: .
Remark::
1:400 position code observation photo
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15 04 2003.mdb I/ page: 1
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Pro Pipe Services

2222 W. Grant Straet
Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: (602) 8611423

lnspection report

Date: P.O#% Waeather: " Surveyor/Cert #: ssction number: PLR:
20030415 1 J. SETELIN/02-218 ) 6
Tot Pipe Length: Survey Customer: System Owner: - Clean Date: Pre-Cleaned: rate:
: FLOOD CONTROL MARICOPA COUNTY )
Street: ‘BUCKEYE! Flow Controf: MH: STA.710+00
City: . BUCKEKYE Year Renewed MH: STA.710+00
Location Code: Z Other Tape/Media #: 54-1 pipe length: 155 ft
Reason fer inspecticn: A Maintenance Related Dia/Ht: C Circular 127
Use: SW Storm Water Ma?ena): ' RCP Reinforced concrete pipe Pipe Jt: 101t
Lining Materiat:
Drainage Area: .
Remark::
1:400 ~ position code observation photo

15 04 2003.mdb /! page: 1
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Pro Pipe Services
2222 W. Grant Street
Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: {602) 861-1423

Inspection réport

Date: ' P.O# Weather: Surveyor/Cert #: section number: PLR:
20030415 1 J. SETELIN/02-218 ’ 6
Tot Pipe Length: Survey Customer: System Owner: - Clean Date: Pre-Cleaned: rate:
: FLOOD CONTROL MARICOPA COUNTY
Street: - BUCKEYE!1 Flow Controt: MH: " STA.710+00
City: BUCKEKYE Year Renewed M STA.710+00
Location Code: Z Other Tape/Media #: 541 pipe length: 155 ft
Reason for inspection: A Maintenance Related Dig/Ht: C Circufar 127
Use: SW Storm Water N'la?enal: ) RCP Reinforced concrete pipe Pipe Ji:  10ft
{ining Material: .
Drainage Area: :
Remark::
1:400 position code observation photo

Access point

15 04 2003.mdb /I opage: 1




. Pro Pipe-Services—- T
2222 W. Grant Street . o
Phoenix, AZ 85009 8
: ) o Tel: (802)-861-3944, Fax: (602) 861-1423
inspection report i
Date: | POX ~Weather: Surveyor/Cert #: section number. BLR: »
20030415 o1 J. SETELINAOZ-218 & .
Tot Pips Length: Survey Customer: System Owner: Clean Date: Pre-Cleaned: rdte:
FLOOD CONTROL MARICOPA COUNTY
Street: " BUCKEYE! Flow Control: ME: STA817+00 |
City: BUCKEKYE Year Renewed MH: STA 817+00 y
Location Code: Z Other TapeMedia #: 54-1 pipe length: 1701 ft
Reason for inspection: = A Maintenance Related DiaMt: C}:!rcular 2" -
Use: SW Storm Water Pv?afenal: - RCP Reinforced concrete pipe Pipe Jt. 10t =
Lining Material:
Drainage Area: . 1
Remark::
-
1:425 position code  observation photo -
T, s 2 A
StyATlonN . @\ T+00
F
Y
4
E .
L .
v .
We el tvesy A 1
1 -
g \ O e } ('_:}\. C\ ’
U Se S W Stoem el ey,
- ¢ S’
Ct 8 (2 L N es L ST o (v \,"\
vaderuald o RGP Kedmnyerces | Concvale
' " ' o e LS
ol /Y C v cU \&\ 18
? . - - i R
Jenrls \o o

15 04 2003.mdb // page:1




Pro Pipe Services
2222 W. Grant Street
Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: (602) 861-1423

Inspection report

Date: PO® Waeather: Surveyor/Cert #: section number: PLR:
20030415 B 1 J. SETELIN/02-218 5
Tot Pipe Length: Survey Customer: System Owner: Clean Date: Pre-Cleaned: rate:
FLOOD CONTROL MARICOPA COUNTY
Street: BUCKEYE . Flow Control: MH: STA.817+00
City: BUCKEKY E Year Renewed MH: STA. 817+00
Location Code: Z Other TapeMedia #: 54-1 pipe length: 17011t
Reason for inspection: A Maintenance Related ‘Dia/Ht: C Circular 12"
Use: SW Storm Water Ma?enal: . RCP Reinforced concrete pipe Pipe Jt.  10ft
Lining Material:
Drainage Area: :
Remark::
1:426 position code observation photo
. i x‘;;. v \ .
. | o
PepE \ T Y \ o
» s Witat al?\. _-
Spldeswniy e
S~ Lo48 ‘ : S "_\v;,

