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same for District comments.
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Assessment Program,

If you have any questions, please contact me at my direct line at 906-1182,
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Project Manager
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FAILURE MODE AND CONSEQUENCE
ANALYSIS REPORT

PREFACE

Flood Control District of
Maricopa County

•

•

The "Failure Mode and Consequence Analysis Report" documents the Failure Modes
Analysis conducted for the Flood Control District of Maricopa County for seven earth
embankment dams and flood retarding structures. These seven structures are Cave Buttes
Dam, Powerline Flood Retarding Structure (FRS), Vineyard Road FRS, Rittenhouse
FRS, Spook Hill FRS, Signal Butte FRS, and Apache Junction FRS.

Methodology and Approach: A Failure Mode and Consequence Analysis (FMCA) is a
formal examination of "potential" failure modes for an existing dam by an assembled
FMCA team. The analysis is based on a thorough review of existing data and
information for the dam under investigation, from first hand input from field/maintenance
and operational personnel, site specific inspections and observations, previous completed
engineering analyses, identification of potential failure modes, failure causes and failure
development, and an understanding of the consequences of failure. The Failure Mode
Analysis is intended to provide enhanced understanding and insight on the risk exposure
associated with the dam. This is accomplished by including the traditional engineering
approach and means but also going beyond and above those means for assessing the
safety of a dam and by intentionally seeking input from the diverse team of individuals
who have information on the performance and operation of the dam. An FMCA utilizes
all of the available data and information from a standard engineering analysis of an
existing dam and should be viewed as a supplement to the traditional process in which
the safety of a dam is judged upon by it's ability to pass performance and standards-based
criteria (for stability, design floods, and other conditions).

As a result of the FMCA's "question asking approach" the failure mode examination
process has the potential to:

• Enhance the dam safety inspection process.
• Enhance and focus the visual surveillance and instrumented monitoring

program.
• Identify gaps, shortcomings, or oversights in data, information or analyses

necessary to further evaluate a potential failure mode.
• Help identify the most effective dam safety risk reduction measures.

The failure mode analysis is carried out by:

1. Collecting all data, studies and information on the investigation, analysis, design,
construction, and performance and operational history of the project dam.

2. Establishment of a FMCA core team of at least three technically experienced persons
in dam safety (and familiar with dam failure mechanisms) to review all the

Kimley-Horn and Associates, Inc.
KHA Project No. 091 131006
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background infonnation to gain a general understanding of the dam and with these
specific questions in mind during the review:

• How could this dam fail? Leading to the identification of potential failure
modes (based on site-specific consideration of conditions).

• What happens if the dam fails? Leading to the consequences of failure.
• Are the identified potential failure modes recognized and being appropriately

monitored by visual surveillance or instrumented monitoring?
• What actions (immediate or long tenn) can be taken to reduce dam failure

likelihood or to mitigate failure consequences?

•
Structures Assessment Program - Phase I
Failure Mode and Consequence Analysis Report

Flood Control District of
Maricopa County

•

•

3. Brainstonning the identified potential failure modes and processes with an extended
FMCA team (persons most familiar with investigation, design, analysis, perfonnance,
operation and maintenance of the dam).

4. Documenting the failure mode analysis including immediately recording the major
findings and understandings for the dam under investigation from the brainstonning
session (step 3). The major findings and understanding are then reviewed by the
extended FMCA team for meaning, intent, and completeness of though.

The FMCA report for the dam documents the results of the FMCA by identifying
potential failure modes, discusses the positive factors that exist at the dam that may
reduce the potential that the specific failure mode would occur, discusses adverse factors
that may be conducive to the potential failure mode, and presents risk reduction measures
for that failure mode. The potential failure modes are categorized based on judgement of
that failure mode occurring at that dam. The FMCA document is a "living" document. It
is intended to be used for assisting in making dam safety decisions (prioritizing actions),
used for guidance on future dam safety inspections, and is to be updated as new data or
evidence warrants enhancement of the understanding of the perfonnance, operation, and
risk of the dam. The benefit of a living document fonnat is that the increased
understanding and insight regarding the dam and perfonnance of the dam lives on.

FMCA Goal: The goal of the failure mode and consequences analysis is to achieve an
understanding of the most significant site-specific failure modes and inundation impacts,
and the potential consequences of failure for each structure. The analysis is fundamental
to dam safety risk assessment and to any further steps employing quantitative risk
analysis. It is important to note that the effort expended in this activity can provide
significant benefits through:

• Assisting with decisions on a course of action relative to the safety of the dam being
evaluated

• Enhancing the long tenn dam safety monitoring and dam surveillance program
• Improving the emergency preparedness program
• Prioritization of dam safety modifications for the full inventory of dams (However,

this study is limited only to the seven dams)
• Reducing the risk of dam failure and lives at risk both upstream and downstream of

the dam.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Flood Control District of
Maricopa County

• These potential benefits are possible whether or not further work on risk quantification is
accomplished.

Failure Mode Categories: The failure mode analysis identified potential failure modes
for each stmcture. The failure modes were placed into one of four categories as follows.
Except in special cases, only those potential failure modes in Category I will be
considered in the risk (quantitative) analysis phase of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes of lesser (but not inconsequential) significance.
• Category III - Failure modes for which insufficient information is presently available

to make a judgement on the significance of the failure mode. The development of
additional data and information is warranted. Additional records research may be
justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.

•

•

The failure mode analysis has identified and developed "potential" failure modes. It is
not the purpose of the analysis or the report to provide an opinion of the safety of each
structure in regards to operation, stability, or structural soundness. The analysis and
report does not offer, nor was it in the scope or purpose, to investigate the safety of each
dam or to state that there is any concern regarding the immediate safety of each structure.
The analysis and report only identifies potential failure modes or mechanisms that are
based on site-specific conditions at each dam, that if these conditions potentially were to
develop and/or simultaneously occur, a potential dam failure could result. At the time of
conducting the failure mode analysis and preparation of this report, the seven structures
were found to be in a satisfactory operating condition.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance of occurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site. The site-specific conditions
relative to potential failure modes at Cave Buttes Dam, Powerline Flood Retarding
Structure (FRS), Vineyard Road FRS, Rittenhouse FRS, Spook Hill FRS, Signal Butte
FRS, and Apache Junction FRS are described in this FMCA report.

Kimley-Hom and Associates, Inc.
KHA Project No. 091 131006
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SUMMARY OF FAILURE MODES BY CATEGORY FOR EACH DAM OR FLOOD RETARDING STRUCTURE

DAM OR FLOOD RETARDING STRUCTURE

Cave Buttes Dam Powerline FRS Vine ard Road FRS Rittenhouse FRS S ook Hill FRS Si nal Butte FRS A ache Junction FRS
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• Failure from piping • Failure from • Failure from • Failure from overtopping • Adverse consequences • Adverse consequences • Adverse consequences
(seepage erosion) of overtopping of overtopping of dam of dam crest due to PMF. resulting from resulting from resulting from normal
embankment soil into Powerline FRS. crest due to very large

• Failure from seepage
emergency spillway emergency spillway emergency spillway

joints and through joints • Failure from a flooding events
erosion through

discharges during discharges during major discharges during major
in the dam foundation - potential earth approaching the PMF.

transverse cracks causing
major rainfall events. rainfall events. rainfall events.

Main dam. fissure(s) through • Failure from potential breach of dam in • Failure due to seepage
• Failure from piping the dam earth fissure(s) through association with a major erosion along a

Zone U soil into embankment in the dam embankment in flooding event. tTansverse crack
foundation - Training association with a association with a

• Failure from seepage
through embankment

Dike NO.2. significant flooding significant flooding
erosion resulting from a

in association with a

event. event.
flow path through

major flooding event.

• Failure from piping • Failure from seepage foundation and along the
through transverse erosion through dam /foundation contact.
cracks causing breach transverse cracks
of dam in association causing breach of dam
with a major flooding in association with a
event. major flooding event.

• Failure from seepage
erosion resulting from a
flow path through
foundation and along
the dam/foundation
contact.

• Failure from piping • Failure from potential • Failure from seepage • Failure from potential • Failure from • Failure due to seepage • Failure due to seepage
Zone Il soil from dam piping around/or from erosion due to piping erosion of left abutment overtopping of Spook erosion along a erosion through a transverse
into alluvium at cutoff 12 inch corrugated through foundation. of the dam during Hill FRS. transverse crack through crack in the embankment
trench - Main dam. metal pipe outlet at

• Failure from potential
spillway discharges.

• Failure from seepage
embankment which during a major flooding

• Failure from piping
station 141 +00.

erosion of abutments • Failure from seepage erosion or piping
ruptures or encounters a event.
defect in the HDPE liner

material from the main • Failure from potential during spillway erosion through an earth around principal
leading to failure).

• Failure from seepage erosion
dam into the foundation erosion of abutment discharges. fissure(s) causing a spillway outlet (7.5 ft due to seepage erosion of
through open joints. and/or emergency

• Failure from potential
transverse crack through by 7.0 ft reinforced foundation material along

• Failure from piping
spillway dming

embankment slope
the dam embankment in concrete box). contact.

along outlet works -
spillway discharges.

instability.
association with a major

Main dam. • Failure from potential
flooding event.

embankment slope
instability.

Page 1 of 4 FCD Contract 2001C014
Dam or Flood Retarding Structure.doc
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SUMMARY OF FAILURE MODES BY CATEGORY FOR EACH DAM OR FLOOD RETARDING STRUCTURE
,

DAM OR FLOOD RETARDING STRUCTURE :

• lUmley-Horn and Associates, lnc.
KHA Projecl No. 091131006

Cave Buttes Dam

• Failure from cracking
due to geometry /
settlement / shrinkage 
main dam abutments
and Dike NO.1 at
Station 35+60 and Dike
NO.2 At Station 50+16.

• Failure from emergency
spillway erosion.

• Failure from piping of
Zone n material into the
foundation - Training
Dike No.!.

• Failure from internal
instability of Zone ]]
materials - Training
Dike No.!.

• Failure From Potential
Fissure From
Subsidence - Training
Dike No.2.

• Failure from potential
piping from utility
crossings at Cave Creek
Road - Training Dike
NO.2.

Powerline FRS Vine ard Road FRS

• Failure from piping
around principle
spillway (54-inch
reinforced concrete
pipe) and five
abandoned irrigation
outlets (three 24-inch
and two 18-inch reps).

• Failure from seepage
erosion due to
flow/seepage erosion
through animal
bunows.

'Rittenhouse FRS

• Failure from seepage
erosion and erosion
tunnel developing
around gated inigation
outlets (two 24-inch
gated outlets).

• Failure from potential
embankment slope
instability.

• Failure from seepage
erosion or piping due to
a flow path developing
through the foundation.

• Failure from seepage
erosion due to
flow /seepage erosion
through animal bUITows.

Page 2 of 4

S ook Hill FRS

• Failure from slope
erosion leading to dam
breach in association
with major flooding
event and rain at the
dam.

• Failure from piping
along base of the dam
(lower portion between
original ground and
foundation).

• Failure from seepage
erosion along buried
utilities.

Si nal Butte FRS A ache Junction FRS

FCD Contracl 2001C014
Dam or Flood Retarding Strucltrre.doc
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SUMMARY OF FAILURE MODES BY CATEGORY FOR EACH DAM OR FLOOD RETARDING STRUCTURE

DAM OR FLOOD RETARDING STRUCTURE
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Cave Buttes Dam

• Potential Cave Creek
Dam failure cause a
problem at Cave Buttes
Dam.

• Failure From
Overtopping Training
Dike No.2 From
Station 103+60 To
140+00.

• Training Dike NO.1
fai Iure modes:

~ Zone III does not
meet filter criteria
for Zone II.

~ Shrinkage Cracking

• Training Dike NO.2
fai Iure modes:

~ Unauthorized
installation of
underground
utilities.

Trainjng Dike NO.3
failure modes: none
identified.

Powerline FRS

• Failure from seepage
erosion along the dam
foundation contact or
through the
foundation.

• Failure from piping
around principle
spillway - 36-inch
reinforced concrete
pipe.

• Failure from potential
seisrruc activity
impacting structure.

Vine ard Road FRS

• No Category III
potential failure modes
were identified by the
FMCA team for
Vineyard Road FRS at
tills time.

• Failure from potential
erosion of emergency
spillway during
spillway discharges.

• Failure from potential
seisrruc activity
impacting structure.

Rittenhouse FRS

• No Category III potential
failure modes were
identified by the FMCA
team for Rittenhouse
FRS at thjs time.

• Failure from seepage
erosion around principal
spillway (33 inch
rei nforced concrete
pipe).

• Failure from potential
erosion of emergency
spillway during spillway
discharges.

• Failure from potential
seisrruc activity
impacting structure.

Page 3 of 4

S ook Hill FRS

• No Category III
potential failure modes
were identified by the
FMCA team for Spook
Hill FRS at tills time.

Si nal Butte FRS

• No Category m potential
failure modes were
identified by the FMCA
team for Rittenhouse
FRS at thjs ti me.

• Failure from overtopping
the dam from extreme
flood events.

A ache Junction FRS

• No Category TIl potential
failure modes were identified
by the FMCA team for
Apache Junction FRS at this
time.

• Failure from seepage erosion
due to a transverse crack
adjacent to emergency
spillway (at
embankment/spillway
contact).

• Failure from potential
embankment slope
instability.

FCD Contract 2001COl4
Dam or Flood Retarding Structure.doc
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SUMMARY OF FAILURE MODES BY CATEGORY FOR EACH DAM OR FLOOD RETARDING STRUCTURE

DAM OR FLOOD RETARDING STRUCTURE
Failure Mode

Cate or Cave Buttes Dam Powerline FRS Vine ard Road FRS Rittenhouse FRS S ook Hill FRS Si nal Butte FRS A ache Junction FRS

Kimley-Horn and Associates, Inc.
KHA Project No. 091131006

Page 4 of 4

These issues were These issues were The following issues were
discussed but a discussed, but a potential discussed, but a failure mode
potential failure mode failure mode was not was not identified.
was not identified for identified for evaluation.
evaluation. 1. Upstream impacts 1. Fissure developing below

2. Slope stability
dam embankment.

1. Emergency
Spillway 3. Settlement,

2. Seepage erosion due

2. Seismic subsidence. and
piping around ATT cable.

3. Fissures and
fissuring 3. Seepage erosion due to

Differential 4. Excavation for
piping at abandoned 4-

Settlement Holocene soil
inch waterline.

4. AnimalJVegetati on S. Potential erosion
4. Seismic activity in

S. Settlement/Erosion along foundation
conjunction with

of Holocene Soils contact
impoundment.

6. Slope Stability 6. Piping around outlet
S. No failure modes were

found to be associated
7. ADOT Freeway pIpes

with the principal
cyclic loading 7. Emergency spillway spillway and emergency

8. Dam is sectioned transverse crack spillway.

8. Seismicity

9. Piping Dam Breach

10. Pass Mountain
Diversion Dike

FCD Contract 2001C014
Dam or Flood Retarding Structure.doc
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District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

CAVE BUTTES DAM

District Action Potential Risk Reduction Measures

I. As-Built Utility Crossings. There is an identified need to put the
as-built details for utiljty crossings (of Dike NO.2 at Cave Creek
Road) on the as-built drawings of Dike NO.2. The details
should include type of utility, depth of embedment, piping
countermeasures, location, size of utility, and any field markers
indicating the location of the utibty in the field.

2. Impoundment Documentation. Need for good recording of high
water both in stage and in elevation, including times and dates of
high water in reservoir. The reservoir staff gages should be
incremented in 111 Oth foot intervals for elevations withjn five
feet of the emergency spillway crest. The reservoir stage
(elevation, time and date) should be recorded accurately during
storm events and at frequent intervals when the reservoir is
rising quickly.

I. Monitoring During Flooding. As a risk reduction measure, the
FMCA team identified specific locations to monitor during flood
event. These include the abutments of the main dam and Training
Dikes No. I and NO.2.

2. Monitor left abutment seepage in downstream groin during flooding
events.

3. Monjtor right abutment (groin and rock slope) for any seepage
escaping through joints.

4. Monitor downstream slopes and toe of Dike NO.2 during flooding
events/impoundment.

5. Monitor downstream toe during regular inspections and during flood
events.

3. Estimate Incipient Damaging Discharge. The threshold of 6.
damage flow from emergency spiJJway discharge floods needs to
be estimated.

Use Peck observational method, which is to construct downstream
weir at end of groin. Use weirs instead of flumes. Flumes pass
sediment and weirs do not.

4. Repair Depression on Dike NO.2. Training Dike NO.2
depression area on upstream slope at Station 64+80 should be
repaired. KimJey-Horn and Associates (June 2000) provided an
outljne of a repair plan in the Individual Structures Assessment
Report.

5. Monitoring During Flooding. The FMCA team identified
specific locations to monitor during flood event. These include
the abutments of the main dam and Training Dikes No. I and
NO.2.

7. Monitor during inspections and during flooding events at principal
outlet headwall.

8. Pave top of dam at abutments. Cracks of any significant size would
likely promulgate through pavement.

9. Deterrrune the estimated threshold flow that would result in
damaging flows from the spillway to include in emergency
preparedness plan.

10. Close observation during flooding events to pick up any seepage.

Kimley-Horn and Associates, Inc.
KHA Project No. 091131006

Page I of 2 FCD Contract 200ICOI4
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•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

CAVE BUTTES DAM

District Action Potential Risk Reduction Measures

II. Monitor area for ground subsidence.

12. Evaluate groundwater levels in region.

13. Put utilities on Cave Buttes Dam as-builts.

14. Locate and mark utility locations in field.

15. Note utility contact persons in case of emergency.

16. Note procedure and method of isolating water line segments under
dam.

17. Monitor Cave Creek Dam during flooding events.

18. There is additional analysis that could be conducted to provide better
insight on the potential failure modes and consequences of failure to
Cave Creek Dam. Additional analysis includes a dambreak
evaluation of Cave Creek Dam and the resulting flood wave analysis
on Cave Buttes Dam. The Bureau of Reclamation has a computer
program "LS Wave" that may be suitable for this type of analysis.

19. Alternative Analysis Report by Kimley-Horn and Associates, Inc.
(August 2000) identified potential secondary outlet in Dike NO.2
located near left abutment.

Kimley-Horn and Associates, Inc.
KHA Project No. 091131006

Page 2 or 2 FCD Contract 2001C014
Cave Buttes District Action Table.doc



•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

POWERLINE FLOOD RETARDING STRUCTURE

•
District Action

I. Nature of Earth Fissure Risks. The weight of evidence indicates
that earth fissure development is continuing in the vicinity of
PowerLine FRS and there is a plausible scenario in which an
earth fissure could cross the alignment of the dam some time in
the future. Investigations of earth fissuring in the vicinity of
Powerline Dam are ongoing. Conclusions and recommendations
from these investigations are forthcoming. For the interim
period, it is recommended that known earth fissures in the
vicinity of the dam are routinely monitored under the District's
Dam Safety Program.

2. Identification of Fissure Development. Train District O&M
staff on how fissures develop and to identify fissures in the field.

3. Need Crack Inspections Records and Mapping And Soil Testing
Data Done For Powerline. It is of critical importance to find the
records of documentation of cracks by the SCS in the inspection
of the central filter trench during construction in 1989.

4. Lack of Stability Analyses. The FMCA Team recommends that
slope stability analyses for the embankment and the central filter
be documented. A record of a stability analysis for the original
design or the modifications has not been found.

5. Confirm Hydrologic Routings Through the Reservoir. The
inflows and outflows for the full PMF, '12 PMF, and IOO-year
events and the consequences of the outflows downstream should
be confirmed. (Note: It is recommended that the analysis
include the 250 yr., 500 yr., etc. to define the threshold
recurrence interval for overtopping and provide input for
incremental damage analysis.)

Potential Risk Reduction Measures

1. (l) Keep the crest of the dam level and at the design elevation; (2)
Monitor the impoundment levels during storm events; (3) Provide
training to O&M crews regarding earth fissure development and
other key observational parameters such as seepage erosion failure
processes; (4) Operation of irrigation outlets - close gates except as
needed.

2. Confirm crest profile elevation.

3. Verify capacity of Powerline FRS.

4. Confirm hydrology of Powerline FRS (lOO-yr and PMF).

5. Recommend a joint agency fissure/subsidence-monitoring program.

6. Segment the dam into smaller dams.

7. Eliminate the north 40% of dam.

8. Inspections for fissure expression after rain events to include not
only dam but impoundment area and areas downstream of the dam.

9. Need crack mapping and soil moisture change information for
Powerline.

10. Conduct soils properties evaluation.

11. Monitor irrigation outlet and inspect during regular inspections and
during flood events.

12. Keep slide gate on ilTigation outlet closed until needed (tills would
prevent development of precursor seepage paths developing from
leakage out of the culvert flowing along the sides of the culvert).
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•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

POWERLINE FLOOD RETARDING STRUCTURE

•
District Action Potential Risk Reduction Measures

13. Video inspection of interior of CMP pipe.

14. Monitor emergency spillway performance during flood events.

15. Monitor training dikes and left abutment during flood events.

16. Conduct embankment slope stability analyses.

17. Need to evaluate existence of Holocene soils in foundation of dam.

18. Need to prepare crack mapping and find NRCS crack report.

19. Remedial measure is to add drain to central filter.

20. Video interior of principal spillway pipe.

21. Monitor principal spillway outlet and inspect during regular
inspections and during flood events.

22. Examine and inspect dam and outlets and sunounding ground after
earthquake (greater than a minimum of 0.05g) and high potential
fissure areas.

KimJey-Horn and Associates. Inc.
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•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

VINEYARD ROAD FLOOD RETARDING STRUCTURE

•
District Action

l. (l) Ensure that the crest of the dam is kept level at design
elevation; (2) Continue monitoring the impoundment levels
during storm events; (3) Provide training to O&M crews
regarding identification of earth fissure development and other
key observational parameters such as evidence of seepage
erosion processes; (4) FMCA recommends that slope stability
analyses for the embankment and the central filter be
documented. A record of a stability analysis for the original
design or the modifications has not been found.

Potential Risk Reduction Measures

l. Confirm dam crest profile elevation.

2. Verify capacity of Vineyard Road FRS.

3. Raise and level crest as necessary to return to design elevation.

4. Construct the buffer zone (area between downstream toe of dam and
CAP) and CAP canal to receive and pass discharges from
overtopping of Vineyard over the side bank of the canal if necessary.

5. Recommend a joint agency fissure/subsidence-monitoring program.

6. Segment dam into smaller dams.

7. Training O&M crews to know signs of fissure development.

8. Because small floods may initiate fissming and thus provide
advance warning of the potential presence of a fissure under the
dam, inspections after rain events should include not only the dam
but also the impoundment area and the areas downstream of the
dam.

9. Adjust easement further out to control development.

10. Groundwater recparge instead of pumping.

1l. Fissures should be monitored if discovered.

l2. Employ CAP canal as a visual indicator of developing fissure.

l3. Evaluate the need for finger drains.

l4. Monitor cracks and develop crack mapping program.

Kimley-Horn and Associates, Inc.
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• •
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

VINEYARD ROAD FLOOD RETARDING STRUCTURE

•
District Action Potential Risk Reduction Measures

15. Train O&M crews on mechanism of transverse and longitudinal
crack formation.

16. Need to evaluate existence of Holocene soils in foundation of dam.

17. Monitor emergency spillway performance during flood events.

18. Monitor training dikes and abutments during flood events.

19. Conduct embankment slope stability analyses.

20. Watch for slope distortion - integrate monument data.

21. Confirm design slope by survey

22. Video interior of principal spillway pipe.

23. Monitor principal spillway outlet and inspect during regular
inspections and during flood events.

24. Locate and mark abandoned irrigation outlets on embankment
slopes.

25. Verify plugging of irrigation pipes.

26. Continue animal abatement and repair program.

27. Monitor emergency spillway performance during flood events.

28. Monitor training dikes and left abutment during flood events.

29. Examine and inspect dam and outlets and surrounding ground after
earthquake (greater than a minimum of 0.05g) and high potential
fissure areas.

Kimley-Horn and Associates, Inc.
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•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

RITTENHOUSE FLOOD RETARDING STRUCTURE

•
District Action

1. (1) Keep the crest of the dam level at the design elevation; (2)
Monitor the impoundment levels during storm events (this
includes both remote and as well as on-site monjtoring); (3)
Provide training to O&M crews regarding identification of earth
fissure development and other key observational parameters
such as indications of seepage erosion; (4) Operation of
in-igation outlets - close gates except as needed.

2. Confirm Utility Crossing. The details of the telephone utility
crossing of dam at Station 141+00 should be confirmed.
Document on dam as-built drawings.

Potential Risk Reduction Measures

1. Confirm dam crest profile elevation.

2. Verify capacity of Rittenhouse FRS.

3. Evaluate the role of the CAP canal and the Queen Creek Wash in the
spillway discharge and darn breach scenarios.

4. Monitor cracks and develop crack mapping program.

5. Train O&M crew ~echanisrn of transverse and longitudinal
crack formation.

6. Need to evaluate existence of Holocene soils in foundation of dam.
3. Lack of Material Testing on Key Parameters. The FMCA team

has found that there is relatively few grain size analysis and 7. Evaluate finger drains.

Atterberg limits test available for the embankment fill and 8. Monitor emergency spillway performance during flood events.
bon-ow. Thus, the characteristics of the embankment material are
uncertain. 9. Monitor training dikes and abutments during flood events.

4. Lack of Stability Analyses. The FMCA team recommends that
slope stability analyses for the embankment and the central filter
be documented. A record of a stability analysis for the original
design or the modifications has not been found.

10. Extend training dike beyond main section of the dam.

11. Recommend a joint agency fissure/subsidence-monitoring program.

12. Segment dam into smaller darns.

13. Training O&M crews to know signs of fissure development.

14. Inspections after rain events to include not only dam but
impoundment area and downstream areas of dam

15. Adjust easement further out to control development.

16. Groundwater recharge instead of pumping.

17. Earth fissure can be monitored if discovered.

18. CAP canal is a good indicator of visualization of existing fissure.
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• •
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

RITTENHOUSE FLOOD RETARDING STRUCTURE

•
District Action Potential Risk Reduction Measures

19. Small floods may provide warning for earth fissure expression.

20. Video interior of irrigation pipes.

21. Monitor irrigation outlets and inspect during regular inspections and
during flood events.

22. Close the gates under normal operations. Open only when District
decides to provide water to downstream.

23. Conduct slope embankment stability analyses.

24. Watch for slope distortion - integrate monument data.

25. Confirm design slope by survey.

26. Need to evaluate existence of Holocene soils in foundation of dam

27. Continue animal abatement and repair program

28. Video interior of principal spillway pipe.

29. Monitor principal spillway outlet and inspect during regular
inspections and during flood events.

30. Upsize diameter of outlet pipe.

31. Place filter material around pipe.

32. Run SITES model by NRCS to evaluate spillway performance.

33. Examine and inspect dam and outlets and surrounding ground after
earthquake (greater than a minimum of 0.05g) and high potential
fissure areas.
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• •
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

SPOOK HILL FLOOD RETARDING STRUCTURE

•

1.

District Action

Buried Stream Channels under Dam. Relatively deep
excavation of the Holocene soils was done at four buried stream
channels to reach the strongly cemented deposits. These
excavations were about 25 feet at Station 222+00, 15 feet at
Station 242+00, 15 feet at Station 266+00 and 30 feet at Station
280+00. The SCS quality control testing from the original
construction indicates that the fill was compacted to a mean of
98.7 percent of ASTM 0698 maximum dry density and mean
moisture content of 1.3 percent below the optimum moisture
content. The fill appears to be of high quality and not susceptible
to significant settlements and cracking when wetted. However
special observation and review of monitoring data should be
done in the areas of deep localized sub-excavation to confirm
that that there are no significant differential settlements or
cracks.

Potential Risk Reduction Measures

I. Prepare emergency action plan according to minimum standards in
FEMA 64 and ADWR rules and regulations.

2. Increase principal spillway outlet capacity to Spook Hill floodway.

3. Restore CAP canal bank at emergency spillway on opposite bank to
full height.

4. Add other outlets to discharge to CAP canal.

5. Monitor cracks and develop crack mapping program.

6. Train O&M crews / on echanism of transverse and longitudinal
crack formation.

/

7. Repair any significant cracks upon their development. t;C

8. Evaluate need for central filter.

r

2. Utility Crossings. The details and locations of utility crossings
should be added to the as-built plans of the dam.

3. Right-of-Way Permit Process. There is a need to improve right
of-way process to ensure the dam is not inappropriately
"invaded". The FMCA team identified a need to improve right
of-way permit process pertaining to as-builts for modifications
by others such as utilities.

4. Clear Zones Upstream and Downstream Toes. The FMCA team
identified a need for clear zones at upstream and downstream
toes for emergency response and maintenance.

9. Confirm crest profile elevation. Keep crest level.

10. Verify capacity of Spook Hill FRS.

11. Verify hydrology for PMF.

12. Inspect for seepage outside of principal spillway outlet box area on
downstream.

13. Place elevation staff gage at inlet.

14. Set limits for repair of slopes - develop slope repair guidelines.

15. Continue seeding of slopes.

16. Consider rock mulch at groins.

Kimley-Horn and Associates, Inc.
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•
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

SPOOK HILL FLOOD RETARDING STRUCTURE

•
District Action

5. Animal BUlTows. It was concluded that animal burrows at this
site is not a dam safety issue due to shallow depths of
penetrations and primarily located on talus at toes and landscape
soil layer. In addition the District O&M Division conducts an
ongoing animal control program and animal borrow repair
program.

Potential Risk Reduction Measures

17. As long as slope erosion gully does not invade crest performance
should be fine.

18. Monitor and observe downstream slope and toe during regular
inspections and during flood events.

19. Identify and locate (including depth) of all buried utilities. Put on
as-builts of dam.

20. Improve right-of-way process.

21. See KHA report "Policy and Program Report" and recommendations
regarding utility crossings.

Kimley-Horn and Associates, Inc.
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• •
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

SIGNAL BUTTE FLOOD RETARDING STRUCTURE

•
Distl1ct Action

1. No Individual EAP. An individual Emergency Action Plan
needs to be developed according to ADWR and FEMA 64
criteria.

2. As-Builts Needed For Cutoff Wall Below Emergency Spillway.
Documentation states that during construction a cutoff wall was
constructed below the emergency spillway. This documentation
is in the ADWR construction inspection reports. However, the
cutoff wall is not reflected on the As-built Plans.

3. Need construction Quality Assurance test results on HOPE
lining.

4. Crack Monitoring. Monitor for development of longitudinal
cracks and be aware of future cracks.

5. Slope Stability. Slope stability analysis needs to be conducted
for record conditions.

Potential Risk Reduction Measures

1. Prepare emergency action plan according to minimum standards in
FEMA 64 and ADWR rules and regulations.

2. Use lower level principal spillway outlets at Signal Butte during
flood event.

3. Increase principal spillway outlet capacity to Spook Hill FRS.

4. Monitor cracks and develop crack mapping program.

5. Train O&M crews to on mechanism of transverse and longitudinal
crack formation.

6. Repair cracks at dam.

7. Locate seam welding QC results.

8. Could protect any penetrations into the dam with filter material
downstream of the penetration.

6. Field Inspections. Locations for special inspection for settlement 9. Lower principal spillway outlet opening.
cracks should be identified. These are the areas of localized deep
sub-excavation of the Holocene soils to the contact of the 10. Maintenance activities are good.

strongly cemented calcareous soils. II. Evaluate flood routing with sediment pool available.

7. Staff Gage. It was observed by the FMCA team that the
principal outlet does not have a staff gage, but the gated outlet
does.

Kimley-Horn and Associates, Inc.
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• •
District Actions and Potential Risk Reduction Measures Identified

from Failure Modes and Consequences Analysis

APACHE JUNCTION FLOOD RETARDING STRUCTURE

•
District Action

I. Repair of transverse cracks on case-by-case basis. Repair of
longitudinal crack (repair/seal).

2. Inspection procedures for event related inspections (during and
post-event).

3. Extend central filter through the collapsing Holocene soils to the
underlying cemented deposits between Stations 44+25 and
52+50.

4. Stability Analyses. It is recommend that further stability
analyses be conducted for the record.

5. Utility Crossings. Need proper documentation of utility
crossings. No as-built plan drawings were found for the 4-inch
abandoned waterline line located at Station 85+24.

6. O&M Plan. The Operations and Maintenance Plan should be
updated.

Potential Risk Reduction Measures

I. Prepare emergency action plan according to minimum standards in
FEMA 64 and ADWR rules and regulations.

2. Monitor cracks and develop crack mapping program.

3. Train O&M crews to on mechanism of transverse and longitudinal
crack formation. I

4. Repair cracks.

5. Train operation and maintenance personnel and inspectors to know
where and what to observe to identify seepage erosion.

6. Inspect and monitor during event and post-event.

7. Monitor emergency spillway discharges.

8. Update stability analyses to actual cases.

9. Watch for slope distortion - integrate monument data.

10. Confirm design slope by survey.

II. Survey crest at bulge stations.

12. Install drains to central filter.

Kimley-Horn and Associates, Inc.
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

CAVE BUTTES DAM
•

Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PHOENIX, ARIZONA
NATDAMID AZ 1007

June 12,2001

1.0 INTRODUCTION

General Description
Cave Buttes Dam is located on Cave Creek Wash in Maricopa County, Arizona. Cave
Buttes Dam is located near Cave Creek Road about 17 miles north of downtown Phoenix
and less than a mile downstream of the existing, but no longer operational, Cave Creek
Dam. The project consists of the main dam structure, a detached emergency spillway, a
principal spillway, and three training dikes (see Individual Structures Assessment Report
prepared by Kimley-Hom and Associates, Inc., June 2000).

Cave Buttes Dam is classified as a large, high hazard dam. The construction contract was
awarded to Washington Construction Company ofMissoula, Montana. Construction was
completed in March 1980. The U.S. Army Corps of Engineers provided construction
supervision. The drainage area for Cave Buttes Dam is 191 square miles.

Seepage was noted in the left groin of Cave Buttes Dam on January 14, 1993 in
association with the impoundment ofJanuary 1993. Photographs attached to the District
memorandum dated June 7, 1999 show the seepage at the east edge of the grouted rip-rap
groin, left abutment, approximately 45-feet above the downstream toe of the slope. The
water was clear with no traces of sediment.

Aside from this incident, the dam has performed satisfactorily to date.

Dam Data
Dam type: Zoned earth fill (main dam and dikes no. 1 and 2)
Dam height: 109-ft above streambed (main dam)
Dam length: 2,275-ft (main dam)
Dam crest: width 20-ft; elevation 1679.1-ft
Spillways: Principal- 45-inch RCP in concrete cradle; inlet elevation 1560.7-ft;
Emergency spillway - 540-ft wide bedrock lined spillway; crest elevation 1657.1-ft
Freeboard: 5.0-ft
Reservoir Surface: 1,820-ac at spillway crest
Storage: 46,600-af at spillway crest
Hazard Classification: High

Kimley-Hom and Associates, Inc.
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•
Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:

•

•
•
•
•

•

•

Identify potential site-specific failure modes for the dam.
Discuss non-quantitatively the likelihood of the identified failure modes.
Determine whether or not and how important failure mechanisms are being monitored
Examine the consequences of failure and the adverse consequences of successful
operation (e.g. -large spillway releases)
Identify possible risk reduction actions that may be taken to reduce the likelihood of
failure or to mitigate adverse consequences
Determine what information, investigations or analyses may be needed to resolve
uncertainties relative to potential failure modes.

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate ofthe magnitude of the "consequences" for each significant failure
mode will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time it is anticipated that more detailed discussion
on the emergency response plan for each structure will also be possible.)

•

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Hom and Associates, Inc., Project Manager
Jim Scott, URS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District of Maricopa County, Dam Safety Engineer
George Beckwith, Flood Control District of Maricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Hom and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

The following is a summary of the major findings and understandings for Cave Buttes
Dam as a result of the Failure Mode and Consequence Analysis. The major findings and
understandings given below are organized as follows. First the most important design,
construction, geologic, and performance differences or unique aspects related to the
potential for failure mode development of Cave Buttes Dam are given. Findings related
to identification of potential failure modes are given first. Then findings related to
consequences are given. Thirdly, general findings and observations made during the
analysis are listed. Lastly, identified risk reduction measures and action items for Cave
Buttes Dam are provided. The "Embankment Criteria and Performance Report, U.S.

Kim1ey-Hom and Associates, Inc.
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Army COrpS of Engineers, March 1981" hereafter referred to as the "Perfonnance
Report" and construction photographs were the principal documents available to the
FMCA Team. See Cave Buttes Darn - Appendix for cross sections ofthe Darn and Dikes
1,2 and 3.•
Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Key Findings Related To Failure Mode Development - "Static Loading Failures 
Seepage Erosion - Foundation"

•

•

•

•

•

•

•

Treatment Of Foundation Joints in the Main Darn. The joints and depressions in the
rock foundation beneath Zone I of the main darn were apparently treated (FMCA
team assumed per documents treatment was slush grout, filling or covering the joints)
but subsequent investigations exposed untreated joints illustrating that not all joints
were treated. Documentation ofthis finding is from the report titled" Embankment
Criteria and Perfonnance Report, U.S. Army Corps of Engineers, March 1981 fl. The
"Foundations Report" cited in the Perfonnance Report was not available (See below
"Additional Reports"). The presence of untreated joints in the foundation allows
direct access of water at or near reservoir head to corne in contact with the core
materials essentially immediately upon filling.
Seepage In Left Abutment Groin. The seepage water that has appeared on the left
abutment groin (in a previous reservoir filling) is almost certainly passing through
foundation jointing (because of its rapid appearance in association with the reservoir
filling). If the flow is small enough such that it does not erode the downstream shell
materials or if the flow can be controlled without eroding the shell materials at the
groin and if the flow is not carrying any embankment material it would not constitute
a failure mode. To verify that these conditions remain under control this seepage
needs to be closely monitored during significant filling episodes for presence of fines
(a weir could be placed to capture and monitor this seepage), quantity of flow as well
as time and location of onset of seepage detennined (photographs of the groin
seepage are provided in the Cave Buttes Dam appendix of this section).
Zone III Does Not Meet Filter Criteria for Zone II. In the main dam and in training
dikes 1 and 2, Zone III material was designed by the Corps to act as a filter for Zone
II material based on the data and analysis in the geotechnical criteria report for Cave
Buttes Dam. This report is titled "Embankment Criteria and Performance Report,
U.S. Army Corps of Engineers, March 1981". The District conducted a filter analysis
(see report "Filter Analysis & Evaluation of Properties of Zones I & II" - December
2001 in Appendix of Cave Buttes Dam of this section) for Zone III and has concluded
that portions of Zone III does not meet current filter criteria for Zone II.
Susceptibility to Shrinkage Cracking. All Zone I and some of Zone II materials are
considered susceptible to shrinkage cracking and brittle fractures (because of the
amount of fines and clay content) in response to differential settlement and possibly
hydraulic fracturing processes. It is also likely that these soils have experienced
drying shrinkage cracking to depths up to about 20 feet below crest of dam. The
rational for this opinion is based on the weight of evidence experienced at Vineyard
Road FRS. However nothing has been observed to date at Cave Buttes Dam.
Short Detention Duration. The detention/retention time for water in the reservoir is
relatively short (on the order of an average of 15 days from elevation 1642 feet). This
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is an important factor in judging failure mode development likelihood. The team
considered that only static/seepage related failure modes that could be significant
(highlighted) were those where the reservoir water had an direct path to the potential
vulnerable location immediately upon filling (open crack or open joint). Thus the
potential failure modes, which require appreciable time (months to years) for flow
path or phreatic surface development are all judged to be considered but not
highlighted. (Note: the question of the effect of multiple floods in close sequence is
of concern and should be studied)

• Seismic Risk. A seismic exposure evaluation completed by AMEC indicates the peak
horizontal acceleration (PHA) created by the maximum credible earthquake (MCE) is
only about 0.10g (reference AMEC report, December 2001). There is a very low
probability of slope instability due to seismic loading. The likelihood of an
earthquake simultaneously with a significant impoundment is considered very remote.
Seismic loading is considered to be insufficient to threaten the integrity of any of the
Cave Buttes structures (main dam and training dikes). '

• Subsidence. The potential for subsidence (settlement) related embankment cracking
is judged to exist at Dike No.2 based on as-built construction drawings of the
foundation bedrock profile and a discontinuity in the bedrock surface at
approximately Station 37+00.

• Potential Emergency Spillway Erosion. Based on a review of the as-built
construction drawings, the emergency spillway has a potential for erosion during
discharge of floodwater through the spillway (loss of materials on the sides of the
channel and the potential for headcutting from the downstream end toward the
emergency spillway sill and reservoir during discharge). The potential emergency
spillway discharges is approximately the 2S0-year flood.

• Low Piping Potential for Principal Spillway. The principal spillway outlet works was
excavated into rock and encased with concrete but a portion is underlain by up to
approximately 12 feet oflean concrete which was backfilled as a positively projecting
pipe (pipe extended above grade). There is thus, potential for a seepage erosion
failure along the entire principal spillway conduit although a seepage pathway
passing along a part of the conduit is considered low. There appears, based on this
construction, to be a very low potential for piping failure. This is based on review of
as-built drawings and the Cave Buttes Dam construction photographs.

• Foundation Joints Not Treated. The bedrock foundation joints beneath the core were
not treated at Dike No.1 and at Dike No.2 abutments. (At Dike No.1 there is the
possibility of direct evidence of piping occurring based on an inspection photographs
- see Appendix of this report and Individual Structures Assessment Report by
Kimley-Horn and Associates for Cave Buttes Dam - dated June 2000). There is a
potential for piping at Dike No.1 and at Dike No.2 abutments because the
foundation grouting was not as complete as is standard practice today.

• Potential Embankment Cracking. A review of the as-built construction photographs,
plans and profiles of the main dam show the existence of abrupt changes in rock at
main dam right abutment, Dike No.1 and Dike No.2 east side. These are judged to
be locations of potential differential settlement, hydraulic fracturing and embankment
cracking. A seepage erosion failure passing through embankment cracks, loose zones
at the foundation interface and defects in Zone III is potentially possible.

•

•

•

Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report
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Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

• Consequences

Flood Control District of
Maricopa County

•

•

•

Dam Breach. A realistic dam breach outflow from a seepage erosion type failure
needs to be performed for the main dam and the breach parameters need to be
reviewed for use in the risk analysis. The reservoir elevation for this breach should
be established at the spillway crest because it is not realistic for a failure to develop in
the time it would take to release any reservoir head higher than the high capacity
emergency spillway. Once verified the incremental damage assessment from an
assumed failure needs to be made for this outflow condition.
Need for Extended Consequence Evaluations. The consequence estimations to date
only extend to the CAP facilities, for the risk analysis the total damage estimate needs
to be made.
Dike No.2 Consequences Different from Main Dam. The failure of Dike 2 has
different downstream consequences than does the main dam. These consequences
need to be determined in general and for the risk analysis.

•

General Findings

• Documentation. It was noted that it is critical from a monitoring and potential failure
mode evaluation standpoint to document what to look at and what has changed (e.g.,
utilities at Cave Creek Road - did not get on as-builts).

• Settlement History and Future Monitoring- From interpretation of record crest
surveys, evidence suggests that minor settlement has been measured to date. This is
reasonable and to be expected since the dam has not yet undergone saturation. It is
important to continue to monitor closely in future especially after flood events. It is
important to survey the dam and dikes regularly to monitor for general settlement and
any differential settlement.

Action Items/Risk Reduction

•

•

•

•

•

As-Built Utility Crossings. There is an identified need to put the as-built details for
utility crossings (of Dike No.2 at Cave Creek Road) on the as-built drawings of Dike
No.2. The details should include type of utility, depth of embedment, piping
countermeasures, location, size of utility, and any field markers indicating the
location of the utility in the field.
Impoundment Documentation. Need for good recording of high water both in stage
and in elevation, including times and dates of high water in reservoir. The reservoir
staff gages should be incremented in 1/1 oth foot intervals for elevations within five
feet of the emergency spillway crest. The reservoir stage (elevation, time and date)
should be recorded accurately during storm events and at frequent intervals when the
reservoir is rising quickly
Estimate Incipient Damaging Discharge. The threshold of damage flow from
emergency spillway discharge floods needs to be estimated.
Repair Depression on Dike No.2. Training Dike o. 2 depression area on upstream
slope at Station 64+80 should be repaired. Kimley-Hom and Associates (June 2000)
provided an outline of a repair plan in the Individual Structures Assessment Report.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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• Monitoring During Flooding. As a risk reduction measure, the FMCA team identified
specific locations to monitor during flood event. These include the abutments of the
main dam and Training Dikes No. 1 and No.2.•

Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories as follows. Except in special cases, only
those potential failure modes in Category I will be considered in the risk (quantitative)
analysis phase of the risk assessment exercise.

• Category I - Failure modes of greatest significance (highlighted for risk
analysis.

• Category II - Failure modes of lesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently

available to allow the team to make a judgement on the significance ofthe
failure mode. The development of additional data and information is
warranted. Additional records research may be justified.

• Category IV - Failure modes which are not physically possible or which are
clearly not credible.

For each of the potential failure modes identified, a problem statement is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the problem statement (except
Category IV). In addition, any identified potential actions for risk reduction for each
potential failure are then provided.

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Failure From Piping (Seepage Erosion) OfEmbankment Soil Into Joints And
Through Joints In The Dam Foundation - Main Dam (Category I)

Failure Mode Description: Embankment soils may potentially be piped (removed by
seepage erosion) along or near the dam foundation contact. Water at or near reservoir
head could be present near the Zone 1 core due to open untreated joints in the abutment.
This water could cause seepage erosion at the contact or could enter the core materials
due to separation zones in the core created by hydraulic fracturing or other (differential
movement) trigger event. Such preferential seepage paths through the core would
enhance the seepage erosion rate. This failure mode is consistent with the documented
seepage in the left abutment during the January 1993 impoundment at the dam (see groin
seepage photographs in appendix ofthis section), the discovery of untreated joints in the
abutment, and observations of the abutment topography.

Adverse Factors:
(1) Apparent and documented evidence of open joints flow on the left

abutment (see Cave Buttes Dam appendix of this report) .

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

• (2)

(3)

(4)
(5)
(6)

Flood Control District of
Maricopa County

Rock structures are present in foundation profile of main dam (shear
zone!distortion).
The steepness of abutment rating by judgment of the team is 5 to 7
(relatively steep slope for abutment - on a scale 1 to 10 with 10 the most
critical).
Change in slope on left abutment rock contact.
Possible erosion of Zone II as well as Zone I materials.
Plasticity index relatively low in some dam testing results but generally
greater than 15. (See Cave Buttes appendix in this section for the data on
the plasticity index test results in the borrow and in the dam.)

•

•

Positive Factors:
(1) No direct evidence of open joints.
(2) Little settlement of dam to date.
(3) Plasticity index relatively high in borrow testing and in dam.
(4) Long downstream Zone II section.
(5) Plugging of any crack or joint could result from Zone II materials (See

Cave Buttes appendix in this section for gradation information).

Potential Actions for Risk Reduction:
(1) . Monitor left abutment seepage in downstream groin during flooding

events.
(2) Monitor right abutment (groin and rock slope) for any seepage escaping

through joints.

Note - the team originally classified the following failure mode as Category II
(considered but not highlighted) but decided that because the failure flood would pass
through a different basin that it should also be included in the risk analysis. Also it did
meet the teams criteria of having the potential for water at the critical point upon the
onset of reservoir filling)

Failure From Piping Zone II Soil Into Foundation - Training Dike No.2 (Category I)

Failure Mode Description: Zone II materials rest directly on untreated joints on the right
abutment foundation of Training Dike No.2. These Zone II materials may be piped
through joints in the foundation. (See Cave Buttes appendix in this section for typical
cross section of Dike No.2).

Adverse Factors:
(1) The plasticity index at the location tested at 4 to 10 (See appendix for data

on materials testing for Dike No.2).
(2) Jointing is present and there is a potential for jointing to be open at near

foundation surface.

Positive Factors:
(1) There is not enough time to saturate the Training Dike No.2 embankment

materials to cause a pipe. The time of impoundment is short.

Kimley-Hom and Associates, Inc.
KHA Project No. 09 I 131006
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Structures Assessment Program - Phase I
Cave Bulles Dam Failure Mode and Consequences Report

• (2)
(3)

Flood Control District of
Maricopa County

The plasticity index from borrow sources is non-plastic to 25.
There is a wide gradation of Zone II materials - plugging of pipe pathway
likely.

•

•

Potential Actions for Risk Reduction:
(1) Monitor downstream slopes and toe of Dike No.2 during flooding

events/impoundment.

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL).