§
W
b

—

A

15 04 2003.mdb /! opace:1




2227 W. Grant Street
- Phoenix, AZ 85009
Tel: (602)-861-3944, Fax: (602) 8681-1423

_ lnspectmn reporr
Date: POS Weather: Sutveyor/Cert #: section number: PLR:
20030415 , 1 J. SETELIN/A02-218 & ’
Tot Pipe Length: Survey Customer: ~ System Owner: Clean Date: Pre-Cleaned: . rate:
FLOOD CONTROL MARICOPA COUNTY
Street: " BUCKEYE |~ Flow Control: MH: STA.817+00
City: BUCKEKYE Year Renewed MH: STA. 817400
Location Code: Z Other TapeMedia #: 54-1 pipe length: 17011t
Reason for inspection A Maintenance Related Dia/Ht: [+ _Clrcular 12" -
Use- SW Storm Water N'la!enal: ) RCP Reinforced concrete pipe Pipe Jt:  10ft
Lining Material:
Drainage Area: .
Remark::
1:425 position code  observation photo

15 04 2003.mdb // paae:1



Pro Pipe-Services— - -~ L -
2222 W. Grant Street B |
Phoenix, AZ 85009 [
" - Tel: (602)-861-3544, Fax: (602) 861-1423
inspection report - i
Dete: POX “Weather: Surveyor/Cert #. section number; PLR: -
20030418 . 1 J. SETELINO2-218 a §7. : -
Tot Pipe Length: Survey Customer: System Owner: Clean Date: Pre-Cleaned: rate:
FLOOD CONTROL MARICOPA COUNTY
Street: BUCKEYE! Flow Control: MH: STA.817+00 o
City:’ BUCKEKYE Year Renewed MH: STA. 817400 p
Location Code: Z Other TapeMedia #: 54-1 pipe length: 1704 ft
Reason forinspection. = A Maintenance Related Dia/Mt: C Circular 12" -
Use: SW Storm Water Mafernal: . RCP Reinforced concrete pipe Pipe Jt:  10ft
Lining Material:
Drainage Area: .
Remarik:: E

1:425

position

code

£

A

observation

photo
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APPENDIX C

» GEOPHYSICAL SURVEYS & INTERPRETATIONS
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REFRACTION SEISMIC EQUIPMENT & PROCEDURES

Refraction seismic surveys are performed in general conformance with the guidelines presented in ASTM
~ D5777-95 Standard Guide for Using the Seismic Refraction Method for Subsurface Investigation for refraction

surveys using compression waves (p-waves). ASTM D5777 does not address shear wave (s-wave) surveys;,
standard practice is followed for refraction surveys using s-waves. In some investigations, such as seeking
and tracing earth fissures or other significant discontinuities (Rucker and Keaton, 1998), non-standard
procedures and analyses, such as signal amplitude analysis, are used as part of the investigation process.

Seismic Equipment - Refraction seismic surveys are performed using a Geometrics ES-1225 or Smartseis
S-12 signal enhancement seismograph. These instruments have the capability to simultaneously record 12
channels of geophone data and produce hard copies of that data. The Smartseis also has the capability of
digitally storing geophone data. Signal enhancement capability permits the use of a sledgehammer as the
seismic energy source. A timing sensor is attached to the hammer, and for p-waves, a metal plate is set
securely on the ground surface and struck. Generating horizontally polarized s-waves typically involves
setting the plate against the end of a wooden plank or railroad tie oriented perpendicular to the axis of the
geophone array and striking with a horizontal motion of the sledgehammer. A truck is usually driven onto the
plank or tie to effectively couple the plank or tie to the ground.

Because of the signal enhancement capability, signals from several or many strikes can be added together to
increase the total signal available relative to noise to obtain the seismic record. Although explosives can also
be used as a p-wave seismic energy source, a sledgehammer does not require licenses or permits, or involve
special limitations, regulations and liabilities. Explosive energy sources may be needed for long geophone
arrays. Geophone cables with 12 geophone takeouts at 10-foot, 20-foot or 20-meter spacings are presently
used. Vertical geophones are used to obtain p-wave data and horizontal geophones are used to obtain s-
.wave data. The seismograph system is extremely portable. In areas where vehicular access is not possible,
the equipment can be mobilized by various means, including backpacking, packhorse, helicopter and canoe.