Failure From Piping Zone II Soil From Dam Into Alluvium At Cutoff Trench - Main
Dam (Category II - Considered but not highlighted).

Failure Mode Description: Potential for seepage path to develop that would pipe Zone II
materials into the alluvium on the sidewalls of the cutoff trench.

Adverse Factors:
(1) The upper 15 feet of alluvium is loose (41 % relative density, sand, gravel,

gravelly sand and silty sand and gravel.
(2) There are possible old permeable remnant channels under main dam.

This may provide for a potential seepage path.

Positive Factors:
(1) There is no direct evidence for open cracks/open work gravel in the cutoff

trench walls.
(2) The plasticity index of Zone II is 15 - 25, but some low «10).
(3) The time to develop a seepage path through the dam and into the alluvium

does not appear adequate, as impoundment duration is very short.

Potential Actions for Risk Reduction:
(1) Monitor downstream toe during regular inspections and during flood

events.

Failure From Piping Material From The Main Dam Into The Foundation Through
Open Joints (Category 11- Considered but not highlighted).

Failure Mode Description: Potential for Zone II and/or Zone I materials to pipe into
foundation through open joints.

Adverse Factors:
(l) The joints observed in core and foundation filled with sand.

Positive Factors:
(1) Time - The time to develop a seepage path through the embankment does

not appear to be adequate, as impoundment duration is short.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

• (2)

(3)

Flood Control District of
Maricopa County

Plasticity index of embankment materials generally indicates good
erosion resistance.
Slush grouting of the foundation was reportedly conducted during
construction, which would have reduced the number of open joints, (but
not all were treated based on later explorations).

•

•

Potential Actions for Risk Reduction:
(1) Use Peck observational method, which is to construct downstream weir at

end of groin. Use weirs instead of flumes. Flumes pass sediment and
weirs do not.

Failure From Piping Along Outlet Works - Main Dam (Category II- Considered but
not highlighted).

Failure Mode Description: Potential for seepage erosion along principal spillway conduit.

Adverse Factors:
(1) A review of the construction photographs for the principal spillway pipe

indicated part of the pipe was not imbedded in rock. Constructed as
positively projecting pipe.

Positive Factors:
(1) The outlet works were constructed in rock through Zone I and Zone II.
(2) No evidence of leakage of the outlet works pipe.
(3) Pipe resting on a concrete cradle.

Potential Actions for Risk Reduction:
(1) Monitor during inspections and during flooding events at outlet headwall.

Failure From Cracking Due To Geometry/Settlement/Shrinkage - Main Dam
Abutments And Dike No.1 At Station 35+60 And Dike No.2 At Station 50+16.
(Category II - Considered but not highlighted)

Failure Mode Description: Cracking (due to any of the above causes) has the potential to
open a direct seepage path that would expose the more vulnerable embankment materials
to seepage erosion potential immediately upon reservoir filling.

Adverse Factors:
(1) The dam foundation and abutment contact geometry could allow cracking

(note the conditions are not as bad as appears on as-builts due to different
vertical and horizontal scales.) However, page 7 of the Embankment
Report discusses a 1: 1 slope in left abutment and break in slope on right
abutment - U.S. Army Corps of Engineers Embankment Performance
Criteria Report).

(2) Geometry not continuous throughout the dam.
(3) The dam has not been tested yet - dry for long periods oftime.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

• (4)
(5)

Flood Control District of
Maricopa County

The foundation materials have not been tested for dispersive soils.
The tensile regime is there already.

•

•

Positive Factors:
(1) Time - consideration is will saturation take place to produce settlement?

(doubtful saturation will take place).
(2) No significant differential settlement to date (0.2 feet over 125 feet since

construction in 1980).
(3) P.I of Zone I and Zone II would resist seepage erosion of material.
(4) Gradation of Zone II would work to plug any crack under erosion process.
(5) Dispersive soils in area/vicinity are rare.

Potential Actions for Risk Reduction:
(1) Pave top of dam at abutments. Cracks of any significant size would likely

promulgate through pavement.

Failure From Emergency Spillway Erosion (Category Il- Considered but not
highlighted).

Failure Mode Description: Large discharges in the emergency spillway with high erosive
velocities could erode and potentially cause a headcut to form towards the reservoir.

Adverse Factors:
(1) The emergency spillway was excavated injointed fractured rock.
(2) Discharge flow velocities are high.
(3) Low spots/areas of the spillway were constructed in fill or backfilled.
(4) Drop at the end of the emergency spillway could initiate head-cutting

process.

Positive Factors:
(1) Limited spillway service time of seven (7) days during PMF.
(2) Large floods that would involve significant use of spillway is an

infrequent storm event (estimated at greater than 250 year return period
for any use of spillway).

Potential Actions for Risk Reduction:
(1) Determine the estimated threshold flow that would result in damaging

flows from the spillway to include in emergency preparedness plan.

Consequences: The consequences of this failure mode are that the spillway
discharges are anticipated to carry material eroded from the spillway (and this
could increase downstream damages). The process most likely will not be a rapid
development. There is no major anticipated change in flow (discharge), and the
reservoir would not be lost if the emergency spillway were to erode as described.

Kimley-Hom and Associates, Inc.
KHA Project No. 091 131006
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Failure From Piping OfZone II Material Into The Foundation - Training Dike No.1·
(Category II - Considered but not highlighted).•
Structures Assessment Program - Phase [
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Failure Mode Description: The joints in Training Dike No. 1 foundation were not treated
as was done at the Main Dam. Thus it is possible that the Zone II material could pipe
through open joints in the rock

Adverse Factors:
(1) The Principal Outlet could clog and result in greater impoundment time

allowing saturation of embankment and foundation to develop.
(2) Open joints are more likely and open more widely near the bedrock

surface.
(3) Cyclic flooding events (series of back to back storms) could exacerbate

the problem by allowing the flow path to begin to develop and then push
on with the series of events.

(4) Fill from main dam indicated that the material has a P.I. < 10.
(5) Depressed area at upstream crest shows slump at Station 38+61 (not

confirmed by survey).

Positive Factors:
(1) Short impoundment duration - design estimate approximately 15 days at

average elevation of 1642 feet.
(2) Injection grouting on 40 foot spacing at 25 feet depth.
(3) Dam loaded in 1993 to elevation of 1635 feet - seepage path needs to

develop more rapidly - outflow not very significant.

Potential Actions for Risk Reduction:
(1) Close observation during flooding events to pick up any seepage.

Conseguence: If a failure were to occur during the time period, it is reasonable to
say the water elevation at Dike No.1 would not be greater than 1642 feet.
Consequently, the discharge for a breach height of 10 feet and a breach width of
50 feet is approximately 4,700 cfs.

Failure From Internal Instability OfZone II Materials - Training Dike No.1
(Category II - Considered but not highlighted).

Failure Mode Description: Zone II is a widely graded material. If steady seepage were
passing through this dam it is possible that the finer fraction would pipe through the
coarser fraction.

Adverse Factors:
(1) Gradation of Zone II materials does not (appear to) meet filter criteria for

internal instability. (See appendix for filter criteria data) .

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Positive Factors:
(1) There is not enough time for development of seepage path and gradual

removal of material- this would likely take years to remove enough
material to produce a collapse of the crest and the impoundment time is
short. See Corps of Engineers Design Memorandum No.3 GM Phase II
July 1967.

(2) The cohesiveness of the material may prevent removal of fines even if
gradation indicated internal instability.

•
Structures Assessment Program - Phase 1
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Potential Actions for Risk Reduction:
(1) None action identified unless dam becomes a storage dam.

Failure From Potential Fissure From Subsidence - Training Dike No.2. (Category II
- Considered but not highlighted).

Failure Mode Description: Dike No.2 rests on alluvial fill and may be subject to local
subsidence (although none is experienced at this time). An earth fissure could cause a
structural failure of the embankment by opening a crack through the structure.
Alternatively the fissure could potentially undermine the dam embankment by abruptly
causing separation of structure at the foundation with the dam bridging the fissure. If the
fissure occurred in association with a large flood the structural failure from the fissure
would provide a path for a seepage erosion breach. Potentially there will not be a high
level of water impounded during fissure expression. In such a case there would be a
minimal loss of water. This failure mode was considered by the FMCA team to be a very
low potential threat to Dike No.2.

Adverse Factors:
(1) Of all the Cave Buttes embankments, Training Dike No.2 is the most

susceptible.
(2) Earth fissure could develop in response to initial major flow into the basin

of this dike (which has not yet occurred).
(3) Homogeneous Zone II material in Dike No.2 embankment.
(4) Materials in dike are dry, and perhaps brittle enough to facilitate and

support a crack formed by fissuring.

Positive Factors:
(1) No evidence as yet over this region of north Phoenix regarding the

existence of fissures.
(2) Long time to develop earth fissure - conditions mayor may not exist.
(3) There has been little settlement of dikes and dam to date.
(4) No sustained water in impoundment area.
(5) Zone II is well graded to 3/4 inch but maybe irrelevant.
(6) Zone II materials are present in Dike No.2 west of Cave Creek Road.
(7) Less subsidence susceptibility west of Cave Creek Road. Bedrock is

shallower.
(8) Not time dependent west of Cave Creek Road.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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•
Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Potential Actions for Risk Reduction:
(1) Monitor area for ground subsidence
(2) Evaluate groundwater levels in region.

Flood Control District of
Maricopa County

•

•

Failure From Potential Piping From Utility Crossings At Cave Creek Road - Training
Dike No.2. (Category II - Considered but not highlighted).

Failure Mode Description: The pipe conduits at the Cave Creek Road crossing include
three utility crossings comprised of a 6-foot, 5-foot, and a 4-foot diameter pipes. There
appears to be no evidence of caving; grout has been placed around water and sewer pipe;
pipes were installed by jacking; and steel casing around water pipe with grout in annular
space.

Adverse Factors:
(1) Conduits are located below dam from upstream to downstream.
(2) May not be built like shown on construction plans.

Positive Factors:
(1) There appears to be 10 feet of cover over the utilities in reservoir and

downstream.
(2) No sustained reservoir head - little time to develop seepage path.
(3) Utilities are below cutoff of dike trench.

Potential Actions for Risk Reductions:
(1) Put utilities on Cave Buttes Dam as-builts.
(2) Locate and mark utility locations in field.
(3) Note utility contact persons in case of emergency.
(4) Note procedure and method of isolating water line segments under dam.

CATEGORY 111- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS.

Potential Cave Creek Dam Failure Cause A Problem At Cave Buttes Dam (Category
III).

Failure Mode Description: Cave Creek Dam is an existing concrete arch buttress dam that
is non-operational and is located within the reservoir impoundment area for Cave Buttes
Dam. Cave Creek Dam is within the same drainage area and on the same ephemeral
wash as Cave Buttes Dam (Cave Creek Wash). Cave Creek Dam is located
approximately 3,000 feet upstream of Cave Buttes Dam. Cave Buttes Dam was designed
to "replace" Cave Creek Dam. The problem is the potential for differential impoundment
behind Cave Creek Dam which could potentially fail Cave Creek Dam. The resulting
flood wave from Cave Creek Dam could but is considered unlikely to cause a problem at
Cave Buttes Dam.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page 13 of 16 FCD Contract 2001(:014
Cave Buttes Dam FMCA Jan 2002



•
Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Adverse Factors: None identified.

Flood Control District of
Maricopa County

•

•

Positive Factors:
(1) Cave Creek Dam spillway elevation at 1637 feet with 12,000 acre-feet of

storage.
(2) Limited failure breach likely with 2 to 4 buttresses of Cave Creek Dam.
(3) Cave Creek Dam is 3,000 feet upstream of Cave Buttes Dam - floodwave

may experience attenuation before reaching Cave Buttes Dam.

Potential Actions for Risk Reduction:
(1) Monitor Cave Creek Dam during flooding events.
(2) There is additional analysis that could be conducted to provide better

insight on the potential failure modes and consequences of failure to Cave
Creek Dam. Additional analysis includes a dambreak evaluation of Cave
Creek Dam and the resulting flood wave analysis on Cave Buttes Dam.
The Bureau of Reclamation has a computer program "LS Wave" that may
be suitable for this type of analysis.

Conseguence: The consequence is that debris from the failure of Cave Creek Dam
may block the inlet of Cave Buttes Dam.

Failure From Overtopping Training Dike No.2 From Station 103+60 To 140+00
(Category III).

Failure Mode Description: There is a potential for overtopping Dike No.2 from Station
103+00 to Station 140+00. The crest of the dike is at elevation 1679.1-feet at Station
103+60 to elevation 1715.0-feet at Station 104+00 (at crest slope of 1 percent). The Dike
No.2 crest elevation west of Cave Creek Road is 1679.1-feet. (PMF elevation is 1674.1
feet).

Adverse Factors:
(1) Potential for subsidence is greater on the east end of Training Dike No.2.
(2) Culvert under Cave Creek Road on upstream side potential may not have

adequate capacity to carry inflow from the east side to the west side, thus
it may impound flows and create overtopping of the dike.

(3) Need to know if training dike can handle inflow from upstream area (need
to better define upstream drainage area for dike).

Positive Factors:
(1) Short duration of impoundment time.
(2) The training dike is used for infrequent events.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Potential Actions for Risk Reduction:
(1) Alternative Analysis Report by Kimley-Horn and Associates, Inc. (August

2000) identified potential secondary outlet in Dike No.2 located near left
abutment.•

Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE.

Training Dike No.1 Failure Modes Considered But Ruled Out Are (Category IV):

1. Piping of Zone II into Zone III. Zone III does not meet current filter criteria for
Zone II (see Cave Buttes Dam Appendix of this section), however, because of short
impoundment/detention time there may be not enough time for transport.

2. Shrinkage cracking. Not considered a problem based on coarser materials used for
this Dike. Plasticity Index < 10. NO.200 is 20 - 30%. (For it to be a concern for
drying shrinkage cracking the threshold PI > 15 and No. 200> 40%).

Training Dike No.2 Failure Modes Considered But Ruled Out Are (Category IV):

The unauthorized installation of underground utilities through or under Training Dike No.
2 is not likely. Any earthwork activity near, adjacent, or involving Training Dike No.2
will require a permit and review process involving the District, ADWR, and possibly the
U.S. Army Corps of Engineers.

Training Dike No.3 Failure Mode Considered But Ruled Out Are (Category IV):

No failure modes were considered for Training Dike No.3. Training Dike No.3 does not
sustain water impoundment for a long enough time to produce a seepage and piping
related concern for a homogeneous embankment. Also the events that would put water
against the Dike are very infrequent (near or at PMF level).

4.0 SUMMARY AND CONCLUSIONS

Construction of Cave Buttes Dam appears to have experienced embankment quality
problems (See "Filter Analysis & Evaluation of Zones I & II" in Appendix). Except for a
minor seepage incident during the January 1993 storm event (see groin seepage
photographs in Appendix), the dam has performed normally for 21 years. It is very well
maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance of occurrence) that persons associated with owning, inspecting, analyzing

• and operating the dam should be aware. Some of the potential failure modes are

Kimley-Hom and Associates, Inc.
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highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

•
Structures Assessment Program - Phase I
Cave Buttes Dam Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Two Category I potential failure modes, one for the main dam and one for Dike No.2,
were identified to be included in the quantitative risk analysis. These two static loading
potential failure modes are physically possible, but neither seems particularly likely at
this time. However, awareness, monitoring, and training (classroom training) of the
possibility of these and other Category II potential failure modes identified and during
inspectionslflood events are key risk reduction actions that are warranted.

There are a large number of people and structures at risk in the flood path in the event of
a spillway discharge or dam failure by breach. It appears likely that casualties could
occur due to a dambreak. A very significant consequence of dam failure would be the
adverse impact on the Central Arizona Project canal. It is highly recommended that an
individual emergency action plan be developed for Cave Buttes Dam.

Note: The briefing paper "Filter Analysis & Evaluation of Zones I & II" was
subsequently prepared (after the FMCA) by the Flood Control District and is included in
the Appendix of this section. The briefing paper outlines a statistical evaluation of Zone I
and II embankment materials and documents evidence of a shut down work order for

• construction at the main dam due to non-compliance of project specifications.

Cave Buttes Dam Appendix - FMCA Reference Materials (following).

•
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Filter Analysis & Evaluation of Properties of Zones I & II
Failure Mode Analysis-Cave Buttes Dam

Structures Assessment Dam Safety Program, Phase I,
Flood Control District of Maricopa County
George H. Beckwith, P. E.-Geotechnical Engineer

27 December 2001

1.0 INTRODUCTION

This report presents the resl,llts of filter analysis and evaluation of the materials properties
of Zone I (core) and Zone II (transition zone) made as a part of the Failure Mode
Analysis for the Cave Buttes Dam. The analysis was performed pursuant to discussions
on June 12, 2001 in the Risk Assessment phase of the Failure Mode and Consequence
Analysis (FMCA). This analysis is being performed as a part of Phase I of the
DISTRICT's Structures Assessment and Dam Safety Programs. Details of the design and
construction of Cave Buttes Dam presented in the Embankment Criteria and
Performance Report (USACOE, 1981) provide the basis for the analysis.

The capacity of Zone III (the pervious zone) to seal cracks in Zone II (the transition zone)
was analyzed. The analysis focused on seepage-induced erosion processes involving a
continuous pathway through the dam and it's foundation as opposed to piping that is
initiated at the downstream face and progresses upstream (Von Thun, 1996; Milligan,
1996). Among the factors considered was the possibility of portions of the pathway being
created by hydraulic fracturing (Sherard, 1973, 1985; Lo and Kaniru, 1990). Also
considered were possible of pathways along the rock foundation-embankment interface,
through open fractures in the rock foundation, along the primary spillway conduit and
through layers in either the foundation soils or Zone III with pores so large that the Zone
I and II soils could wash through (Milligan, 1996; Skempton and Brogan, 1994; Kenney
and Lau,1984).

The filter analysis is presented in Section 2.0. Evaluation of the Verification Testing
Program undertaken by the USACOE in the early part of embankment construction and
other quality control testing is presented in Section 3.0. This information was assessed in
relation to the properties of Zones I and II and the potential for seepage erosion failure
modes passing through these zones.

A list of documents that the DISTRICT obtained from the USACOE since the Failure
Mode Analysis session is presented in Section 4.0. These reports should be reviewed in
the course of the final Risk Analysis process.

2.0 FILTER ANALYSIS

The results ofthe analysis are shown on the attached calculation sheets (5 pages).
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• 2.1 Approach

Methodology in Chapter 26 of the SCS (now the Natural Resources Conservation Service
or NRCS) National Engineering Handbook, Gradation Design ofSand and Gravel Filters
(SCS, 1994) was used in the analysis. These procedures are the product of comprehensive
research by the SCS (Sherard et aI, 1984a, 1984b; Sherard and Dunnigan, 1985, 1989)
and are essentially the same as those of the Bureau of Reclamation (BOR, 1987) and
USACOE (USACOE, 2000). They have been endorsed by various organizations involved
with the design, construction and operation of dams including the International
Commission on Large Dams (ICOLD, 1994) and Canadian Dam Safety Association
(Milligan, 1996).

Filtration properties and criteria to prevent gap-graded filters and minimize segregation
were evaluated with the methods in SCS Chapter 26. More recent work by Foster and
Fell (2001) was also considered. A procedure presented by Kenney and Lau (1984) and
Skempton and Brogan (1994) was employed to analyze the internal stability of Zone III.
This procedure evaluates whether the pore size of a granular soil is sufficient to allow the
fines to be washed out through the granular skeleton of coarser particles under normal
hydraulic gradients.

2.2 Notation

• The notation used in the calculations is as follows:

D15F= The particle size of the filter material (Zone III) for which 15 percent by weight
is finer.

A= The percent by weight of the coarse band of the filter material passing the no. 200
SIeve.

D85B= The particle size of the specified fine band of the base material (Zone II) for
which 85 percent by weight is finer.

2.3 Base Soil Category (BSC) of Zone II.

Zone II is composed of sandy silts, silty sands, clayey sands and sandy clays. The soils
generally have up to about 30 percent gravel and classify as SM, ML, CL/ML, SC and
SM/SC in the Unified Soil Classification System. As shown on Calculation Sheet 5, the
specifications called for between 20 and 60 percent by weight passing the no. 200 sieve.
The percent passing the no. 200 sieve determined in the field control testing for the main
dam ranged from 6 to 86 percent. Median values determined for the main dam in the
verification testing were 50 percent for the left abutment, 38 percent for the main
embankment and 31 percent for the right abutment.

•
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SCS Chapter 26 (SCS, 1994) subdivides base materials into four categories for filtration
analysis. Zone II falls into both BSC 2 (silty and clayey sands and gravel with 15 to 39
percent passing the no. 200 sieve) and BSC 3 (sands, silts, clays and silty & clayey sands
with 40 to 85 percent passing the no. 200 sieve).

2. 4 Characteristics of Zone III

The specified gradation limits of Zone III is shown on Calculation Sheet 5. According to
the USACOE (1981), the Zone III material was excavated from borrow areas upstream
and downstream of the dam in the Cave Creek stream channel. The material consists of
sandy gravel and gravelly sand with varying amounts of silt and cobbles. The project
specifications called for Zone III to have no more than 12 percent by weight passing the
no. 200 sieve, while construction testing showed a mean value of 7 percent minus no.
200 material and a standard deviation of 3.6 percent. Lenses of coarse granular soil with
as little as one percent passing the no. 200 sieve were reported in the stream bed alluvium
in the dam foundation.

2.5 Filtration Analysis.

Filtration requirements are defined in terms of D15F. For the coarse band of Zone III,
D15F= 5.0 mrn while D15F= 0.15 mrn for the fine band. The analysis was done for the
specified fine band of Zone II. Because a considerable amount of Zone II is finer than the
specified limits, the analysis for BSC 2 overestimates the filtration capacity of Zone III.

The results of the filtration analysis are as follows:

+ A D15F equal to or less than 0.7 mrn is required for BSC 2. Thus the coarse band of
Zone III fails.

+ For BSC 3, a D15F equal to or less than 6.0 mrn is required as compared to the actual
value of 5.0 mm. Thus, Zone III meets filtration criteria for the portion of Zone II that
falls into BSC 3.

The analysis shows that that Zone III does not meet filtration criteria for the finer portion
of Zone II. This material constitutes a large part of the embankment.

2.6 Filter Band Limits to Prevent Gap Grading.

For the particle sizes of the filter, for which 60 percent by weight or less are finer, the
ratio of the course band size to the fine band size should be 5 or less. As shown on Sheet
2, the actual ratios are 8.2 to 50. Secondly, the coefficient of uniformity (CD) should be
equal to or less than 6. The actual CU-values are 41 for the coarse band and 125 for the
fine band. Thus, Zone III does not meet SCS Chapter 26 criteria for prevention of gap
grading.
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Analysis of the internal stability of Zone III by the Kenney and Lau (1984) procedure is
presented on Sheets 3 and 4 and is illustrated on Figure 3. The results suggest Zone III is
internally unstable.

2.7 Criterion for Segregation

SCS Chapter 26 includes a criterion for prevention of segregation. This criterion
stipulates maximum D90F sizes for various ranges of D1OF.

• For the coarse band of Zone III, D90F should be equal to or less than 35 mm. The
actual value is 230 mm.

• For the fine band, a D90F-value equal to or less than 20 mm is required. The actual
value is 53 mm.

The analysis indicates that the Zone III materials do not conform to the criterion for
susceptibility to the segregation.

2.8 Discussion of Results

The analysis described above indicates that there is a significant possibility of defects in
Zone III that could potentially form a part of continuous seepage pathways from the
reservoir through the dam or through the dam and it's foundation. Much of Zone III
apparently contains substantial cobbles. When placement in the main embankment began
in September, 1977, more plus 6-inch material was present than in the test fill. The
material was so coarse that conventional laboratory and field density tests could not be
performed. Because Zone III is a pit-run, rather that a processed material, the likelihood
of relatively open graded lenses extending through the zone seems greater. Zone III is
relatively thin near the top of the dam.

3.0 EVALUATION OF PROPERTIES OF ZONE I & ZONE II

Further considerations relevant to analysis of seepage-induced erosion failure modes are
discussed below.

3.1 Verification Testing Program

According to USACOE (1981), excavation of the cutoff trench and foundation treatment
for the main dam was done between November 1977 and July 1978. The main dam
embankment was constructed between August 1978 and August 1979. Modifications to
the contract were made during construction because of flooding. Modification No. 2
authorized emergency flood work including an emergency by-pass channel and revised
diversion ditch. Modification No. 8 authorized accelerated construction of the main
embankment to elevation 1600.

The South Pacific Division (SPD) of the USACOE instructed the Arizona Resident
Office to carry out a verification testing program in teletype SPDEG-G dated 18
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September 1978. Further instructions for the details of the program were given by SPC
personnel in a meeting at the Arizona Resident Office on 3 October 1978. It is stated in
the Verification Testing Report of the USACOE Los Angeles District (Appendix B,
USACOE, 1981) that"The verification testing was requested by SPD because of their
perception of non-compliance with the project specifications observed during project
visits. " Modification No. 10 to the construction contract provided for verification testing
of the embankment materials and abutment treatment. The Verification Testing was
carried out by the USACOE with support from Fugro, Inc. who submitted a separate
report. The Fugro, Inc. is presented in Appendix B1 (USACOE, 1981).

Earthwork operations for the main dam were apparently shut down from late September
to sometime in December 1978 while the verification testing program was being
performed and evaluated. The construction surface was at about elevation 1572, or
somewhat above original natural grade in the stream channel, at the time of the
verification testing.

It was ultimately concluded in the USACOE report that "the dam has been determined
to be safe" and it was recommended that "construction proceed in accordance with
project specifications". However, it is considered relevant to risk analysis that the
foundation treatment and critical parts of the embankment were constructed at a time
when SPD personnel believed that the work did not conform to project specifications.

3.2 Statistical Analysis of Field Compaction Testing

The statistical analysis of the field compaction testing of Zones I and II by the USACOE
presented in the "Embankment Criteria and Performance Report" (USACOE, 1991) was
reviewed. The use of statistical methods for the evaluation of earthwork is based on the
concept that quality control is possible only through the use of probability theory and
statistical principles (Hilf, 1991). Hilf (1991) describes pioneering work by the Bureau of
Reclamation (BOR) in the application of statistical analysis to the quality control of the
fine-grained zones in dams. Based on studies made in the 1950's and 1960's, the BOR
recommended that the maximum allowable standard deviation be 3.0 for variations in
percent compaction (ratio of field dry density to maximum dry density) and 1.5 for
variations of the field moisture content from the optimum moisture content. The standard
deviations for the Cave Buttes Dams exceed the recommended values.

To place the quality of Zones I and II of the main dam and Dike No.1 into perspective,
the statistical analysis was compared with data for the fine-grained zones of 80 BOR
dams presented by Hilf (1991). This assessment indicates that Zones I and II are of
relatively poor quality.

• For percent compaction of the main dam, S=3.8 for Zone I and 4.5 for Zone II. In
contrast, only 11 percent of the BOR dams had S-values equal or greater that 3.8 and
only 6 percent had S-values equal or greater than 4.5.
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• For the variation of the field moisture content from the optimum moisture content for
the main dam, S= 1.8 for Zone I and 1.6 for Zone II. For the BOR dams, 24 percent
had S-values equal of greater than 1.6 and 14 percent had S-values equal or greater
than 1.8.

• For variation or the moisture content from optimum, S=2.1 for Zone II of Dike No.1.
For percent compaction, S=4.6 for Zone II of Dike No.1.

The statistical analysis indicates that seepage into the lower part of embankment might
create localized differential settlements in low-density zones sufficient to produce
cracking or reduce major principal stresses producing the susceptibility to hydraulic
fracturing. Data presented by Lawton et a1 (1989; 1991; 1992), Brandon et al (1990) and
Booth (1976) suggest that differential settlements of Zones I and II in response to wetting
might be relatively large.

3.3 Relative Susceptibility of Zone I & II Soils to Seepage Erosion

Twenty borings were drilled, under the direction of Fugro, Inc., for the verification
testing. In the initial borings near the left abutment, the rotary wash method was used.
This was discontinued at the direction of the USACOE when large water losses were
noted and hydraulic fracturing was suspected. The soils believed to be susceptible to
hydraulic fracturing were apparently excavated and replaced.

Three hollow-stem auger borings, ranging from 11 to 48 feet in depth, and one 54-inch
bucket-auger boring, 47 feet in depth, were drilled to investigate Zone II. Grain-size
analysis were performed on 52 samples and Atterberg limits tests on 10 samples. The
following soil classifications were made for the 52 samples:

• 63 percent were classified as silty sands and sandy silts (Unified Soil Classification:
SM & ML) with plasticity indices of 3 or less.

• 37 percent were classified as clayey sands, sandy clays and silty clays (Unified Soil
Classification: CL/ML, SM/SC & SC) with plasticity indices of 4 to 17.

The Atterberg limits tests for Zone II are plotted on a Unified Soil Classification System
plasticity chart on Figure 2 which includes the Resistance Categories for internal erosion
develop by Sherard (1953). The ML and SM soils fall into Sherard's Resistance Category
3 and have a particularly high susceptibility to erosion. According to Van Zyl and Harr
(1981) and Meyer et al (1994), the global seepage-gradients required to induce internal
erosion of these soils may be as low as 0.12.

In contrast to Zone II, most of the Zone I soils were classified as sandy clays (Unified
Soil Classification: CL) having plasticity indices between 12 and 29. The Atterberg limits
tests for Zone I are plotted on Figure 3. Most of the Zone I soils fall into Sherard's
Resistance Category 1: overall, they have a relatively high resistance to seepage-induced
erosion. Threshold gradients may be 0.5 or more.
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4.0 ADDITIONAL DOCUMENTS

Subsequent to the Failure Mode Analysis meeting, the DISTRICT obtained the following
documents from the USACOE:

• Report Titled: "Cave Butte Dam Design Memorandum No.3, General Design
Memorandum -Phase II Project Design Part 1, July, 1976"

• Report Titled: "Cave Buttes Dam Test Fill, Zones I, II and III, January 1979"
• Document Titled: "Specifications for Cave Buttes Dam, November 1979"
• Report Titled: "Cave Buttes Dam Foundation Report, August 1983"

It is recommended that the FMCA Team review these documents as a part of the final
Risk Analysis for Cave Buttes Dam.
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FIGeE 1
Cave Buttes Dam Embankment Material Properties - ZONE 1

Verification Testing Program
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FIGeE 2
Cave Buttes Dam Embankment Material Properties - ZONE 2

Verification Testing Program
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• ~URE3

Internal Stability Analy~Cave Buttes Dam Zone III Filter •

i
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Note: After: Kenney, T.C., and Lau, D., 1984,
"Internal Stablility of Granular Filters",
Canadian Geotechnical Journal, Vol. 22.
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APPROX. BEDROCK SURFACE

ZONE n

JBV
IH

IvL
2.SH

-~--

SLOPE CHANGE
E1.1619.0

IV ON I H

•

(
--,

TYPICAL DAM EMBANKMENT SECTION

SPECI FICAT ION REQUIREMENTS FOR EMBAN K MENT MATERIALS

MATERIAL ZONE I ZONE II ZONEm

GRADATION REQUIREMENTS -NO.200 >70% -NO.200>20% -NO.200 <12 %

MOIST. CONTENT ( BELOW OR .tBOVE -2%TO+2% -2%TO +2% -OPTIMUM.
LAYER THICKNESS 12" 12" 24"

COMPACTIVE EFFORT ... 6 PASSES 50-TON ROLLER 10 PASSES 50-TON ROLLER 8 PASSES 50-TON ROLLER

• ACTUAL NUMBER OF PASSES TO BE SPECIFIED WILL BE DETERMINED BY A TEST FILL.

GILA RIVER BASIN
NEW RIVER a PHOENIX CITY STREAM ,ARIZONA

CAVE BUTTES DAM

SPECIFICATION REQUIREMENTS

U. S. ARMY ENGINEER DISTRICT
LOS ANGELES, CORPS OF ENGINEERS
TO ACCOMPANY REPORT !!ATEO:

APPENDIX IA FIGURE \8

~..
~.
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UPSTREAM

FOUNDATION ALLUVIUMJ..-----'= -

DOWNSTR~AM

EMBANK.MENT DESIGN VALUES

UNIT
DRY
P.C.F-

MATER1ALS

.------,-------~r_:::_:_:_:=__:__=_-~=_=_~~-_;r_-,..._,_~..,----

WEIGHT" SHEAR STRENGTH . PERM. SPEC.reb IN DEGREESt' C IN T/SF) COEFF GRAY.
WET SAT 'S .~. "(. (K)' (G\
P. r.F. P. C.F. ell C CD C CP C FtiDA'y

ZONE I liS 1'22 30 - 14- 0.5 13 0.8 0.001 2.bS

'ZONElI

ZONE m
DAtv1 FOU~PATla1

ALLUVIU VI

118

I ? 9

1?9

128 137

14-5

145

34- - 17 0.4- . -

30 - -

30 - -

0.10

10.0

10.0

2.6\

2.71:

2..71'
DIKE 2

FOUNDATION (0'-8' 100 104 12.5 18 0.5 - 50.0 2.bB

U",'Lt l.JJe'Lca""ts. Sh"owV\ A,,'C.- S(1.~.:.J.. Ov--. '15 PE:\"c:..LlI\t O~ 'IYlo..X~lMlAW'

Dr~ 'DEI\,<>Lt~,

DIKE z.
FOUNDATION (8'-IS' rio liZ 130 fB 1.5 - 3.0 2.GB

GILA RIVER BASIN

NE.W RIVERa PHOENIX CITY STREAMS, ARIZONA

CAVE BUTTES DAM

SUMMARY OF DESIGN VALVES

U•.5. ARMY ENGINEER DISTRICT
LOS ANGELES. CORPS OF ENGINEERS
TO ACCOMPANY REPORT DATED:

APPENDIX IA FIGURE 10
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NORlHlNG EASTlNG

989.420.05 670.822.63

990,045.99 671.153.14

990,000.70 671.241.11

989,816.97 671.1<45..17

969.860.65 671.169.17

NOTES:

TABLECOORDINATE

CONSTRUCTION

NEW WATER LINE

NO. STATlON to STATlON SIZE LF.

0 Stc ,TI+OO to 182+00 54- 500

0
Stc 178+80 to 181+~

Bore and Jacking 12- 260
See WAG SpceifieoUonlll

0 36- Redokned Wat.,. Lne
See Sheel.15

0) Walntoin Unlnt~pted Aa-. in Wash

(2) Sto In...JO
PRe
R-1OOO

G Sto 177+80
PT
R_l()(X)

@ Cow Butte Dam Dike No.2
Core "'oloria! T)'po n
See Oetoil 2. SM. 49

w
w
(f)

CAVE Bum
DAN SPUR •

--
-=-~~~-==-~~;.=::-,.~~---

.-

V T----

PHOENIX STP.ITTS-MARICOPA CO.
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GILA RIVER BASIN

NEW RIVER AND PHOENIX CITY STREAMS, ARIZONA

EMBANKMENT CRITERIA

AND

PERFORMANCE REPORT

Los Angeles District

March 1981



PERTINENT DATA

CONTRACT ro. DACW-09-77-'B-003l
Awarded on: 28 September 1977
Completed on: 11 March 1980
CONTRACTOR: Washington Construction Company, Missoula, Montana

CA VE BUTIES DAM

•

•

Dra inage area
Dam (rolled earthfill)

Crest elevation
Maximum height above streambed
Freeboard

Spi 11 way (de tached)
Crest elevation
Crest length
Elevation of maximum water surface

Out let works (unga ted condu it)
Diameter of conduit
Length
Intake elevation

Saddle dike No.1
Cre st leng th
Maximum height above existing ground

Saddle dike No.2 or east ~ke
Crest length I
Maximum height above existing ground

Saddle dike No.3 or west dike
Cre st leng'th
Maximum height above exisiting ground

Reservoir area at spillway crest
Capacity (gross) at spillway crest
Storage allocation below spillway crest

Flood control (net)
Sed imen t ion

Standard project flood
To ta 1 vo lume
Peak in flow
Peak ou tflow
Drawdown time

Maximum probable flood
To ta 1 vo lume
Peak inflow
Peak ou tflow
Drawdown time

V~

sq m~

ft ms 1
ft
ft

ft ms 1
ft
ft ms 1

ft
ft
ft ms 1

ft
ft

ft
ft

ft
ft
acre
ac re-ft

acre-ft
acre-ft

ac re-ft
c £s
c fs
day

ac re-f t
c fs
c fs
hr

191

1,679.1
109

2,260
5

1,657.1
510

1,674.1

3.75
528. 75

1,560.7

930
39

9,035
55

3,245
10

1,820
46,600

40,900
5,700

42,200
54,000

486
48

122,000
172,000
100,600

61
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CAVE BUTTES DAM
Gn:'A RIVER BASIN·

NEW RIVER ANb PHOENIX CITY STREAMS, ARIZONA
EMBANKMENT CRITER~A AND PERFOR~NCE REPORT

GENERAL

1. Auth~rity. Authority for the preparation of the Embankment Criteria and
Perf6rmance Report for Cave Buttes Dam is contained in ER 1110-2-1901, dated
1 August 1972.

2. Project Purpose. The Cave Buttes Dam project is part of the New River -a1ld
Phoenix· City streams· flood control project, and was authorized by the Flood .
Control Act of 1965' (Public L~~ 89-298, 89th ~ongtess). The project provides
flood protection to the City of Phoenix and vicinity. !

3. Project Location. The Cave Buttes Dam project is located in Maricopa
County, Arizona, approximately 19 miles north of downtown Phoenix •. Cave
Buttes Dam is located on Cave Creek approximately 0.7 mile downstteam (south)
of the existing Cave Creek Dam. The drainage basin above this project has an
area of 191 square miles, and extends in a northeasterly direction from the
damsi te to the county line of Maricopa and Yavapai counties • The location of

/

the project is shown on plate 1•

4. Project Description. A detailed description of the Cave Buttes Dam is
given in Design Memorandum No.3, General Design Memorandum, Phase II
Appendix1A, dated July 1976. Important features of the dam include the main
embankment, three dikes, outlet works, outlet channel, unlined spillway, and
access roads. The main embankment is a compacted, multi-zoned, earthfill
structure consisting of an impervious core, transition zones on either side of
the core, outer zones of pervious material, and cobble stone slope protection.
The core is founded on 'bedrock within a cutoff trench. Top of the embankment
is at elevation 1,679.1 feet, a maximum of 109 feet above the existing
streambed. The length of the embankment is 2,260 feet, and the top width of
the embankment is 20 feet. Dike No.1 is located about 90 feet east of the
main dam and is 930 feet in length with a crest elevation of 1,679.1 feet.
The height of Dike No.1 is about 39 feet above existing ground. The dike
cross section is similar to the dam embankment without the impervious core and
the cutoff trench. Dike No.2 is located approximately 6,000 feet northeast
of the dam embankment. The total length of the dike is 9,035 feet. The
western 5,345 feet is a saddle dike with a crest elevation of 1,679.1 feet, a
maximum height of 55 feet above existing ground. The eastern 3,690 feet of
the dike has a variable height ranging from 10 to 6 feet above the eXisting
ground. The dike embankment consists of two designs: the first consists of a
transition material core with outer zones of pervious material on either side
of the core, the second consists of homogeneous transition material
throughout. Dike No.3 is located approximately 2.5 miles northwest ~f

the ~ain dam. The dike is 3,245 feet in length with a crest elevation
1,67Y.1 feet, a maximum height of 10 feet above the existing ground. The dike
consists of transition material obtained from a designated borrow area with
1.~ feet riprap upstream slope protection. The outlet works are founded on



edrock at the left abutment of the main dam. The outlet works consist of an
~ proach channel, . intake tower,.conduit, energy dissipator, and. outlet.-·

channel. The spillway is locat~d in a natural sadqle approximately 1,600 feet
northwest of themain·embankment. The cre~t length is 510 feet at elevation
1,6,7.1 feet. A general pl~n of the project is show~ on plate 2. Typical
sections are shown on plate 3.

,. Construction History. The contract for construction of Cave Buttes Dam
was awarded t¢ Washingtpn Corporations of Missoula, Montana on 28 Sept~mber

1977 under Contract No. DAcW-09-77-C-0058. Construction began in October. 1977
and was completed in March 1980. Major storms occurring in March 1978, .
December 1978, and January 1979, and verification testing of the main
e~bankment, qirected by the South Pacific Divisio~ Of(~ce (SPD) during October
1978, .created del~ys in' construction. Construction of major features of the
project and their approx~at:e dates of construction are listed be·low:

Construction Feature

Dam - Foundation and cutoff trench
Embankment

Dike No.1 - Foundation
Embankment

Dike No.2 - Foundation and cutoff

•

Embankment
Closure

Dike No.3 - Embankment

Spillway - Ex~avation

Concrete

Outlet Construction

By-pass Channel

Approximate Dates of Construction

November 1977 - July 1978
August 1978'- August 1979

November 1977 - July 1978
August 1978 - August 1979

Oc tober 1977 - AU~ 1979
October 1977 - Au st 1979
,August 1979

November 1978

January 1978 - August 1978
April 1979

November 1977 - September 1978

July 1979 - August 1979

SITE GEOLOGY

b. General. A detailed description of the Cave Buttes Dam site geology is
provided in Design Memorandum No.3, General Design M~morandum, Phase II,
Appendix lA, dated July 1976. The dam site at streambed elevation
(1,570 feet) spans Cave Creek between two rock ridges that parallel the
valley. Bedrock forming the .ridges and underlying the stream bottom is a
metaigneous rock, consisting of moderately hard green schist, greenstone, and
granite. A thin veneer of older alluvium (talus material) covers the upper
slopes of the ridges and becomes much thicker on the east side of the valley
near the base of the slope. The materials in the valley are recent and older'
alluvium, which consist of various combinations of sand, gravel, cobbles, and

•

some boulders existing to a depth of appro.ximately 35 feet. There is evidence
f ancient folding and some faulting in the rock formations in the vicinity of

the Cave Buttes Dam.

2
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7. Seismicity. Ea'r-bhquake records 'indicate that Arizona is outside the
circum-Pacific belt that includ,es the Pacific doast and p.djacent,.parts of the
Western Mountain Region of' the United States. ' The largest known earthquake in"
the State's history was one of intensity VIII, Modified Mercalli Scale (M.M.),
recorded in 1910 approximately 170 miles from the project area. Thirty~nine

earthq uakes of maximum intensity IV to VI have 'occurred within a 150-mile
radius Of the project area from 1852 through 1974~ Evaluation of th~ geologic
and seismic conditions within a 150-mile radius of the project site indicates
that the embankments are located in an area of low seismicity. The maximum
intensity of shaking to be expected at the site, based on a 100-year record,
would be on the nrder of M.M. IV.

SITE INVESTIGATIONS

8. Investigations or the Proposed Site. In February 1970, a preliminary
subsurface exploration was started for the plan recommended in the interim

< report (Interim Report on Survey for Flood Control, dated 15 January 1964).
The data from this exploration, consisting of core borings, power auger holes,
dozer trenches, and a seisriiic refrac tion survey, indica ted' tha t the top 30
feet consisted of recent alluvium having several layers of gr~vel and large
nested boulders. Underlying the alluvium was a tuffaceous agglomet'a:te
formation which extended to crystalline bedrock at depths greater than 200
feet. Due to unfavorable foundation and abutment conditions disclosed at the
site of the darn embankment, an alternative site about 7,000 feet upstream of
the interim report site, where the overall foundation conditions appeared to
be more favorable, was investigated. Data obtained from similar e~plorations

at this site, indicated hard bedrock at the abutments and in the streambed
below the recent alluvium t at a maximum depth of approximately 35 feet.
Because of these more favorable foundation conditions; the upstream site was
selected for further studies. Subsurface investigations were made at the,
relocated Cave Buttes Dam site in the foundation of the darn, dikes, outlet
works, spillway, and the ,potential borrow areas. The subsurface
investigations began in March 1970. The field explorations consisted of site
reconnaissance, deep and shallow ,seismic refraction surveys, diamond core
drilling, bucket-type power. auger drilling, excavating trenches with a ~ozer

and Gradall, and conducting in-place density tests and mass gradation tests.

9. Darn Foundation. The subsurface exploration in the streambed consisted of
drilling 6 diamond core holes, varying in depth from 60 to 100.6 feet, and
excavating 4 test trenches (TT 70-20 through -22 and -36), The trenches were
excavated with a D-8 dozer to depths ranging from 16 to 32 feet to examine the
foundation materials and to obtain disturbed samples for classification
testing and moisture content determination. In TT 70-35, in addition to
sampling for classification and moisture content, in-place density tests were
conducted to evaluate the density of the foundation materials. Two trenches
(TT 70-37 and -39) were excavated at the toe of the abutments to determine the
depth of overburden. The locations of the core holes and test trenches are
shown on plates 4 and 5 .

3
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10. Dam Abutments. The investigation of the right abutment consisted
of drilling 2 diamond core holes to depths of 75 and 101.3 feet. The

•

' vestigation of ~he left ~butment consisted of drilling 2 diamond cqre holes
\ depths of 30 and 75 fee~. All holes were drilled through the overburden,

l.nto the bedrock., The locations of th~ ~or<e holes are ~llown on-'plate' 4~-"

11. Dike. ~o. 1 Foundation. The investig~tion f or ~h is dike cqns is ted of
drilling 2 ~iamon~ ~ore holes to depths of 25 feet and. ~xcay~ti~g one ~~st
trend} (IT 7cr38). The trench wasex~avated to a depth pf 4 feet to examine
the overburden materials, to obtain di~turbed samples, anq to determine the
depth to rock. The locations of the core holes and test trench are shown on
pIa te 5 4 and 6.

12. Dike No.2 Foundation. The investigation for this dike consisted of
drilling 2 diamond core holes and 16 power-auger holes (TH 70-38 through -50
and 70-57 through -59). One diamqnd cpre h01e was drilled to a depth 0 f
51.6 feet in the right abutment. The second core hole was drilled on the axis
of the dike, approximately' 350 feet from the toe of the abutment, to a, depth
of 60 feet. The auger holes were drilled to depths ranging from 12 to 34 feet
along the axis of the embankment. In each te st hole standard penetra tion
tests were conducted and disturbed samples obtained f!'l" laboratory .
classification, noisture content determination, and compaction tests. Two
undisturb.ed cubic-foot samples were taken at depths of approximately 5 and
10 feet for detaileg laboratory testing of shear strength; consolidation, and
permeabi lity. In-pl ace dens ities were taken within the top 2.5 feet of the
founda tion materia Is and at the locations of und is turbed sampling. The
locations of the core hol7 and test holes are shown on plate 7.

~3. Dike No. 3 Foundati~. The investigation for this dike consisted of
dri 11ing 3 power-auger holes (TH 70-89.,-90 ang 70-92) to depths' ranging from
9 to 10.5 fee t along.the dike axis to obta in dis turbed sa1Il.ples for labora tory
classification, moisture content determination, and compaction tests. The
standard penetration test was conducted in each te'st hole and in-place
densities were taken in the top 1.5 feet of the foundation materials. The
locations of the test holes are. shown on plate 6.

14. Outlet Works. The foundation investigation for the outlet works
consisted of drilling 5 diamond core holes varying in depth from 40 to
100.3 feet. In addition, 3 test trenches (IT 75-1,-2 and -19) were excavated
to bedrock along the centerline of the outlet conduit and at the location
of the intake structure to examine the bedrock surface and the excavation
ma terials. The locations of the diamond core holes and te st trenches are
shown on p I a te s 4 and 5.

15. Spillway. The investigation for the spillway, located approximate ly
1/2 mile northwest from the dam site, con~isted of drilling 6 diamond core
holes ranging in depth from 25.2 to 60.3 feet and excavating I test trench
(TT 70-26) to a depth of 25 feet. A Caterpillar D-8 dozer, with hydraulic
blade and rippers, was used to excavate the trench and to determine the
ripability, breakdown properties of the rock, and possible size of the
excavated material. The locations of the diamond core holes and test trench
are shown on pI a.te s 4 and 6 .

4
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BORROW AREA INVESTIGATIONS

16. Impervious Borrow (Zone I); The basin .of the ~x is~r;ng Cave' Creek Dam was
investi~ated to determine th~gradation and properties of the ttlaterial~ for
construction of Zo'ne I, the ~mpervious cote of the dam. the inves~i..gations of
the area, 10ccited about 3/4 mile 1.lpstreaw from 'fue dam site, consisted 6f
dri lling 2.2 pbwer-aqg~r hOles (TH 70-2,4thrqugh -,3.,3, 7o-~1 through -53 .~md
70-80 through -88) through the sediments 'in ttte basin and samplin.g otfe
existing trench (IT 70-40). The test holes '~ere drilled to dept;hs rang,ing
from 3 to 19 feet to obtain dist\J'rbed~amples for laboratory ch~sification,
moisture content determination, compaction tests, and detailed~est:ing for
shear strength, consolidation, and permeability. To determine balance
factors, the standard penetration test was conducted in,e,ach test hole and ~n

place density .'tests were taken at 'depths ,rangi.ng froI!! Oto 8fee~. The
locations of the test holes and 'test tr¢nch are sho:wn on plate 8.