Field Procedures - The field operations are directed by our experienced engineer or geologist, who operates
the equipment, prepares the records and examines the data in the field. Refraction seismic lines are generally
laid out using the standard spacings on the geophone cables. A maximum depth of investigation of about 75
to 100 feet may be possible using a 300-foot array. For shorter lines with improved near-surface resolution,
10-foot spacings between geophones with a 120-foot array have a maximum depth of investigation of about
30 to 40 feet. Other geophone spacings can also be used. To improve the resolution of near-surface
interfaces, energy source positions generally are set at 12.5 feet from the ends of a 25-foot spacing geophone
array or at 5 feet from the ends of a 10-foot geophone spacing array. Several shots locations are utilized
along the length of an array. When three shots are obtained, there is a foreshot and a backshot at the array
ends and a midshot at the array center. The midshot is usually placed midway between the two centermost
geophones. When five shots are obtained, the additional shotpoints are located midway between the
foreshot-midshot and the midshot-backshot. These multiple shot points permit interpretation of near-surface
interfaces at various locations along the array as well as near the endpoints for variable subsurface profiles,
and permits more refined overall interpretations of shallow and mid-depth subsurface velocities and interfaces.
In cases when both enhanced depth of investigation and improved shallow resolution are needed, multiple 12-
geophone arrays are completed end to end and combined into longer composite 24- or more geophone arrays
with greater depths of investigation. Additional energy shotpoints are then, at a minimum, performed at the
midpoint and far endpoint of each adjacent 12-geophone array to provide seismic energy travel path coverage

over the extended array.
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REFRACTION SEISMIC EQUIPMENT & PROCEDURES (Cont.)

P-wave data are recorded for general exploration work. S-wave data are also recorded when dynamic
subsurface material properties are desired. An s-wave arrival is verified by obtained two sets of horizontal
data that are 180 degrees out of phase. The phase reversal is obtained by either reversing the horizontal
geophone orientation or reversing the hammer impact direction. Hard copy printouts of all field data are made
and inspected as the information is collected. Field notes, including line number and orientation, topographic
variations and other notes as appropriate are made on the hard copy printout. Locations and other notes are
made on site maps and in notebooks as appropriate. Initial first arrival picks are made in the field and array
endpoint arrival times are checked for immediate data adequacy verification as part of the quality control

process.

Interpretation - Although preliminary or quality control initial refraction seismic data interpretations may
sometimes be performed in the field, full interpretations are completed in the office. At the present time, two
interpretation methods are being used; the intercept time method (ITM) and an optimization software routine
based on finite difference optimization software. ITM breaks an interpretation into several distinct layers. Itis
simple, can be performed with a calculator, and can provide excellent interpretations of near surface layer
depths and velocities. Optimization provides a continuously variable velocity interpretation through a discrete
grid. Interpretations using optimization also indicate zones where interpretation has occurred, thus providing
~ quality control on the depths to which the interpretation can be relied upon. However, the discrete grid used by
optimization results in a low resolution near surface interpretation. The combination of both ITM and, when
appropriate, optimization methods provides two separate interpretations with complimentary strengths and
cross-checking capability. These interpretation methods are applied as appropriate to a particular project.

Refraction seismic data interpretation using the intercept time method is detailed by Mooney (1973). A
personal computer spreadsheet is used to perform the necessary calculations to obtain depths and layer
velocities, and print out time-distance plots and depth interpretations. This method is used for interpretations
of up to three layers. Itis considered that more than three layers cannot be effectively interpreted using twelve
geophone data points. Interpretations are then completed manually to produce a final interpreted geologic

profile and layer depths.

Refraction seismic data interpretation using optimization is performed using the SeisOpt2D software package
by Optim, L.L.C., 1999, of Reno, Nevada. Energy source and geophone receiver locations and elevations,
and first arrival times are entered into the software package, and first arrival travel times are optimized through
a process of repeated (typically 10,000 to 100,000) iterations. Multiple seismic lines combined end to end into
alonger composite line can be effectively interpreted using this software. Model grid dimensions and element
sizes are selected, with larger grids containing smaller elements providing greater potential resolution.
However, very large grids containing small elements may become unstable, and several runs may need to be
made to obtain stable, robust interpretations. Once a robust interpretation has been obtained, the resulting
seismic velocity profile is printed out with varying colors indicating the interpreted velocities.

References:

Mooney, H.M., 1973, Engineering Seismology Using Refraction Methods, Bison Instruments, Inc,,
Minneapolis, Minnesota.

Rucker, M.L. and Keaton, J.R., 1998, Tracing an Earth Fissure Using Seismic-Refraction Methods with
Physical Verification, in Land Subsidence Case Studies and Current Research: Proceedings of the Dr. Joseph
F. Poland Symposium on Land Subsidence, Edited by Borchers, J.W., Special Publication No. 8, Association
of Engineering Geologists, Star Publishing Company, Belmont, California, p. 207-216.
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‘ Interpretation

Line 3 AMEC Job No. 4-117-001021

Interpretation of Refraction Seismic Data
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