17. Transition Borrow (Zone II). An area approximately 1 mile northeast. from
the dam site was investigated to determine the gradatl.'on and properties of the
rna te ria Is for construction of the transi't ion zones oftbemain embank,men tand
random zone for Dike No. 1. The inve~tigation of the area consisted of
drilling 46 power-auger holes (TH 74-10 through -55) to depths ranging from
4.5 to 15 feet. The materials encountered were visually classified and
disturbed samples of representative materials were obtained for laboratory
classification, moisture content determination, compaction tests, and detailed
testing for shear strength, consolidation, an~ermeability. To determine
balance factors, the standard penetration test was conducted in each test
hole. The locations of the tests holes ares own on plate 9.

18. Pervious Borrow (Zone III). The Cave Creek streambed, upstream ~nd

downstream from the damsite, w,{s i.nvestigated to determitle the gradation and
properties of materials for construction ot Zone III, t'he pervious shells of
the embankments. Detailed laboratory testing was conducted on representative
material from these areas, to determine shear strength and permeability.

a. Upstream Borrow. The investigation of this area, located between the
existing Cave Creek Dam and the site of the subject embankment, consisted of
excavating 21 te st trenches (TT 70-23, -26, -27, -29, ,-30, and 'IT 75-4 through
-18) in the s treamb ed. The trenches we re exc ava ted with a D-8 dozer and a
Gradall to depths ranging from 11 to 30 feet to examine the sides of the cuts
and to sample the excavated materials for laboratory cla~sificat:ion. The
locations of the'test trenches are shown on plate 10.

b. Downstream Borrow. The investigation of this area, located
approximately 1 mile downstream from the dam axis, consisted of excavating
18 test trenches(rr 70-8 through -12, -15 and -24, 'IT-I, TT 71-10 through
-12, -5, -8, -14 and TT 74-1 through -4) in the streambed. The trenches were
excavated with a D-8 dozer to depths ranging from 12 to 18 feet to examine the
sides of the cuts and to sample the excavated materials for laboratory
classification. The locations of the test trenches are shown on plate 10 .
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19. Pike No.1 Borrow. The random material to construct Di~e No. 1 ~s
obtained from the same source as the transition borrow for the main. .'~ ' .. ',' ~ ..enkment

. ~,
20. Dike No.' 2 Borrow.' The area i~ediately upstream from Dike No. 2 ~ s
investigated to determine the suitability of the material for cqnstruction of
the dike em.bail~ment. The investi~?tion consisted' of drilling 17 test holes
(TH 7cr-34 through -37, TIl 7cr-76 through -79 and TH 74-1 through -9) to qepths
ranging from 7.5 to 20 feet. Disturb'ed samples were obta:i~ed fpr lab~ratory
cIa ss ification, mo istu re con tent de terini. riatton, and compaet1.on tests. The
standard penetration test was ,conducted in each te st hole and in-place density
tests were taken at depths ranging from 1 to 2 feet. The locations of the
test holes are shown on plate 7.

21. Dike No.3 Borrow. The area immediately upstream and downstream from
Dike No. 3 was investigated to determine the suitabi lity of the material for
construction of the dike embankment. The investigation consisted of drilling
4 test holes (TH 70-89 thro~gh -92) to a maximum depth of 10 feet. Disturbed
samples were obtained for laboratory classification, moisture content
determination, ani compaction tests. The .standard penetration test was
conducted in each test hole and in-place density tests were t,aken at a depth'
of 6 inches. The locations of the test holes are shown on plate 6.

RIPRAP INVESTIGATIONS

22. An area located approximately 1 mile southeast from the dam site ~s

,
. estigated for a source of facing stone. The investigation consisted of

11ing 6 diamorrl core holes (Ir28 through D-33) to depths ranging from
.5 to 101.1 'fee t. The loc ations and logs of the core holes are shown on

plate 12. Other sources for stone, were (a) existing stockpiles of cobbles and
boulders near 7th Street and Beardsley Road located approximately 4'miles
southwest from the dam site and (b) cobbles and boulders processed from the
dam foundation and pervious borrow excavations.

PRE-CONSTRUCTION FeXINDATION CONDITIONS

23. Dam Foundation. A generalized profile of the foundation along the
center line of the embankment, showing the thickness of streambed recent and
older alluvium is shown on plate 13. The foundation conditions along the
center line of the embankment had changed considerably since the investigations
were started in 1970. After completion of the foundation investigation large
quantities of the foundation materials had been removed to, a maximum depth of
approximately 15 feet by coumercial producers of sand and gravel. Several
small dikes had been dozed into place to control surface rumff and to prevent
flooding of the pits during their excavation. Waste material., stripped from
a pproxima te ly the top 1 foot of the streambed, had been randomly piled in the
vicinity of the proposed embankment and the designated upstream pervious
borrow area. The test data iniicated that approximately the top 15 feet of
the foundation materials were predominantly loose to medium dense. They
classified mostly as sandy gravels, gravelly sands and borderline gravelly

• 6



~.

•

•

.... Ii. ,,'t.'·.;'

sands-silty gravelly ~$lnd.~.. At dep'.,th.~r.angin,gf:Z;:9m·~ppro,xip:!.at;~l.:il.:5feet ,to
the bedrock su:::f ace, the ~a.t;e+iats'we~__ predominantJy in~ium.d~p.s~ t:Q den~,e,'
and class ~J,ieq. IIXl~~}y, as clayey ,sandy gravels and bprderlin~,: sandy- grav~b·"" ,
clayey sandy grave.ls. l~wa's' e~tima~fed, that; thetota). d~pth, of fou~dat~.on

alluvium contained approximately 15 pe~c;~nt;, co'pbles and boutders. D~ta cfrom
test trenchesexcavat~ i,n th~,'fouri4adon i'ndicat;ed thJit after stripping,t:!?-e
predominaqt port:~qtl of founda'tion mate:;-,lals ha~ p~rce.l:l;tag~s of fines, '!Mtedal,
pasSing the ~o. 200 ..sieve ,ranging from 1 to' 9, p.~rcent ~ ¥ occa~ional thit1:,
discontinuous layer had a percentage of fines greater than 9 percent. In-place
density tests taken in the foundation material indicated an average dry
unit wei,sht, for the top 15 feet, of approximately 118 p~,f co:rrespondi~g to
a relative den~ity of approximately 41 J)ercent.,.. At, depths greater than
15 feet, a limited amount of tests indicated an average dEY uni~ weight of
approximately 129 pcf corresponding to .. a re~~tiv'e de~sity,o; approximately
80 perc,ent. The top ~ to 5 feet of the bedrock was' fractu~ed and J'ipps.ble
(see log :IT 70-36). . The foun,dation roc~was mo~erately hard to hard, fine
grained and foliated. The water losses from pressure tests were very small
am core recovery recorded, in diamond core holes, was generally high (see
geologic core logs, on plates 11 and 12). '

24. Dam Abutments. The profile along th,e center-H,ne of the dam,.:see
plate 14, shows the loc"ation of the, rock at the abutment~ and the depth of
overburden, near the toe of the abutment; The rqck of both abutments was
schist, weathered near the surface, moderately hard to hard, platy and
micaceous. The 'lower portion of the right abutment, f~om streambed to about
El. 1,620 feet, had an approxi~e slope of 1 Vertical on 2 Horizontal, then
flattened t,o IV on 4H. The lcj.er part- of" the left abqtment was covered with
talus material ,and older alluvium to a maximum depth of ,approximately
30 feet. The slope,of the abutment w<;1s nearly IV to lH. '

25. Dike Foundations.

a. Dike No.1. The foundation material of Dike No.1 consisted of
moderately hard to hard schist bedrock. Along the centerline ,of the dike the
overburden materia Is varied in' thickness from 0 to 2 feet. In accordance with
the Unified Soil Classification System the overburden materials classified as
clayey sand with gravel.

b. Dike No.2. Most of the right" abutment of Dike No.2, station 50 to
about 53+50, was covered with a thin layer o£,.overburden.Rock outcrops were
present at a few' scattered places. The entire right abutment was schist, and
the embankment foundation am left abutment, station 53+50 to 115 cons isted of
older alluvium of the vallt;.y bottom. A g,eneralized profile along the center
line of the dike, showing bedrock ,at the right abutment and the thickness of
alluvium in the foundation and the left abutment, is shown on plate ~3. The
alluvial ma teria Is in the foundation ea st~fstation 54 were predominant ly
si I ty sand and clayey sand. The so ils we re finer east of Cave Creek Road.
The materials to a depth of approximately 5 feet had an average dry density of
102 pcf and 81 percent relative compaction. Below this depth, the materials
became progressively harder due to caliche ce,mentation, and cobbles became
more numerous. At a depth ;f approximately 10 feet, the average dry density
was 100 pcf and 87 percent relative compaction. Un:! isturbed samples tested
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for compression characteristics at depths of 5 arid 10 feet indicated potential
foundati'on deformation 'd'f apprbxJ:Diat'ely 4 and 2: percent, respectively, under
Amkment 'lead,ing in an' unsaturated condition. Upon sattira"tion of the ,"

~ ~dation materials, approximately 5 percent 'aci'ditional settlement "in the
foundation would be anticipated. The permeabilh,y of'the near surface
material was approximately 50~eet per day 'de9reaslng with depth to
approximately 3 feet per day at a depth ot10 feet. 'At ,stati6n 97, the'
alinement of Dike No. :2 crossed' the c'ente'rline of exisl~ing Cave C.reek Road'
and required ramping lip the existing road to the ei'evation of the top of the
dike.

c. Dike No. 3. 'The near surface foundation materials of Dike No.3 was
sandy clay or clay underlain by sandy silt and clayey sand highly cemented and
containing a small percentage of gravel size inateriaL The iri-place density
of the top 12 ihches"of material \.ias on the order of 80 percent 6fmaximum
density. Theinaterial bec'a.ine harder from 1 to 3 feet. At depths greater. than
4 feet the materials had SPT, blow counts greater than 50 and, therefore, were
very 3tiff.

26. Outlet Works. The outlet works is located near the toe of the left
abutment. The 3.75-foot diameter reinforced concrete conduit was founded
entirely on greenstone/schist bedrock. The' foundation for the ungated intake
structure was founded on similar rock. A profile ot the foundation near the
centerline of the outlet works is shown on pl~te 13.

27. Spillway. The spillway was excavated in rock. The rock was predomi
nantly a moderate to highly fractured and foliated schist with occasional

WratelY fractured greenstone intervals, weathered to approximately 8 feet
foliation dipping 60 to 90 degrees to the northwest. Rock in the hill

w st of the spillway saddle was granite. Below the layer of weathered rock,
the schist became harder. Due to the infrequency of spillage, the remoteness
of the site, and the nature of the materials, this site was considered
satisfactory for an unlined spillway with a concrete sill along its full width
and sides to control scour during a remote spillway flow. The alinement for
the sill was located near the highest point in the saddle.

FOUNDATION AND ABUTMENT TREATMENT

28. Dam. A detailed description of the foundation and abutment treatment is
provided in the Foundation Report. The foundation and abutment treament of
the main dam consisted of excavating to suitable bedrock within the bot torn of
the foundation trench and the entire abutment area. All blocks, slabs, and'
boulders were removed from the bottom of the trench to provide a uniform
bedrock surface for placement of fill. Pressure cement grouting wa~ generally
conducted at the mid-point of Zone I, along a single line, at 40-foot centers
to a depth of 25 to 75 feet except from station '13+07'to 29+63 where the
spacing was reduced to approximately 20-foot centers. When grout take was
high or seepage occurred at the surface, split-spacing and offset of grout
holes was conducted. After grouting was performed, air blowing of the Zone I
contact area and a zone 12 feet upstream and downstream of tbe Zone I limits
in the Zone II contac t area was accomplished. A 'small amount of dental
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concrete was, pl,ac~d in rill areas wh,ich were Ina:coes~ible fer' proper
compac tion of the embankril~nt fill within the a'it< b~oWn areas.' Mor~aring with

. , .' ••~(., • • ,'f' • • " •

neat cement was done algnS'seams arid joints within the air blown areas to
assure all openings would be completely filled prior to placing core
material. The proposed 60ntact" groutfng plan is sho\:lI1 on plate ;4 and the
typical foundation tr~attnent is shown oriplate 15. The fouhdat:Lori treatment
outside the li!Ilits of the cLiteff t'rt3hch cOQ.sisted of 'excavating to elevation
1558 to remove loose sands and gravels and to strip 'unsatisfactory material.
The exposed foundation materials were then co~pact~d with 8 passes of a 50-ton .
rubber tire roller prior to placement of embankment materials.

29. Dike No.1. The foundation and abutment treatment for Dike No~ 1
consisted of excavating 2 feet over the entire abutment and foundation areas'
to suitable rock. Air cleaning of the rock surface which was to receive Zone
II material, was accomplished within the central 24 feet of the dike
embankment. ,Grouting was accomplished along the centerline of tqe dike at 40
foot centers and to depths of 25 feet (see plate 14). Removing loose rock,
clearing, grubbing, wetting, and prooJrolling was performed in 'areas under the
Zone III materials.

30. Dike No.2. The foundation treatment for Dike No.2 consist~d of
excavating a foundation trench with a base width of 24 feet and to a depth of
about 10 feet between station 103+00 and the right abutment (station 53+50).
The remainder of the streambed foundation and abutment was excavated to a
depth of at least 2 feet. The bottom of the foundation trench and streambed
foundation was compacted with 8 passes of a 50-ton rubber tire ro~ler. The
bedrock at the right abutment was air cleaned in the central 24-foot width
prior to placing embankment materials (see plates 16 through 18). Grouting
was accomplished along the abutment centerline of the dike at 40-foot centers
and to depths of 25 feet.

31. Dike No.3. The foundation treatment for Dike No.3 consisted of about
1.5 feet of stripping and compaction with 8 passes of a 50-ton rubber tire
roller prior to placing embankment mate~ials.

31a. Outlet Wo~ks. The outlet ~tructure was constructed on fractured
greenstone bedrock, except fo~ that part of the excavation from station 50+85
to 4B+10, where some alluvium and highly weathered and sheared greenstone was
encountered. Plate 24 shows the plan and profile (stations 60+00 to 46+80) of
the outlet works. The alluvium and the highly fractured and sheared
greenstone were overexcavated to remove compressible material from the base of
the outlet works structure. The area over excavated was approximately 200
feet long by 10 feet wide by a maximum of 15-feet deep. The area was cleaned
and backfilled with concrete to form an incompressIble and impervious
foundation for the outlet works conduit.

EMBANKMENT DESIGN

32. Design Values. The selection of design values was based on the results
of detailed laboratory test conducted on samples from the designated borrow
areas and the foundation materials. A detailed description of the adopted
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lues is provid~d in De:;l~gn MeIIlorandum No. 3 1 General Destgn Memorandum
DM), Phase. II, AppendiX 1A ,dat'ed .,July 1916. A ;3uDllllary or ~he GDM d~sign

values is pre~ented in tab~~ 1. Test fills were cOnducted on the Zone I, II;
and III materials used in the copstruction of the daIIl embankment, to, verify
if the specified compaction procequres prQduced the necessary r~sults. A
separate rt=port on this te.sting is pre~e:nteg in Appen<,ii:l{ A,~ In tl;1e test fill .
report an eval~ation was made of the effects ot incremental rolling by a 50
ton pneumatic-tir~d roller anR the ~rfe·cts o,f plac:em,ent and compaction. of
overlying lift~ on the in-situ'density.

33. Main Embankment Section. The embankment has a maximum height of about
lOY feet above the ~~i~ting streambed. The crest width is 20 feet. The
upstream.slope is 1V on 2.25H from the top of the dam to elevation 1,619.
Below elevation 1,619, the slope is 1V on 2.75H. The downstream slope is 1V
on 2H. The embankment is a zoned rolled-earth fill. The general plan, and
details of the embankment are shown on plates 2 and 3. Since the amount of
available sources of Zone III material were limited, the outer zones of the
embankment are sized to fully utilize the available quantities of Zone III
materials.

a. Zoning of Embankment.

•

deSigned to make optimum usage
nd from required excavations.

The cross section of the embankment was
of the materials avarlable from nearby sources

The zoning selected would provide effective
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Table 2. SUMMARY OF EMBANKMENT CONTROL TESTS

•
Item

Con tro 1 Te st

Zone I
(impervious)

Dam Dam

Zone~

(random~.
Dike 1 Dike 2.

(Zone II)

Composite Dike 3

Zone III
(pervious)

Compos ite

a.

b.

c.

d.

e.

E.

Percent Fines:
No. of Tests
Mean (-No .. 2(0)
Standard Deviation

Fie ld Dens ity:
No. of Tests
Mean (pcf)
Standard Deviation

Fie Id Mo istu re:
No. of Tests
Mean (% dry wt.)
Standard Deviation

Percent compaction:
No·of Tests
Hean (X 'max. )
Standard Deviation

Mo istu re Variation:
No. of Tests
Mean (X from opt:)
Standard Deviati~n

Relative Density
No. of Tests
Mean (X .Rel. dens.)
Standard Deviation

371
82.2 i

11.S'

374
102.9

. 5.2

374
20.9·
2.6

374
99.9
3.8

374
O. 7
1.8

565
. 33.3

12.1

576
120.2.

7.2

576
11. 3
2. 7

576
100 .1

4.5

576
-0.7

1.6

32
28 0
10: 0

32
120.2

8.1

32
10.6
2.4

32
100.4

4.9

32
-1.5

2.1

132
29.5
8.3

147
119.3

6.0

147
10.5
2.1

147
98.4
3.6

147 .
-1.0

1.4

729
32.4
11.6

755
120.1

7.0

755
11.1
2.6

755
99.8
4.4

755
-0.8

1.6

21
73 •.5
10.5

21
104.8

5.3

21
14.0
2.5

21
97.9
4.4

21
-3.8

3.6

89
7.0
3.6

55 (1)
137.9 (1)

6.9(1)

14(2)
100.3

6~3(2)

68~(3 )
94.9(3)

7 ~~9 (3)

No tes:
(1) Densities were conducted by large scale water displacement method.

For Sand-Cone densities: No. of test = 67, Mean density = 129.3 pcf, and

Standard deviation = 4.3%
Relative compactions conducted by DWRmethOd.
Re Iative densit ies conduc ted by ASTMStandard D 2049.
For Sand Cone dens ities: No. of tests = 67, Mean dens ity = 129.3 pef,

and Standard deviation = 4.3%



f. Summary of Field Compaction Control Data. As requii~d by ER 1110-2
1925, JtField Control Data for Earth and Rockfill Dams," test results were
~arized by the Resident Engineer staff and transmitted; tHrough the
"ndation am M~terials Branch, to the South Pacific Division Qffices eyuy

month during active construction periods. At the completion of earthfill
operations, 13 monthly reports had been forwarded with the fo Hawing resu1 ts.

(1) Zone I a:nd Zone II Materials. Spec ificati<:ms required the
placement moisture conterit~', to be within: the range of 2 pet¢ent below toQ
percent above the optimum moisture content with a desired relative compaction
of 97 and 95 percent of the maximum density for Zone I and Zone II materials,
respectively. The following list summarizes the results.

Suumary of Compac tion Control nata for
Zone I and II Materials

Dam Dam Dike 1 Dike 2 Dike 3
Zone I Zone II Zone II Zone II Zone II

(impervious) ( random) ( random) (random) , ( random)

Total No. of Tests 446 872 40 175 23
No. Outside Limits:
Tota 1 151 395 17 73 21
Mo isture Con tent 85 227 11 41 15
Density 35 84 2 19 a
Moisture & Density 31 84 4 13

/
6

No. Reworked 83 288 8 35 2'0 Reworked &
Re te sted 63 173 6 17 2

e re sult~ of the fie ld control ,tests are presented graphica 111 1n fi gure s 1
through 14.

(2) Zone I Materials,' Main Embankment. Results of field control
testing irrlicated Zone I materials were finer grained than anticipated in
design. The percent passing the No. 200 sieve ranged from 33 to 99 percent
and the majority of the materials had No. 200 values greater than the 70 .
percent design value. These finer grained materials had corresponding lower
field densities. Field densit.,ies ranged from 84 to 120 pcf and most of the
tests were lower than the design 115 pcL The field lOOisture contents varied
from 14.2 to 28.2 percent and the mean field moisture content of 20.9 compared
approximately with the design value of 21 percent. The percent relative
compaction ranged from 85 to 109 percent. The mean percent compaction of
all the materials tested was 99.9 percent which is above the 97 percent design
requi rement. The percent variation from optimum mo istu re can tent r'anged from
-3.6 to 8.2 percent. The design requirements of + 2.0 percent from optimum
100isture content were within one standard deviatioo from the mean.

(3) Zone II Material, Main Embankment. Results of field control
testing iooicated Zone II materials were finer grained than anticipated in
de sign. The percent pass ing the No. 200 sieve ranged from 6 to 86 percen t and
the majority of the materials had percent passing the No. 200 sieve values
greater than the 20 percent design value. These finer grained materials had
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corresponding lower field densities. Field"densit'ies ranged ffom'90 to .
140 pcf arxl mos't of the t:ests were lower than the design i2~ pef. ' The'me;:in
field moisture content of 11.1 wa's above the'desi.gn value of 8.5··~e·rcent.

The percent relative compaction ranged from 70 t~ 116 percent. The~ean
percent compaction of all the materials tested was 99.8 percent, well above
the 95 percent des ign requi rem~nt. The perc ent variation from optimutn
moisture content ranged from -8.3 to 4.~ percent~ The ~esign requirements of
+ 2 .0 percent' from optimum moisture con te'nt are within dnestandci rd deviation
'from the mean •.

(4) Zone II Material, Dike No.3. Results of fi~ld control testing
imicated Dike No. J, Zone II materials were tiner grained than anticipated in
design. The perc.e.T.lt passing the No. 200 sieve ranged from 45 to 85 percent
and 50 percent of' all samples had percent passing the No'. 200 sieve values
less than the 70 pe~tent upper limt design value . Fie ld densities ranged
from 96 to 118 pcf am all of the tests were lower than the design 128 'pcL
The field moisture contents varied from 8.5 to 18.4 percent and the mean field
moisture content of. 14.0 percent was much higher than the design value of
8.5 percent. The percent relative compaction ranged from 85 to 105 percent.
The mean percent compaction of all the materials. tested was 97.9 perc~t;
above the 95 percent design requirement.

(5) Zone III Materials. Moisture control for placing Zone III
material was not required. The desired relative density of the zone was 80
percent and the desired relative compaction in accordance with the DWR test
results was 95 percent of the maximum density. The following list summarizes
the resul ts.

Summary of Compaction Control
'Data for Zone III Material

Total No. of Tests
No. Outside Density Limits:
No. Rework ed
No. Reworked & Retested

ASIM 2049

68
10

6
4

DWR Max-Vibrated

14
4
o
o

•

41. Record Tests. In order to verify that design assumptions were met,
record samples were periodically obtained by Foundations and Materials Branch
personnel. These samples were shipped to the SPD Soils Laboratory for record
testing. Record tests were performed to evaluate the material type, density,
permeability, shear strength, consolidation, and other soil parameters.
Undisturbed cubic foot samples were obtained in Zone I and Zone II materia~s

at locations upstream and downstream of the centerline of the embankment as
planned in the "Cave Butte s Dam Engineering Considera tions and Instruc tions
for Field Personnel." Three field density determinations were also required
at all samples locations.

a. Permeability. PerIDeabilities of record samples w~re measured in both
the horizontal am vertical directions in acc.ordance with the procedure
described in Engineer Manual EM 110-2-1906 "Laboratory Soil Testing,"
30 November 1970.
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(1) Zone t Materials, Main Embankment. The vertical and horizontal
penneabi lities of uqd isturb~d r~c()rd sampl~s obtained fromZpne I pf the ma ~nenkment are summ~ri~ed in table 3. Th,e v~rtical per~~bilties avftraged

xlO... 4 fpd and the horizontal permeabilities av;~raged 3.56xlO:4 fpd..·-The
horizonta 1 per_mea1:lili ties averaged higher than the vertical permeabili t ie 5,
and both horizontal am vertical permeabi lides were considerably lower than
the design permeability of l.OxlO- 3 fp'c1. . .

(2) Zone II Matey;ials, Mpin 'Emq,~nkmen~~ The ve.r~ical and hori~ont<;!.i
permeabilities of undisturbed record samples obtained from Zone II of the main
embankment are summarized in table 3. The vertical permeabi lities averaged
6.50xlO-2 fpd and the horizontal permeabilities averaged l.75xlO- l fpd. The
horizontal permeabilities av~raged higher than the vertical permeabi lities.
The hori~cmtal permeabilities were slightly higher and the vertical permeabil
ities were slightly lower than th~ design permeability of l.OxlO- I fpd,
howeve.r, both the horizonta land yertical permeabilite s we re. in the same orde;r
of magnitude of the design value.

(3) Zone II Materials, Dike No.2. The vertical and horizontal
permabilities of undisturbed record samples obtained from Zone II of Dike
No. 2 are summarized in table 3. The vertical permeabilit ies averaged
4. 28x 10-2 fpd and the horizon tal permeabi lities averaged 8. 6x 10-2 fpd.
The horizontal permeabilities averaged slightly higher than vertical
permeabi lities, and both horizontal am vertical permeabi lities were
considerably lower than the design permeability of 1.OxI0-1 fpd.

•
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STONE SIZE IN INCHES U. S. STANDARD SIEVE NUMBERS

GILA RIVER. BASIN
New River and Phoenix City Stream.

Arizona

10

20

....
10%

CJ
.k;

I ~
40>-

I CD
I 0::

W
IOU)

0::
4:
0

I U
10 ....

I Z
I w

U
I 70 0::....
I A.

•

10

100
O-l

CAW BUTTES DAM

Embankment Filter Requirements

ottttt!~tmtj~~~±ttt±±=jJtltt:tH~ill
~ JlI 10 5

GRAIN SIZE IN MILLIMETERS

D,S (c~rse fraction of' Zor>t= H) _ 0.04 _
D,55 (fine frochOl1 of Zone I) - 0.0085 - 4-.

7

~(coatSe frocfton oT Zone mJ 5.0 __ 4- 5
Us5 (fine fr-acTion or Zone II) - /./ .

D,5 (coar~ fraction of' Stone) _ 220 =- 4.8
Dos (fine -frac j-ion o.p Zone m) 4- b
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TABLE 2
VERIFICATION TESTING

SUMMARY OF ZONE I RESULTS

•

LEFT MAIN RIGHT
SPECIFICATION OR DESIGN VALUES ABUTMENT EMBANKMENT ABUTMENT

SPECIFICATION LOWER UPPER LOWER UPPER LOWER UPPER
PROPERTY TESTED OR

DECILE
MEDIAN MEDIAN MEDIAN

DECILEDESIGN VALUE DECILE DECILE DECILE DECILE

GRADATION (% PASSING
>70 67 84 93 72 87 95 90 96 98NO. 200)

DRY DENSITY (P C F) 95 96.1 104.0 111.1 97.4 103.0 108.9 87.0 95.9 100.4

MQISTURE CONTENT
21 17.4 20.8 25.4 18.5 21.7 24.8 19.3 23.7 25.0(% OF DRY WT.)

"

PERMEABILITY (FT. / DAY) 0.001 0.000006 0.000085
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TABLE 3

VERIFICATION TESTING
SUMMARY OF ZONE :II RESULTS

•

LEFT MAIN RIGHT
SPECIFICATION OR DESIGN VALUES ABUTMENT EMBANKMENT ABUTMENT

SPECIFICATION LOWER UPPER LOWER UPPER LOWER UPPER
PROPERTY TESTED OR MEDIAN MEDIAN MEDIAN

DECILEDESIGN VALUE DECILE DECILE DECILE DECILE DECILE

GRADATION (% PASSING
>20 <60 20 50 77 27 38 56 25 31 68NO. 200)

DRY DENSITY ( PC F) 118 100.1 116.2 121.5 104.9 115.4 123.7 115.9 119.0 124.5

MOISTURE CONTENT
8.5 5.8 12.8 20.2 7.2 11.6 16.8 9.5 11.0 15.7

(% OF DRY WT.)

PERMEABILITY (FT.! DAY) 0.10 0.000642
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

POWERLINE FLOOD RETARDING STRUCTURE
•

Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 00082

July 16 2001

1.0 INTRODUCTION

General Description
Powerline FRS is located about 35 miles east of downtown Phoenix and five miles
southeast of the City of Apache Junction. The project consists of the FRS embankment
structure and an emergency spillway. The project is part of the Apache Junction-Gilbert
Watershed Protection and Flood Prevention Project.

Powerline FRS is classified as a medium sized, significant hazard dam. The reservoir
behind the FRS is 610 acres with a capacity of 4, 194 acre-feet. Construction of the
Powerline FRS was accomplished under contract to the Ashton Company of Tucson,
Arizona. Construction of the FRS and appurtenant structures was completed in 1967.

The dam has performed satisfactorily to date. However, because of significant cracking
experienced during and after their first significant impoundment by the adjacent,
companion FRS structures, Vineyard and Rittenhouse, Powerline was also provided with
the same post construction central filter remediation that each of those structures were
gIVen.

Dam Data
Dam type: Rolled earthfill
Dam height: 21.0-ft
Dam length: 13,398-ft
Dam crest: width 14-ft; elevation 1589.1-ft
Spillways: Principal- 36-inch RCP; inlet elevation 1563.0-ft; Emergency spillway - 600
ft wide earthlined spillway; crest elevation 1583.3-ft
Freeboard: 4.8-ft
Hazard Classification: Significant

Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:
• Identify potential site specific failure modes for the dam.
• Discuss non-quantitatively the likelihood of the identified failure modes.
• Determine whether or not and how important failure mechanisms are being monitored
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• Examine the consequences of failure and the adverse consequences of successful
operation (e.g. -large spillway releases)

• Identify possible risk reduction actions that may be taken to reduce the likelihood of
failure or to mitigate adverse consequences

• Determine what information, investigations or analyses may be needed to resolve
uncertainties relative to potential failure modes.

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

(Note: For this exercise the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate of the magnitude of the "consequences" for each significant failure
mode will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Horn and Associates, Inc., Project Manager
Jim Scott, URS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Horn and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

The following is a summary of the major findings and understandings for Powerline
Flood Retarding Structure as a result of the Failure Mode and Consequence Analysis
(FMCA). Powerline FRS is one ofthree adjoining flood retention dams (Vineyard Road
and Rittenhouse FRS being the other two dams). Because of concerns about drying
shrinkage and desiccation cracking each dam was modified after construction but in
slightly different ways. In carrying out the FMCA for these dams Vineyard Road FRS
was done first followed by Rittenhouse and then Powerline FRS. The potential failure
modes considered for the dams were of course very similar and it was natural to compare
the likelihood of development of these failure modes among the three dams. Thus in the
major findings and understandings given below some of the differences are noted as key
findings and conditions of general similarity related to potential failure modes are also
noted.

The major findings and understandings given below are organized as follows. First the
most important design, construction, geologic, and performance differences or unique
aspects related to the potential for failure mode development ofPowerline FRS are given.
Findings related to failure modes or adverse consequences other than overtopping and
spillway discharge are given first. Findings related to consequences are given next
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followed by action items (risk reduction and investigations). Finally, general findings
that are informational and / or generally similar for all three dams are listed. In making
comparisons of the dams and the amount of cracking experienced at the time of the
repairs it is instructive to note the year of the original construction of each and the year
those repairs were made. The difference between these two dates [shown in brackets] is
the number of years drying had taken place before the central trench was excavated.
Each trench was mapped for cracking depth, width and extent. They were Vineyard Road
FRS - Constructed 1967, repaired 1983, [16 years], Rittenhouse - Constructed 1969,
repaired 1979, [10 years], Powerline - Constructed 1968, repaired 1991 [23 years].

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Key Findings / Differences Related To Failure Mode Development - "Static Loading
Failures - Seepage Erosion - Fissuring - Foundation Erosion -Etc."

• New Fissure found Just West ofPowerline FRS. AMEC's ongoing Phase II
investigations have included review of the geologic profile, history of ground water
decline, measured subsidence and reported earth fissures in the vicinity of the
Powerline, Vineyard Road and Rittenhouse FRS's. In examination of aerial
photographs, AMEC determined that a previously identified liniment west of the dam
is an earth fissure. The fissure appears to terminate about one-quarter mile west of
Station 110+00 on the east side ofIronwood and just west of the CAP Canal. There is
a high probability that the fissure will ultimately migrate through the dam.
Observation of the concrete lining of the CAP Canal will be a useful indicator in
monitoring growth of this fissure.

• High Potential for Subsidence and Earth Fissuring Owing to the groundwater
overdrafts, large differences in bedrock depth over the site and presence of a thick
sequence of more compressible lakebed clays within the alluvium there is a relatively
high potential for differential subsidence and earth fissuring at Powerline FRS.

• Potential For Differential Settlement From North End Of Structure To South End Of
Dam. The dam is underlain by a variable deposit of alluvial sediments. These
deposits could be impacted by the ongoing subsidence occurring within the region.
The FMCA team noted that on the basis of the thickness of the materials susceptible
to subsidence that the structure and/or reservoir could experience tilting in the future.
The subsidence amount would be expected to be high on the north end of the dam and
reservoir basin and lower on the south end of the dam and reservoir. Since the
spillway is on the south side of the reservoir the tilting effect, if it occurred as
expected would increase reservoir storage (See settlement profiles - Powerline FRS
Appendix). Three factors were identified that could potentially create embankment
and foundation cracking and conditions for potential internal seepage-erosion modes
of dam failure.
a) Collapsing Holocene soils extend to as much as 10 feet beneath the cutoff trench
and central filter along approximately 64 percent of the embankment. These deposits
are susceptible to large "collapse" settlements upon wetting and have the potential to
create transverse or diagonal cracks through the embankment and upper part of the
foundation. Most are highly erodible and susceptible to seepage erosion.
b) Ground water declines have lead to land subsidence and earth fissuring at the site
and in the vicinity. This process has produced substantial differential settlements of
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the dam and reservoir of the Powerline FRS and the adjacent Vineyard FRS and a
relatively high risk of earth fissuring beneath the dams. Differential subsidence may
have increased reservoir storage capacity.
c) Transverse & Diagonal Cracking. Within a few years after completion of the
dam in 1967, extensive transverse and diagonal cracking of the embankment was
noted. It was concluded in post-construction geotechnical investigations that the
primarily cause is drying shrinkage. A central filter was installed in 1989 as a
defense against seepage erosion through cracks. The FMCA Team has not located
records of the embankment cracking made by inspection ofthe central filter trench
during the 1989 construction. Thus, the depth, width and intensity of cracking are
not entirely known. The limited available soil classification tests suggest that the
embankment has less drying shrinkage potential than the Vineyard FRS, but the data
is inconclusive. The central filter was extended below the bottom of the cutoff trench
over the full length of the dam suggesting that the cracking may have been less severe
or as severe as that of the Vineyard FRS. Cracks at the Vineyard FRS extended to
more than 21 feet. A considerable number extended below the embankment into the
native soils.

• Collapsing Holocene Soils along Foundation ofDam. The FMCA team reviewed
foundation excavation records for Powerline FRS. These records indicate that great
detail and care was taken in determining the amount of excavation needed to remove
Holocene soils on the upstream portion of the section (more care than at Vineyard and
Rittenhouse). However, Holocene materials were likely left in on the downstream
section. This material is susceptible to seepage erosion. There was an awareness
during construction that gravel deposits upstream could allow inflow along the base
of the dam and thus this flow needed to be cut off. These inferences were made on

. the basis of the ADWR inspection reports.
• Central Filter Extends to Foundation. The Powerline central filter repair extends to

the full depth to foundation (and somewhat below) and for the entire length of the
dam.

• Understanding of Filter Characteristics and Role of Filter. The central filter for
Powerline FRS was installed by SCS in 1989 and was intended to be a "crack
stopper". The defensive mechanism provided is filtering the movement of fine
particles and the building of a filter cake as seepage through an upstream transverse
crack or interconnected system of cracks begins. This process prevents seepage
induced erosion of the walls of cracks upstream of the filter, minimizes flow into the
filter and thereby prevents seepage erosion of downstream transverse cracks. The
specified filter meets generally accepted criteria for filtration. The factors that could
potentially create defects that would compromise the function of the filter are
segregation during construction and cementation that would allow propagation of
cracks through the filter. An internal SCS report (Leckband, 1984; "A Barrier to
Cracks in Dry Dams") states that excavations through the central filter of the
Vineyard FRS stood vertically for the full height of the dam. This suggests that the
filter may be cemented and thereby susceptible to cracking due to settlement,
embankment shrinkage, or earth fissures (See Powerline FRS Appendix for SCS note
of July 1984). This fact is very significant for Powerline regarding potential cracks
from fissuring and subsidence (or differential settlement.).

•

•

•
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No Finger Drains. No drainage of the central filter was provided in the design in the·
event it is filled with water through rainfall, foundation seepage or other means. This
means that high hydrostatic heads could develop in the filter, which would seek an
outlet through an opening for drainage such as a downstream crack. However, if no
defects are present in the filter, rapid development of a filter cake would be expected
to reduce flow into the filter to an amount where finger drains are not needed.
Potential Loss of Central Filter Material through Crack. The potential exists that
there may be a loss of central filter material through a downstream crack should such
a crack promulgate to the filter from the downstream face and that there is water
present in the central filter to drive the material through the crack. (The relevance of
this statement is based on the experience with cracks at Vineyard and Rittenhouse. If
the cracks are not more than 0.6 inches wide as was measured for the Rittenhouse
FRS, this would not be a problem. If the cracks are 2 or 3 inches wide as for
Vineyard, then it is a serious problem.)
Foundation was Not Pre-Wetted. The foundation soils were not pre-wetted as was
done at Rittenhouse FRS to minimize collapse potential of the Holocene soils and
associated cracking of the dam (especially longitudinal cracking) upon wetting from a
significant flood. This process is believed to have been experienced at Vineyard FRS
based upon the observations of Holocene soils left in the foundation and the cracking
conditions observed.
Cutoff Trench Construction. In contrast to Vineyard FRS, there are clearly very large
areas at Powerline FRS foundation where an interval ofHolocene soils up to 10 feet
in thickness was left below the cutoff trench and central filter (Note: Unlike
Vineyard Road FRS, it does not appear that extending the cutoff trench through the
Holocene soils was intended. This may be because the embankment cracks were
shallower and narrower than Vineyard and did not penetrate into the foundation. If
this is so, seepage erosion at the embankment-foundation interface was probably not
deemed to be a credible scenario. This underscores the importance of locating the
SCS crack survey records.)
Reservoir Drawdown Duration. The original hydrology for the Powerline FRS was
analyzed by the NRCS (SCS) in 1964 to 1965. The NRCS analyzed two reservoir
drawdown durations based on the proposed initial flood routing conditions- a 10-day
drawdown and a 30-day drawdown. A 10-day drawdown duration was based on an
initial flood routing beginning at the top of the sediment pool (crest of principal
spillway). The 10-day drawdown was analyzed assuming the reservoir would be
entirely drained at the end of 10-days. A 30-day drawdown was based on an initial
flood pool elevation of 1580.8-feet. The premise of the 30-day drawdown was the
reservoir for Powerline would be impounded to an elevation 0 1580.8 feet (see
Powerline FRS Appendix - excerpts from NRCS Powerline Dam - Hydrology &
Hydraulics). In other words, the starting conditions for routing the 100-year flood
through the reservoir assumed a pool elevation of 1580.8 feet. It would take 3D-days
to drawdown the reservoir if this conditioned occurred. It appears that the NRCS
documentation (see Appendix) has designed for a 30-day drawdown. The supporting
evidence was in the selection of the principal spillway pipe diameter, which was
based on the required 30-day discharge rating. However, it is most likely that the
reservoir for Powerline FRS will be empty at the initiation of a 1DO-year event and
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that the 1O-day drawdown duration would be valid. The FMCA team noted that the
available time to develop flow paths and initiate seepage erosion is very short (even
in the case of a 30-day drawdown time). The storage volume and routings need to be
verified and confinned.

• Segregation Potential in Central Filter Material. Analysis of the gradations of the
central filter had a degree of susceptibility to segregation. There were several
instances ofthe material being dumped from considerable height rather than being
tremied into place.

• Reduced Potential for Central Filter Cementation at Powerline. The potential for
filter cementation was reduced in the 1991 repair project by the addition of
approximately one-foot of material on the dam crest. This cap of material reduces the
surface infiltration and thus reduces the/ filter cementation potential.

• Low Potential for Failure of Corrugated Metal Irrigation Outlet Pipe. The FMCA
team agreed that the failure mode of piping or seepage erosion along the 12-inch
CMP irrigation outlet is not a significant risk. One of the primary reasons is because
it is at rather high elevation and thus has limited chance of having a significant head
for any sustained period of time to allow development of a seepage path along the
pipe boundary. .

• Piping at Principal Outlet Not a Failure Mode. The principle spillway conduit is a
large diameter ungated (36-inch) reinforced concrete pipe (RCP) resting on concrete
cradle and has 5 anti-seep collars. Seepage erosion along the conduit is not considered
to be a significant failure mode. Less potential for plugging, less time for piping to
develop, tested under head several times with satisfactory perfonnance, and RCP has
history of satisfactory perfonnance. (NOTE: Powerline has a 1O-day time of release
(the same as Vineyard), and thus is subject to high global gradients forcing seepage
erosion for a lessor time than Rittenhouse with it's 30-day time of release.)

• Seismic Loading of the Dam was not considered as a Major Issue. A Seismic
Exposure Evaluation by AMEC indicates that the peak horizontal acceleration (PHA)
at the Powerline FRS due to the maximum credible earthquake (MCE) is about 0.12g.
These small dynamic forces would not cause appreciable defonnations of the stiff,
unsaturated embankment, so earthquakes do not constitute a significant risk. There
were no potential failure modes identified due to seismic loading and no "incipient"
static loading potential failure mode that would be triggered by seismic load could be
identified.

• Dispersivity Tests. Pinhole and SAR test results on materials indicate the
embankment soils are non-dispersive.

• High Quality of Embankment. The District's analysis offield compaction testing
done by the SCS during the original construction in 1966 and 1967 indicates a
standard deviation for variation from the optimum moisture content of 1.0 percent
and a standard deviation for percent compaction of 1.6 percent. These values compare
with minimum recommended standard deviations of 1.5 percent for moisture content
variation and 3.0 percent for percent compaction based on comprehensive studies of
the quality control records of dams by the U. S. Bureau of Reclamation. The mean
percent compaction for the embankment was 98.2 percent of ASTM D698 maximum
dry density and the mean compaction moisture content was 0.3 percent below the

•

•

•
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optimum moisture content. This analysis indicates excellent quality control testing
procedures and a high quality embankment.•
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•

•

Key Findings / Differences Related To Failure Mode Development - "Flooding,
Overtopping, Spillway Discharges."

• Overtopping ofPowerline FRS. The FMCA team observed that a previous
hydrologic and dambreak study for Powerline FRS (Flood Control District 
Addendum-A Hydrologic Analysis ofPowerline FRS, June 1989) concluded that the
dam would be overtopped during a full PMP/PMF event. The height of overtopping
estimated is approximately 1.33-ft with a duration of overtopping of approximately
2.8-hours. The amount of overtopping is greater than that estimated at Vineyard
Road FRS. However, as noted below, the crest of the dam was raised and the survey
following the raising shows the dam to be relatively level, thus the likelihood of
failure due to overtopping may actually be less at Powerline than at either Vineyard
Road or Rittenhouse.

• Crest Raised (1991). The dam crest was raised to meet the original design crest
elevation of 1589.1 feet during the 1991 dam repair and construction of the central
filter. This reduces the overtopping potential and most likely creates more storage
than accounted for in the hydrologic analysis. The dam crest was raised
approximately one-foot.

• Settlement Survey Data. The survey data completed in the past for the dam crest
monuments and downstream toe monuments needs to be comprehensively reviewed
and the stability of the benchmarks used for the surveys must be verified. Surveyed
elevations of the monuments located near the crest do not reflect top of dam
elevations.. True elevations of dam features (crest of dam, emergency spillway crest,
principal spillway, etc.) need to be established. Need elevation data for sections of
dam next to emergency spillway and need to mark elevations on trash rack of
principal spillway. Survey data following the 1991 crest raise indicates that the dam
crest is higher and more level but the survey data still needs to be verified.

• Emergency Spillway Erosion. There is a potential for erosion of earth-lined
emergency spillway (base and sidewalls, due to high flow velocities (range of the
estimated velocities 10 to 12 feet per second) at larger discharges. Although the 1989
dam breach analysis showed large spillway erosion, amplification of the inflow
hydrograph of the PMF and consequent effects on downstream inundation, there
appears to be minimal potential for erosion effecting spillway discharge. There are
strongly cemented soils at or just below spillway grade along parts of the alignment.
Further study is needed to properly define this issue.

Consequence Evaluation

• Central Arizona Project Canal. The CAP canal should be evaluated relative to the
consequence of dam failure. The capacity of the CAP Canal embankment to
divert outflow from dam breaches into the canal thereby reducing consequences was
noted by the FMCA team. Such diversions may help reduce the impacts of dam
failure by allowing ponding to occur on the upstream embankment of the canal. The
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team also noted that the CAP canal may potentially cause an increase in flooding
should the canal fail as the result of a dam breach. The CAP canal has a smaller, ( as
compared to CAP at vineyard) but significant potential impact on consequences of
dam breach (especially at lower flows). Distortion or cracking of the concrete lining
and embankments of the CAP canal may provide an early warning of fissure
development. The ability of the CAP canal to handle/store flows resulting from
failure at Powerline seems to be considerably less than at Vineyard and Rittenhouse.
This is especially true due to the canal flow restrictions at the upstream canal
overchute area and at the CAP bridge just downstream. However both of these
restrictions could be countered to take advantage of the canal in attenuating/lessening
dam failure peak outflow flooding ..
Dambreach Characteristics. Because of the stiff, clayey, unsaturated embankment
soils, it is anticipated that the rate of development of a breach at Powerline FRS will
be relatively slow. The weight of evidence indicates that the embankment material
possesses a relatively high erosion resistance. It is expected that breaches involving
both overtopping and seepage erosion failure modes would be narrow and take a long
time to form. Relevant case histories of dam breaches involving similar embankment
materials include the Church Rock tailings dam near Gallup, New Mexico and the
Clear Creek dam near Winslow, Arizona (physical breach models). The estimated
breach development time for these dams was estimated to be less than 12 hours each
and the sidewalls were near vertical. The development of a breach at Powerline FRS
is anticipated to occur relatively slowly.
Importance of Good Consequence Scenarios. During the process of risk analysis, it is
important to develop an understanding of the importance and influence of the CAP
canal and the buffer zone between the dam and the CAP canal (and flows into the
wasteways) on the area of inundation and to include these effects in estimating the
consequences of Dam failure from potential hydrologic and piping dam failures. The
canal may help buffer any emergency spillway or dam breach discharges.
Importance ofIncremental Damage Analysis. In the process of Risk Analysis, it will
be important to route different flood frequencies, peaks, and volumes to determine
recurrence interval of incipient overtopping. The studies should include comparison
of the inundation limits from spillway flows and combined spillway and overtopping
flows. Differences may be small. Results of study will provide the basis for
determination of the need to raise the dam.
Benefits of Existing District Easements. (for Powerline FRS, Vineyard Road FRS and
Rittenhouse FRS}
a) Existing easements reduce the potential for impacts to the safe operation and

proper function of the dams from activities by others.
b) Existing easements reduce potential impacts to others due to reservoir

impoundment or emergency spillway discharges.
c) Existing easements are useful for identification and monitoring of subsidence

fissures and implementation of mitigation measures for fissuring if determined to
be required.

d) Existing easements provide a measure of control of adjacent groundwater
pumpmg
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e) Existing easements will be utilized as needed in implementing economical dam
replacement and/or dam rehabilitation flood control projects.•
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Action Items - Risk Reduction or Investigations

•

•

•

•

•

•

•

•

Nature of Earth Fissure Risks. The weight of evidence indicates that earth fissure
development is continuing in the vicinity of Powerline FRS and there is a plausible
scenario in which an earth fissure could cross the alignment of the dam some time in
the future. An earth fissure crossing the dam could create a continuous open crack,
about %-inch in width, through the embankment and foundation. If an undetected
earth fissure were present at the time of a major flood, there would be a high risk of a
rapid seepage-erosion failure passing through the highly erodible Holocene soils just
below the embankment. If the fissure lined up with a serious defect in the central
filter, there would be a moderate risk of a seepage erosion failure passing through the
embankment. Investigations of earth fissuring in the vicinity of Powerline Dam are
ongoing. Conclusions and recommendations from these investigations are
forthcoming. For the interim period, it is recommended that known earth fissures in
the vicinity of the dam are routinely monitored under the District's Dam Safety
Program.
Risk Reduction Measures. The FMCA team identified several measures that may be
taken by the District at the present time to potentially reduce risk. These measures
include: (1) Keep the crest of the dam level and at the design elevation; (2) Monitor
the impoundment levels during storm events (this includes both remote and as well as
on-site monitoring); (3) Provide training to O&M crews regarding earth fissure
development and other key observational parameters such as seepage erosion failure
processes; (4) Operation of irrigation outlets - close gates except as needed.
Identification of Fissure Development. The FMCA team recognized the importance
of training District O&M staff on how fissures develop and how to identify fissures in
the field. (Action item).
Need The Crack Inspections Records and Mapping And Soil Testing Data Done For
Powerline.. It is of critical importance to find the records of documentation of cracks
made by the SCS in the inspection of the central filter trench during construction in
1989. (Note: The District subsequently found and evaluated the original compaction
tests for the 1967 construction).
Lack of Stability Analyses. Although slope failure is not believed to be a significant
risk, the FMCA Team recommends that slope stability analyses for the embankment
and the central filter be documented. A record of a stability analysis for the original
design or the modifications has not been found.
Confirm Hydrologic Routings Through the Reservoir. The inflows and outflows for
the full PMF, 12 PMF, and lOa-year events and the consequences of the outflows
downstream should be confirmed. (Note: It is recommended that the analysis include
the 250 yr., 500 yr., etc. to define the threshold recurrence interval for overtopping
and provide input for incremental damage analysis.)
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Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

•

•

•

•

Broad Based Value of Risk Assessment. The FMCA team observed the broad-based
value of the risk assessment process in risk reduction to all aspects of the dam safety
program.
Impact of Vineyard Road Test Cells. It took a long time to fill the Vineyard Road
FRS test cells with water. The data is statistically not adequate to determine the
effectiveness of the central drain to work as a crack stopper. (Note: The slow raising
of the water level in the Vineyard ponding tests as compared to the rapid rise in stage
in the first part of a major flood and consequent surge of seepage into open cracks is
an important point. However, ponding tests at Powerline may not be warranted. The
SCS ran a considerable number of tests in trenches on the crest of the Powerline FRS.
Many showed high infiltration and rapid discharge of seepage from the lower part of
the slope.)
Groundwater Supply Wells. The FMCA team recommends that new groundwater
supply wells be located away from the dam, because groundwater withdrawal can
contribute to fissure development. The minimum distance from the dam for new
groundwater supply wells should be determined through a groundwater study..
AMEC reported that some groundwater wells near the dam and in the adjacent
vicinity have a radius of influence of approximately one-mile. There is a large
number of groundwater supply wells in the vicinity (high production wells).
Groundwater supply wells are potentially a significant factor on localized subsidence
for Powerline FRS as there are two within 1 to 1.5 miles northwest and one about two
miles to the northeast. There are none within a several miles to the east, south and
southwest.
Small Floods may Assist in the Detection of the presence of Fissures. The FMCA
team noted that sheet flow is usually required to erode the earth fissures in the
Holocene surface soils and to an extent that there are readily apparent surface
manifestations. Thus, inspection of the areas of significant fissure risk after small
flooding offers a practical way of detection of fissures. This, along with the other
elements of the inspection and monitoring program, provides an effective means of
risk management. When earth fissures are detected, damage can be readily repaired
with an upstream geomembrane hydraulic barrier penetrating well into the cemented
erosion-resistant Late Pleistocene soils. With this inspection and repair procedure, the
probability of an undetected earth fissure being present at the time of a major flood
will be low. The FMCA team realized that water in the form of stormwater as
overland flow or flooding is often associated with development of earth fissures or
revealing the existence of already developed fissures. These floodwaters cause the
fissure to manifest itself as a surface expressions. Earth fissure development as the
result of surface water flow is not tied to a storm event frequency. Small floods,
which are much more likely to occur than major floods, which could threaten loss of
the dam, may thus provide an early warning for the detection and subsequent repair of
an earth fissure.
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Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

•

•

•

Flood Control District of
Maricopa County

Ability to Understand Fissure Development Potential Rational and the Potential to
Detect and Monitor Development of Fissures. The FMCA team discussed the
mechanism for potential earth fissure development and concluded that the conditions
exist at the dam site and in the immediate vicinity for earth fissures to develop. The
team recognized there are physical early warning indicators that can be observed and
or monitored in the field and that may be linked to the potential formation of an earth
fissure. There is a high fissure possibility at Powerline FRS due to high strain
potentials. However, upstream and adjacent development may mask the presence of
fissures. But, given the extensive investigations made by the U. S. Bureau of
Reclamation for the CAP design, the FMCA team believes that the engineering
geology and hydrology of the site and the mechanisms of subsidence, accumulation
of tensile strains and earth fissuring are well understood. This provides the basis to
identify areas of significant earth fissure risks and de,velop an effective program of
inspection and monitoring to manage those risks.
a) It was concluded that periodic surveys ofthe dam crest and monitoring of

ground water levels will allow identification of the areas of significant tensile
strain development and risk of earth fissuring with a good degree of assurance.

b) The team recognizes that the present desert environment and undeveloped state of
the site allows effective observation of earth fissures by periodic air photo
interpretation and field inspections: this is a critical part of the monitoring
program for early warning of earth fissure migration toward the dam. For this
reason, it is recommended that no development be allowed within the parts of the
District's easements relevant to earth fissure monitoring.

c) It is recommended that ground water withdrawal within the easements be
regulated to minimize earth fissure risks.

•

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories listed below. Except in special cases, only
those potential failure modes in Category I will be considered in the risk (quantitative)
analysis phase of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes of lesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently available

to allow the team to make a judgement on the significance of the failure mode. The
development of additional data and information is warranted. Additional records
research may be justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.

For each of the potential failure modes identified, a problem statement is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the problem statement (except
Category IV). In addition, any identified potential actions for risk reduction for each
potential failure are then provided.
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Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

• CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Failure From Overtopping OfPowerline FRS (Category /).

(Note: This failure mode for Powerline was highlighted in order to ensure action relative
to verifying crest, spillway and outlet elevations and making reservoir capacity
determinations but this potential failure mode will not be carried into the quantitative
analysis because it is considered to be remote).

•

•

Failure Mode Description: Hydrologic studies conducted on behalf of the Flood Control
District for Powerline, Vineyard Road, and Rittenhouse FRS (James Montgomery, June
1985) and internally by the District indicated that there is a potential for Powerline FRS
to be overtopped by the full PMF stann event. The overtopping may be on the order of a
maximum of from 0.9 to 1.3 feet for a total duration of2.8 hours. The studies also
indicate that there may be a discharge in the emergency spillway for the 100-year event.
Overtopping ofPowerline FRS would occur at the low point of the dam crest (Survey
data currently available do not indicate a major low point on the crest. - see Powerline
FRS Appendix for the plot of the crest elevations - especially Station 90+00 low point).
Flow would overtop the dam at that point and as flows increased, erosion of the crest and
downstream slope would occur and potentially lead to a breach of the dam.

Adverse Factors:
(1) Hydrologic studies for Powerline FRS indicate overtopping to occur for

the full PMF.
(2) A higher PMF is possible for this structure (by using HMR 49).
(3) Weekes Wash discharges up to the 100-year flood into Powerline

Reservoir (based on District study).

Positive Factors:
(1) The dam crest was raised approximately 1 foot during the construction

activities for the central filter.
(2) The 1990 crest survey shows a fairly level crest.
(3) May have additional storage in Powerline of approximately 1 foot and

increased spillway discharge as well because of the crest being relatively
higher by one foot than the spillway.

(4) Regional settlement may provide additional storage in Powerline FRS
impoundment.

(5) Hydrologic analysis indicates a short duration of overtopping.

Potential Actions for Risk Reduction:
(I) Confirm crest profile elevation.
(2) Verify capacity ofPowerline FRS.
(3) Confirm hydrology ofPowerline FRS (lOO-yr and PMF).

Kimley-Hom and Associates, Inc.
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Consequences:
(1) There is less buffer zone between dam and CAP canal than for Vineyard

and Rittenhouse but a buffer still exists over most of the dam.
(2) No greater downstream population.
(3) There potentially is a spill in the emergency spillway during IGO-year

event (unless increased capacity from tilting has occurred that would
negate this.

(4) 24-hour and/or multiple storm events may be more critical.
(5) District has extensive easement upstream and downstream of dam

control of development.
(6) Upstream development is expected to occur more rapidly than at Vineyard

Road or Rittenhouse FRS.

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Failure From A Potential Earth Fissure(s) Through The Dam Embankment In

Association With A Significant Flooding Event (Category I).

Failure Mode Description: The presence of existing earth fissures in the vicinity and
adjacent to Powerline FRS demonstrates the potential for a new earth fissure to manifest
itself at the dam embankment. An earth fissure could cause a structural failure ofthe
embankment by opening a crack through the structure. Alternatively, the fissure could
potentially undermine the dam embankment by abruptly causing separation of structure at
the foundation with the dam bridging the fissure. If the fissure occurred in association
with a large flood the structural failure from the fissure would provide a path for a
seepage erosion breach. Potentially there will not be a high level of water impounded
during fissure expression. In such a case there would be a minimal loss of water. This
Failure mode was considered by the FMCA team to be the most significant threat to
Powerline FRS.

Adverse Factors:
(1) High tensile strain indicating the possibility of fissure development.
(2) There is recent (1984) and very recent (2001) evidence of earth fissures in

vicinity of the dam. One has developed just west of site approximately
1,000 feet away.

(3) Settlement is continuing at the structure.
(4) Good documentation of fissures and subsidence.
(5) Localized groundwater pumping (deep high capacity wells).
(6) Urbanization and development may mask presence of fissures.
(7) Likely existence of Holocene soils - 14 of26 test pits ended in siltstone,

12 test pits in Holocene soils.
(8) Northern 40% of dam has a very high likelihood of experiencing fissuring.

Southern 60% of dam has a moderate likelihood of experiencing fissuring

Positive Factors:
(1) Awareness of existing fissures and fissure development. Can be

monitored. District has large easements around structure.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page 130[20 FCD Contract 2001C014
PowerlineFMCArevJan2002.doc



Structures Assessment Program - Phase I
PowerJine FRS Failure Mode and Consequences Report

• (2)

(3)

(4)

Flood Control District of
Maricopa County

Requires flood to initiate potential breach sequence due to fissure. Small
floods may cause fissure to express as surface manifestation without
failure.
Central Arizona Project canal provides a distinct, observable marker to
help identify fissure development on the downstream side of the dam.
Can be used as a "warning" flag.
Probability of fissure developing / manifesting itself for the first time
concurrent with a large impoundment is low.

•

•

Potential Actions for Risk Reduction:
(1) Recommend a joint agency fissure/subsidence-monitoring program.
(2) Segment the dam into smaller dams.
(3) Eliminate the north 40% of dam.
(4) Inspections for fissure expression after rain events to include not only dam

but impoundment area and areas downstream of the dam.

Failure From Piping Through Transverse Cracks Causing Breach OfDam In
Association With A Major Flooding Event (Category I).

(Note: This potential failure mode was highlighted as a Category I mode, but is moved by
the FMCA team into Category III for need of additional information)
Failure Mode Description: Potential for impounded water to infiltrate and flow into a
transverse crack(s) existing in embankment prior to the major flooding event or a
transverse crack that develops in association with the flooding. The transverse crack
allows the entry of a great enough flow of water to initiate seepage erosion and
breaching failure. Two modes were identified for failure: Mode A - Failure through a
large (wide) transverse crack that extends across the central filter, and Mode B - failure
through entry of flow through multiple upstream transverse cracks, water flows
to/through a flaw in the central filter and begins seepage erosion (and loss of central filter
material) through a downstream transverse crack.

Adverse Factors:
(1) Evidence of filter placement that could produce segregation.
(2) Potential for Holocene soils across dam section but not direct evidence.
(3) There is a potential for cementation of the filter and sustaining a crack.
(4) Thirty-day drawdown time (versus 10 days for Vineyard FRS).
(5) Did not pre-wet foundation soils on downstream half as was done for

Rittenhouse.
(6) No drain for filter.

Positive Factors:
(1) Examined foundation soils during construction to define cut-off trench

depth.
(2) The central filter was constructed to base of foundation over entire length

of structure.
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Structures Assessment Program - Phase 1
Powerline FRS Failure Mode and Consequences Report

• (3)

(4)

(5)

Flood Control District of
Maricopa County

Low P.L's indicate less potential for shrinkage cracks. (There was no
initial trench investigation of cracking for Powerline as was done for
Rittenhouse and Vineyard because the 1972 impoundment apparently did
not result in significant cracking at Powerline)
Soil cap placed on crest during construction activities for central filter may
help reduce infiltration/cementation.
Mode B appears significantly less likely due to no indication of intensive
cracking.

•

•

Potential Actions for Risk Reduction:
(1) Need crack mapping and soil moisture change information for Powerline.
(2) Conduct soils properties evaluation.

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL).

Failure From Potential Piping Around/Or From 12 Inch Corrugated Metal Pipe Outlet
At Station 141+00 (Category II - Considered but not highlighted).

Failure Mode Description: Infiltration of water into embankment material around pipe
and soil is carried away due to seepage erosion along the culvert or piping leading to
development of an erosional tunnel, caving and breaching.

Adverse Factors:
(1) Corrugated metal pipe - difficult to compact soils around, does not meet

regulation for pipe material type, and potential corrosion.
(2) The central filter was a repair/rehabilitation project.
(3) Frequent use increases corrosion potential.
(4) Difficult compaction around CMP pipe due to seepage collars.

Positive Factors:
(1) Central filter constructed around CMP pipe during filter construction

activities.
(2) Embankment less likely to undergo shrinkage cracking away from pipe.
(3) Seepage collars help arrest shrinkage crack.
(4) Very low hydraulic gradient at the outlet.
(5) Time for development is long for piping process to occur compared to the

time water is in the reservoir.
(6) The outlet is located higher on the right abutment (the invert elevation of

the 12-inch CMP is 1574.0 and the emergency spillway elevation is
1583.3-ft (relates to item 4 -low hydraulic head) - requires extreme storm.

(7) Low consequences if failure were to occur.

Potential Actions for Risk Reduction:
(1) Monitor outlet and inspect during regular inspections and during flood

events.

Kimley-Hom and Associates, Inc.
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Structures Assessmen t Program - Phase 1
Powerline FRS Failure Mode and Consequences Report

• (2)

(3)

Flood Control District of
Maricopa County

Keep slide gate closed until needed (this would prevent development of
precursor seepage paths developing from leakage out of the culvert
flowing along the sides of the culvert).
Video inspection of interior of eMP pipe.

•

•

Failure From Potential Erosion OfAbutment And/Or Emergency Spillway During
Spillway Discharges (Category II - Considered but not highlighted).

Failure Mode Description: The emergency spillway is a limited service earth-lined
spillway. Spillway discharges from extreme events could potentially damage the
spillway floor and left abutment due to erosion.

Adverse Factors:
(1) The discharge velocity from the PMF event is estimated at 12.1 feet per

second.
(2) No control sill to interrupt potential head cut.
(3) Damage to spillway basin and training walls would be expected at higher

flows.
(4) Sixteen-inch waterline constructed at right training dike of spillway.
(5) No erosion protection is provided on the inside wall of the approach

channel to the spillway, which is also the far end ofleft abutment of the
dam.

Positive Factors:
(1) No drop at end of spillway to initiate erosion (the principal spillway would

be flowing full).
(2) Founded on strongly cemented clayey sand at level approach section of

spillway.
(3) Discharges in spillway are directed away from dam.
(4) Powerline and Vineyard Road principal outlets tailwater at downstream

end of emergency spillway - creates energy dissipation.
(5) Relatively short duration of flows in spillway.
(6) Low incremental consequences - the main potential adverse consequence

is relative to reduced flow capacity may increase overtopping potential
(this seems extremely unlikely to be significant factor).

Potential Actions for Risk Reduction:
(1) Monitor emergency spillway performance during flood events.
(2) Monitor training dikes and left abutment during flood events.

Failure From Potential Embankment Slope Instability (Category II - Considered but
not highlighted).

Failure Mode Description: Potential embankment slope failure due to internal pressure in
the central filter.

Kimley-Hom and Associates, Inc.
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Adverse Factors:
(1) No drain outlet for central filter. Potentially could cause long duration

head and development of a phreatic surface (pore pressure) within the
downstream slope.

(2) No stability analysis was located from previous studies.

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Positive Factors:
(1) Powerline has experienced less longitudinal and transverse cracking than

Vineyard or Rittenhouse.
(2) No evidence of past slope instability.
(3) Powerline has an upstream cutoff trench. This should help prevent inflow

of water from pervious deposits upstream into the central drain.
(4) The depth of impoundment provides a low driving head.
(5) The depth of impoundment provides low internal pore pressure.
(6) Trench for central filter stayed open without problems as demonstrated

during construction activities for the central filter (35 to 40 foot trench).

Potential Actions for Risk Reduction:
(1) Conduct stability analyses.

CATEGORY III- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS.

Failure From Seepage Erosion Along The Dam Foundation Contact Or Through The
Foundation (Category III).

(Note: This potential failure mode was rated as a Category III mode. With additional
information as stated under "Actions" this potential failure mode would be expected to
move into Category II).
Failure Mode Description: This potential failure mode is initiated by longitudinal and
transverse cracks carrying water into the foundation where there may be potentially
erodible Holocene soils. A seepage erosion flow path could develop with the exit at or
near the downstream toe at the dam foundation contact. As foundation materials are
washed away an erosional tunnel develops, followed by either loss of the reservoir
through the tunnel or caving ofthe dam into the erosional tunnel and formation of a
breach. The Powerline FRS appendix provides a plot of the location of potential
Holocene materials, which was developed after the FMCA exercise for Powerline FRS.

Adverse Factors:
(1) Powerline test pits show 12 of26 holes did encounter Holocene Soils

below the cutoff trench.
(2) The foundation was not pre-wetted as was done for Rittenhouse FRS.
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Positive Factors:
(1) May not be Holocene soils based on soil logs and based on excavation in

channel (gravel channels were noted in cutoff trench at depth).
(2) There was a special effort during construction of foundation by geologist

to determine extent of foundation excavation.
(3) Less intense cracking than Vineyard and Rittenhouse - less cracking to

supply water to drive the process.
(4) Central drain interrupts and collects flow.
(5) The time of development is longer than available water supply.

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Potential Actions for Risk Reduction:
(1) Need to evaluate existence of Holocene soils in foundation of dam.
(2) Need to prepare crack mapping and find NRCS crack report (if one

exists).
(3) Remedial measure is to add drain to filter.
(4) Failure mode mainly impacts the lower half of the downstream toe

(downstream portion only).

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE.

Failure From Piping Around Principle Spillway - 36-Inch Reinforced Concrete Pipe
(Category IV).

Failure Mode Description: Infiltration of water into embankment material around pipe
and is carried away due to seepage erosion along the pipe or piping leading to formation
of an erosional tunnel, caving and formation of a breach.

Adverse Factors:
(1) Cutoff collars make it difficult to compact embankment materials around

RCP pipe.
(2) Possibly low plasticity index materials at Powerline - may mean that the

material around the RCP is more likely to erode than that at Vineyard and
Rittenhouse. However, material properties have not yet been located to
verify/quantify this possibility.

Positive Factors:
(1) The pipe is located on concrete cradle.
(2) Five cutoff collars on 20-foot spacing.
(3) Collars interrupt potential shrinkage cracks.
(4) The outlet is ungated - thus there is less time for a seepage erosion or

piping path to develop.
(5) It would take a long time to develop a seepage erosion flow path or piping

flow path with relatively small head.
(6) The central filter was constructed around cradle and pipe.
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Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

• (7)

(8)

(9)

Flood Control District of
Maricopa County

The outlet was tested several times (from stormwater impoundments) with
good performance.
Reinforced concrete pipe material - good performance with RCP, meets
regulations.
Large diameter pipe - easier to inspect.

•

•

Potential Actions for Risk Reduction:
(1) Video interior of pipe.
(2) Monitor outlet and inspect during regular inspections and during flood

events.

Failure From Potential Seismic Activity Impacting Structure (Category IV).

Failure Mode Description: A seismic event occurs that impacts structure by opening or
expanding existing transverse cracks.(this then leads to the earlier described transverse
crack failure mode).

Adverse Factors:
(1) Natural variations in geology (rock profile, soil depth) amplify ground

motions to cause localized higher acceleration values.
(2) Brittle nature of dam embankment.

Positive Factors:
(1) Theoretical analysis for small strain- showed no sign of adverse effects

from seismic shaking.
(2) Dam is already segmented and broken up.
(3) Flood event with earthquake is very rare event for consideration.
(4) Opportunity to view in advance.
(5) No shallow groundwater - no liquefaction impact.

Potential Actions for Risk Reduction:
(1) Examine and inspect dam and outlets and surrounding ground after

earthquake (greater than a minimum ofO.05g) and high potential fissure
areas.

4.0 SUMMARY AND CONCLUSIONS

Powerline FRS was constructed pursuant to relatively modem dam design. Construction
appears to have been successfully accomplished without any major problems or residual
concerns or issues. Potential segregation of the central filter material was identified as a
concern by the ADWR inspectors during construction of the central filter remediation.
The dam has performed normally and satisfactorily for 34 years. The structure is
satisfactorily maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
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condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance of occurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

•
Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Three potential failure modes were highlighted by the FMCA team (Category I). Two of
the Category I failure modes are potential overtopping due to a flood event approaching
the PMF and a breach resulting from seepage erosion through a transverse crack during a
major flooding event. These will not be carried into the quantitative analysis portion of
the risk assessments at this time. The most significant Category I potential failure mode
identified was failure due to an earth fissure. The likelihood of this failure mode,
however, is dependent on the development of an earth fissure directly beneath or
propagated through the dam. Awareness, monitoring, understanding earth fissure
development, and training (classroom training) of field personnel to identify the
possibility of this potential failure mode before and during inspections/flood events are
key risk reduction actions that appear warranted. Other risk reduction measures include a
joint agency fissure/subsidence-monitoring program, evaluation of segmenting the dam
into smaller dams, and/or evaluation of elimination of the north 40% of dam.

There are not a large number of people and structures at risk in the flood path in the event
of a spillway discharge or dam failure by breach. There is, however, the potential that
casualties could occur due to a dambreak. A very significant consequence of dam failure
would be the adverse impact on the Central Arizona Project canal. Conversely, depending
on the magnitude of the dam failure outflow, the canal could mitigate the adverse
consequences of dam failure. This appears to be particularly true for any seepage erosion
or piping type failure. It is highly recommended that an individual emergency action plan
be developed for Powerline FRS.

POWERLINE FRS APPENDIX - FMCA REFERENCE MATERIALS
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•

•

•

Structures Assessment Program - Phase I
Powerline FRS Failure Mode and Consequences RepOit

Flood Control District of
Maricopa County

Powerline FRS (south end) and emergency spillway (and north end of Vineyard Road FRS).
Photo date: October 200 I Photograph Copyright Kimley-Horn and Associates, Inc.
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A BARRIER TO CRACKSIN DRY EARTH DAMS

Susanne Leckband~ P.E •

REVISE 0
July 1984

Abstract: Cracks in dry earth dams were recognized as a serious potential cause of
lailure by a team of SC S reviewers in 1978. At that time, the only barrier tcrttre-'Cracks
that would be flexible and strong enough to maintain a continuous defense against erosion
of the cracks appeared to be a vertical or sloping layer of granular material. Filter cloth.
was mentioned in that report~ as was plastic sheeting. Their potential at that ti me was
suspect or unknow n.

This granular fill material has been the subject of nu merous discussions, calculations and
construction claims. It is expensive in most parts of Arizona. Design gradation criteria
is not established for crack protection. Analysis of hydraulic behavior with a dry initial
condition and multi-directional flow has been~ at best, inconclusive. No case history or
laboratory test of a granular zone representative of behavior in a dry da m environ ment is
known to this reviewer.

Since the need is to stop flow through a crack for a brief period of ti me (less than 10
days, by design), one of the other potential barriers mentioned in this report might be
si mpler and cost-effective.

High density polyethylene (H OPE) is not a' new material, but its production in the United
States in a sheet form is relatively recent. Of the geomembranes this reviewer is
fa miliar with~ HDPE is the least affected by ti me and exposure and it will stretch the
most without failure. This paper suggests that, for dry (li mited storage ti me) floodwater
retarding dams, an impermeable diaphragm such as HOPE is a simpler and perhaps more
reliable method of crack protection than a zone of granular material.

Introd ucti 0 n

Because of public and private concern with safety of dams~ considerable pressure has
been and still is on the Arizona SCS design staff to repair existing dams as quickly as
possible. Since the SCS is denied the resources to do any research, an im mediate design.
need, such as these cracked da mS, requires assu mptions to be made.

Standard review practices have exposed these assu mptions to modification according to
the reviewers ' backgrounds. The reviewers are in a position of authority with respect to
approval of the design,we are always under ti me constraints (generally to obligate funds)
and the reviewers have been respected for their knowledge of conventional soil
mechanics engineering, therefore, the local design team has not questioned their added
criteria.

-

Each person involved has apparently tried to provide the most safety possible within their
ow n province of design and review. It is ti me, though, to recognize where weare in the
process and make whatever modifications are needed •
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The Crack Study

In 1977, a team of Soil Conservation Service employees from the western region was
charged with investigating reported cracks in earth dams near Phoenix, Arizona. The
team members were:

C.E. Stearns, State Geologist, SCS, Davis, California (presently WNTC Geologist)

R.J. Smith, State Design Engineer, SCS, Bozeman, Montana (presently State
Conservation Engineer, Montana)

J.C. Stevenson, Construction Engineer, SCS, WTS C, Portland, Oregon (presently Head of
Engineering, WNT C)

This tea m physically looked at the da ms in the geographic area of concern (Rittenhouse,
Vineyard, Powerline, Magma, White Tanks. and Buckeye PL-566 Project dams). Copies of
construction inform ation were made available to the m for these structures (m any boxes
of data). They reviewed the results of investigations to locate and identify cracks in
several. They consulted with USGS and Bureau of Reclamation Geologists. especially
about regional subsidence and fissures. Their conclusions were included in a report
II Cracking of Dam sin Arizona", April1978. This report has been the referenced basis of
designs for repair of existing da ms that had developed cracks as well as for design of new
da ms.

Their conclusions and recom mendations were:

a. Transverse cracks were a greater proble m than originally recognized and posed
a real hazard to the integrity of the structures•

b. The principal cause of transverse cracks is tension release associated with 1
embank ment drying. \

c. A dust mulch (co mmon practice at the ti me) does not prevent cracking.

d. Cracked structures should be "expeditiously" identified and repaired with a
graded sand and gra vel filter (AST M C-33 with 45 % fine aggregate and 5!) % coarse
aggregate (finer than 1 1/2-inch) that would be installed in a trench parallel with the
centerline of the da m.

e. Future desi gns of da ms in hot, arid areas should incorporate features to
eli minate or control transverse drying cracks. (On page 18 they call for "a change in
the philosophy of earth da m desi gn and construction••• in this area.")

f. Section IX calls for monitoring the Salt River Valley and monumenting new
structures to keep track of subsidence and any lengtheniQ..9 of individual structures.

A nu mber of p-ot-ential mettTods of repair were dtscussed and reported. These methods
included several configurations of graded sand and gravel sections and the possible use of
filter cloth. None of the potential methods of repair mentioned or considered a flexible
membrane barrier.
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The section on design concepts to control cracking did include a IIvapor barrier over and
around a core section of the embank ment ll

• This barrier would consist of "plastic or
rubber sheeting or other si milar material". The sheeting would be 12-mil or thicker and
would require great care in installation to prevent tearing. IIAlthough the vapor barrier
will also function as a diaphrag m in the embank ment, that is not its principal purpose. 1I

No other com ment is made about a diaphragm or flexible cut-off wall.

The report concludes with state ments that a) future designs should include features to
effectively eli minate or control cracking proble ms and b) the Arizona Engineering staff
and Design Unit are providing filter drains as an integral part of future structure designs.

Soils

This report had a nu mber of good observations to make. Since that report, data gathered
for design of Mag ma da m repair, further laboratory soil testing and observations during
repair of a number of the damsin question have given us information not available to the
study tea m. The study tea m observed that" most of the soils have low shrink potential il

•

Laboratory tests DON aT support this observation. Soil classification tests at both
Magma and Vineyard dams indicate predominantly CL material and CL-ML with some
CH, MH, SC and S M soils. The one sa mple of (siltstone) foundation material fro m under
Vine2'ard dam swelled as soon as water was added to the consolidometer (under 2UOO
#/ft confining load).

Review of early geology reports (Vineyard, Rittenhouse, Buckeye and White Tanks dams),
shows general field soil classification of S M for the balance of the borrow and shallow
foundation soils. There is a definite trend in the laboratory classification of soils fro m
these sites toward CL-M L, Cl and SC as predominant. Another sample of undisturbed
soil (from Rittenhouse) swelled inthe consolidometer. One of the sa mples. at Fredonia
(principal spillway relocation) swelled in the field consolidometer.

The geology report su mmaries fro m these sites was definite about borro w materials being 1
SM. No co mment was made about conflicting laboratory results. It is possible that the I
geologist never sa w the lab classifications. --"

A field laboratory was set up in Arizona, probably for construction control, that
performed many of the classification tests for the Buckeye investigation. These were
nearly all classified S M (even one with 5U %fines). a bservation of the gradation curves
shows that all samples were wet sieved, no hydrometer tests were performed and few
Atterburg limits tests were performed. One of the lab technicians, Dave Lambson, was a'
new employee at that ti me. He reports that the few Atterburg 1i mits tests that were
perform ed were run i mmediately after addition of water to the soil sa mples (no curing).
These sa mples had original moisture contents in the nei ghborhood of 1 %to 4 %.
This practice continued until our present geologist was concerned by field laboratory
classifications of SM when he had identified soils as SC in the field. He requested that
the Lincoln Soil Mechanics Laboratory classify some of these same samples. The SC
classifications were verified.

Even Buckeye dam, which seems very coarse on the surface, apparently has plastic
soils. Samples from the repair trench plotted above the "A-line" when Atterburg limits
tests were run on them. (See attached.) Again, these samples were often field classified
S M by the A&E inspectors (The Earth Technology Corporation, Buckeye Site 1 Drain).
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Field identification of fine-grained desert sofls can be difficult because of the length of
time and physical effort required to work water into the dessicated clay aggregates.,
These aggregates fee11ike hard grains of sand.

The implication that Arizona soils never have a higher moisture content than that
contained at the ti me of constructTori'is also mis1eadin9.. Periods of wet weather are
erractic in Arizona, but generally occU"rmttle'·Yate's'u-m mer and mid-winter months.
Humidity can be high during these periods. The geologist, Aubrey Sanders, observed
during repairs of Vineyard da mthat cracks in the repair trench were more nu merous and
of greater magnitude during dry conditions than after periods of wet or hu mid weather.
In fact we were unable to identify several specific severe cracks re-excavated for a
study.

Mag ma da m was constructed in 1964. The first report of cracks in Mag ma da m was July
30, 1965 (Turner, State Conservation Engineer). He com mented on the transverse
cracks. W.R. Stanley (W NTC) com mented on the longitudinal cracks in Magma dam and
the absence of transverse cracks (October 11-12, 1965). (Rememberthat late summeris
one of Arizona's rainy seasons.) Turner wrote to Core (WTSC) November 18, 1965, after
reading Stanley's trip report, com menting "It is possible that subsequent rains had cured
the transverse cracks.1I In May of 1972, Benson Scott, responsible for da m safety with the
Arizona Water Com mission, said there were reaches in the da m crest where nu merous
transverse cracks had developed and were starting to erode. Some cracks extended more
than two feet deep. He said that the cracking should be investigated and repair
scheduled. Apparently he was there with Walt Parsons, since the SCS U& Mreport is for
the sa me date. That report said that several areas along the top of the da m showed
evidence of piping from the cracking IIthat was there two to three years ago". In
contrast, D. R. La wrence and W. C. Jenkins (A WC) inspected Mag ma Da m in June 1976.
They said the embankment was in fair to good condition, though no maintenance had been
acco mplished since the last inspection (1973?). They said the condition of the da m crest ~,',

had greatly improved and that it appeared the dam had healed itself. (In 19B the owner
had been told to repair the embank ment.) In March 1977, the sa me two people found
cracks up to three feet deep near Station 237+UU.

Clay mineralogy tests performed in the area of these two dams indicate that mixed-layer
Montmorillonite-mite clays are com mono Both clay minerals are subject to swelling in a
hu mid (not necessarily saturated) environ ment.

Construction Moisture

The 1978 report indicated that cracking magnitude was greater where soils were placed
wet of opti mum. This apparent observation has resulted in designs for nearly all earthfill
in Arizona SCS structures calling for soil placement moisture less than optimum, e.g. 3%
below to 1% above optimum for a com man ranye.

Magma dam's moisture control specifications called for a "workable mix". Review of the
weekly su mmary of density determination for that job reveals that of 360 sa mples tested,
only IOU (28%) were above optimum moisture, 216 (60%) were below optimum moisture
and the balance of 44 (12%) were at optimum moiture content. Bill Cutter, SCS inspector

" on that job, re members trouble with wet soils in the early part of that job. The earthfill
" materials were generally dryas the job progressed.
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The only shrinkage limit test reported at Magma was on a soil sample from just
dow nstrea m of the principal spillway. This soil had a shrinkage li mit of 2U.3 % and a
volu metric change of 3!:l.j %. This soil was classified CL-2 with 6Z % fines, a liquid li mit
of 36 %, a PI of 16 and a positive reaction to HCL (indicates carbonates, usually assu med
to be Ca C03)'

A si milar soil fro m the borrow area classified CL-2 (sa mple lll.2) had a liquid 1; mit of
49 %, PI of 27, and a maxi mum dry density of lOU pounds per cubic foot at 21% moisture
content (opti mum ). 0 pti mum moisture content of the sa mples tested during
construction varied fro m 11.8 to 21.7 %. The shrinkage 1; mit appears to be near or perhaps
above the optimum moisture content. How can soils shrink to a smaller volume than '
their "shrinkage li mit"? It appears that this relationship is not well understood.

Saddleback FRS (dam) was recently constructed to specifications that called for 3% dry
tol% wet of optimum moisture content. According to Aubrey Sanders, geologist, this
da m has already cracked. The cracks are both transverse and longitudinal. The project
was completed April 6,1982. There are cracks even over locations where the foundation
is shallow, with a re'latively uniform depth to rock. During construction, compaction
densities well over lOU % Standard Proctor were recorded. If the investigators'
reco mmendation (1977-78) to co mpact dry of opti mum was the solution to this proble m,
there should be no cracks or they should be very small. Compaction moisure was
probably well below the shrinkage moisture limit. Mr. Sanders says he did not notice ~>.

cracks in all parts of the dam, but where they were evident, they looked substantially the-/.,·..... ·,·
sa m-e as cracks on White Tanks and Vineyard da ms.· .

Cracks

The studies done prior to actual repair work did not locate cracks penetrating through
the foundation of any of the dams investigated. Cracks in the soil surface adjacent to
the toe of so me of the da ms were carefully checked, with no evidence of relationship to
the embank ments.

The actual repairs have exposed cracks to and into foundation materials under the
embank ments. The manner of repair has been to 1) open a trench along the centerline of
the da m, 2) drag a protective shield for the geologist(s) behind the excavator and ahead
of the backfill operation to map the cracks and 3) backfill with a coarse-grained fill
material. The geologists have mapped cracks much deeper and much closer together
than were ever anticipated by either the 1978 tea m or the follow-up crack investigations
on specific structures.

Fissures and Subsidence

There is more known about fissures and more fissure cracks have been identified since
the Crack Study was co mpleted. The study had a good su mmary of the situation at that ..:

/.. " ....
ti me. It was so mewhat severe in its reco mmendation that any da m with a fissure crack ,.
identified within !:lUU feet be breeched. It see ms to this designer that, as with other
features, each structure needs to be evaluated on its own. This is not to infer that
fissure cracks are not a very serious potential hazard in some parts of Arizona.
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Well-Graded Sand and Gravel Zone

The method of repair for cracked da ms that, at the ti me, appeared to be by far the best
of the methods available was a graded sand and gravel zone. This type of material has
wide acceptance in da m construction as a chi mney drain for control of seepage and uplift
pressures. It is used as protection fro m sudden displace ment such as is potential in an
earthquake. Soil Conservation Service designers are fa miliar with the design of a
chi mney drain and there is a body of test data for flow in these materials.

Unfortunately, the testing and perform ance evaluation of these chi mney drains has all
been in a saturated environ ment. The standard design of material for a chi mney drain
within the SCS is Soil Mechanics Note 1. Recent tests on filter materials that were
performed in the Soil Mechanics Laboratory at Lincoln, Nebraska, were done with hiyh .
head and saturated "e mbank ment" materials. None of this has proven validity in a large-!
reservoir, low embankment (head), arid environment.

This designer is supportive of chimney drains and their design and use in dams that store
water for an appreciable amount of ti me. The graded sand and gravel zone that the
Crack Study recom mended, though, was not referred to as a drain and is not needed to
function as a drain. Even though at least two of the tea m me mbers were very fa miliar
with chi mney drains and the SCS Soil Mechanics Notes, the terms "chi mney drain" and
"drainfi11" never appear in the report and there is no indication that design should follow
Soil Mechanics Notes 1 or 3 as design criteria.

The progression of design criteria for these graded sand and gravel zones for crack
protection has been very interesting. The Crack Study recom mended a composite of
AST M C-33 fine aggregate (45 %) and size nu mber 57 (-1 1/2") (b5 %) for the granular
zone. Nom ention was made of any other criteria for gradation. This was in 19/tt

That same year, the Arizona Design Unit designed the repair for Rittenhouse dam. It was
called" Rittenhouse 0 rain". The gradation specified approxi mated the gradation I ~
recom mended in the Crack Study. No compaction was called for. NO

In late 1979, Buckeye Site I dam crack repair design was completed. The design was
essentially the'same as for Rittenhouse in that a trench was to be excavated along the
centerline of the dam and then backfilled with "Rittenhouse filter" material. The repair
job was called "Buckeye Site I Drain". The criteria listed for design were: 1) The Crack
StUdy report (1978), 2) the crack location report done by Fugro, Inc., 3) Soil Mechanics
Note 3 and 4) "Vertical Drains and Embankment Zones" by Clarence E. Dennis (1971).
The specified gradation is identical to that for "Rittenhouse Drain". A new requirement
entered, though. The coeficient of perm'ea-bi'lity could not exceed 250 feet per day at the
in-place density. N0 co mpaction was required.

Note the implication that the material in the graded sand and gravel zone now meets all
of the referenced design tools and that two of those references are specific to designs
with steady-state flow. Dennis' report discusses sudden cracks due to earthquakes but he
calls for very wide zones with considerably coarser zone material for these ( a mini mum
0 85 of 4").

Repairs for White Tanks dams Sites 3 and 4 were designed in the spring of 1981. Thejob
name is lOW hite Tanks Nos. 3 & 4 Drain Repairs". The specified gradatlonis identical to
the first two designs. A maxi mum perm eabi1ity of 250 feet per day in place is still
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required with no specified compaction. The documentation for this design includes
letters from WTSC, Portland, which apparently are the source of the added requirements•

The November1979, design review report (W NTC) for Buckeye Site 1 Drain com ments
that "The proposed filter gradation is the same as used on Rittenhouse Da m and mayor
may not be suitable at this site. The suitability must be verified using the criteria in Soil
Mechanics Nate No.3 and the Crack Study tea mIS reco mmendations (as was done for
Rittenhouse Dam). Particular concern is in the 0 15 range of the filter where it is
effective against piping of existing base materials. Gradations of borrow materials used
on Buckeye Site 1 must be used as base materials in this evaluation."

A letter from the WTSe dated February 6, 198U, concerning Buckeye Site 1 Drain is
apparently a follow-up of that design review. The letter is attached. The source of
these require ments is not given. They are introduced with the co mment, "0 ur knowledge
of flow conditions through cracks in embankments is not complete. However, evidence--:--·
surfaced to date indicates that the following require ments are essential •••" There is no
indication of what the evidence is or where it came from.

The letter concludes with the following paragraph:
"In the meanti me, we will continue to study this proble m to better understand what can
happen dow nstrea m fro mthe filter trench for future designs and repairs. Until such ti me
as the pheno menon of cracking and its consequences are co mpletely understood, -
monitoring of such works during periods of hydraulic stress is an essential part of da mJ
safety." (Notice that the reviewer is thinking of this zone as a "filter" now.)

At about this time in the repair design sequence, two new requirements were proposed.
They were: 1) the mini mum dSOsize of the filter must be equal to or greater than one
half the crack width; and 2) the mini mum d7S size of the filter must be equal to or
greater than the crack width. This criteria assu mes that we know the crack width in
advance. Since we generally do not know, and in response to recognition of fine-grained
soils in the embankments (base soils), the granular zone material is now being designed by
SM 1. Cracks as narrow as 1/4" require additional protection on the downstream side of
the repair zone (1/16" at Fredonia).

The next repair design was for Fredonia FRS in northern Arizona. The first sentence in
the Design Report for "Fredonia FRS Repair" is: "The final design is in accordance with
"The Cracking of 0 a ms in Arizona", April 27, 1978, a report by the crack stUdy tea m
•••" Fredonia da m was repaired with a centerline drain and another trench at the
downstream toe to protect against cracks in the embankment foundation that were
deeper than the trencher could reach with the centerline trench. The backfill material is
not well-graded and is considerably finer than that reco mmended in the referenced
report. It is even farther fro m S M3 criteria. Because "The contractor on White Tanks 3
and 4 repair was unable to supply the drainfill to meet the specification ", the
specification "was considered too narrow and restrictive for the materials at hand" (at
White Tanks) and the gradation was broadened. (Actually it was made considerably
finer.) Fredonia is roughly 4000 feet higher than the White Tanks sites and 230 miles
north, as the crow flies. The site is substantially different than that at White Tanks.
The only si milarity is that they are both "drl l da ms with long, lowe mbank ments.

The design for repair of Vineyard Road dam, "Vineyard Road F.R.S• .Drain", is
substantially the sa me as all the others. The specifications for gradation of the
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granualar material are the'same as those at Fredonia dam except the maximum size is

•

slightly larger, as is the 085 size. Since this designer reviewed that design, the following
co mments concern the deslgn charge.

To meet design schedules, this job was sent to the design unit in Wyoming. That design
unit, which has no experience with Arizona soils and climate, was essentially directed to
produce a repair design by a scheduled deadline and given past designs to use as a guide.
No new soil tests were made on the structure. The granular zone was designed by SM 1.

The "design crack" for Vineyard became 1/4-inch. Approximately 85 outlets were
anticipated to eli minate cracks larger than 1/4-inch. In fact, over 400 of these outlets
are required by that criteria as the cracks were mapped by the geologists during
installation of the centerline trench. So me of these cracks were as close as 3 feet fro m
each other. Cracks in this da m do so meti mes continue into the natural material
underneath the co mpacted embank ment foundation. The granular zone was installed as
deep as the trenching equip ment could place it in those areas (22 to 24 feet). The
max; mum height of this da m, which is 5 miles long, is about 17 feet.

One of the most important characteristics this granular zone is supposed to ha ve is that
it be co mposed of self-hea ling or free-flowing materials that will not sustain a crack.
The material installed in Fredonia da m was observed to bridge with approxi mately 6 feet
of overhang as the lower materials unravelled during construction of the outlet
trenches. Material stockpiled ready for place ment in the trench tended to cake up (solid
clods and surface) when dried. According to the acting ProjeCt Engineer who observed
thestockpiles,:the clods collapsed when"saturated, therefore, he believed the design
purpose was satisfied. Since da ms fill witO..W..a:t.e.r.Jro.m the bOUQ m up, these observations :_'":1 '.
are 'somewha~unner:vjngwhen co-mofn·eCL.- H'"" . --.----

'--------- . _. "---- .- ...

When the granular zone at Vineyard da m was re-excavated for installation of stUdy
monitors, it was observed by several people, among them Clifton Deal, WNTC, that the
granular material maintained a stable vertical slope.

During these last few years, the formation of a "filter cake" on the upstrea m side of any
granular material with a 0 15 of approxi mately 0.7 mm has been de monstrated in the
Lincoln Soil Mechanics Laboratory by James Sherard and Lorn Dunnigan. As mentioned
before, these tests use an upstrea m slurry and high initial head or water pressure.

The Soil Conservation Service has made two studies to attempt to prove the formation of
a "filter cake" on the- upstream side of a graded sand-gravel zone that this designer
knows of. One study was in Arizona on Vineyard da m in 198j and water never got close
to the protecti ve zone in the 30-day trial. The other study was in Nebraska. Water was
ponded near the top of the embank ment under consideration and subsequently washed
over the top of the settled protective zone.

Chemistry anq Climate

The general explanation for the many transverse cracks in Arizona da ms has been that
they are "dessication" cracks due to the extre mely arid enviro ment. The fact that this
does not begin to tell the whole story is at least indicated by the July 26, 1983, letter
from the Midwest NTC Director to the Arizona State Conservationist about Fredonia
dam site. This letter concludes that water loss from gypsum and even more hydrated
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salts will need to be considered in calculations of water content in these sa mples
(F redonia da m)•

The letter has much infor mation in it, though tw 0 parts of it need to be discussed. 0 ne is '
the gQleJ>ased on a stated assu m.QtiolLtb.atisla1er referenced as ~ving the
~su mptioo. T~otb..~l:j~Jh_~_s.t_~t.e_m~!!!.!.~at.~!I~sra~K~.£~.!,tSJ~-<;tby salts w.o_uJ~Lh~ve
visible salts on the crack surfaces. Regardless of those issues, it is a significant
ackno wledg ment of the importance of che mistry at that site to engineering soil
properties.

Soil chemistry and soil cli mate (usually the province of special soil science studies) have
not been evaluated to see if they play an important role in cracked da ms here in
Arizona. They have proven to be very important to engineers in cold climates.

So me exa mples of pheno mena that might affect our embank ments are:

1. Substantial structural damage has been documented as the result of soil salts (as
little as 0.1 % Na2S 0 4) expanding with change in te mperature near Las Vegas,
Nevada. OiScusslon with Ruben Nelson (retired from the National Soil Survey
Laboratory, SC S) suggests that irregular topography in the Fredonia reservoir, which
was land leveled during construction, very likly is the result of salts that can
migrate through the soil profile in THEIR 0 WNW ATE R 0 F HY0 RATIO N between
temperatures of 30°F and gOOF. No watertableis necessary. They tend to migrate
up.

2. Soil scientists in other countries have studied profile develop ment directly
attributable to daily and seasonal waves of soil temperature. Environmentalists in
Arizona have determined that the depth in soils near Tucson to a constant soil
te mperature is approxi mately two meters (say 6 feet). This would be the li mit of
temperature influence on soil profile development, if the former studies are
accurate. Profile develop ment involves salts and clays.

•

3.

4.

5.

Soil moisture (even non-saturated) tends to migrate fro m hot te mperatures to cold
te mperatures. Electro-osm osis, which engineers have recently used for drainage of
clays, is the movement of water when.an electric current is applied. (In fact, the
first Arthur Casagrande Lecture was "Stabilization of Soils by means of Electro
Osmosis, State of the Art", given March 8, 1~83, by Dr. Leo Casagrande.) A related
phenomenon is the measurable electromotive force developed in the soil when water
moves due to a te mperature gradient within the soil profile.

The US GS has measured soil te mperatures of I65'1=" in the top I-inch of soil at White
Tanks (near the da ms). Tem peratures adjacent to the ground are often well belo w
freezing in the winter (17°F, for instance, reported to produce harvesters, who need
to kno w when they can pick lettuce). 0 ne February day in the desert ate mperature
near the ground of 23°F was recorded with a high air te mperature that sa me day of
over gOOF.

National Park Service soil chemists at Tucson have studied the role of soil salts,
hu midity and te mperature in the deterioration of old adobe structures and ancient
Indian ruins. The behavior of various clay minerals (expansion, for instance) varies
greatly with the cations on the clay surfaces and in any adjacent waters.
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Flo w Analysis

Two years ago at the annual Arizona ASCE meeting in Phoenix, a civil engineering
professor from the Universitiy of Arizona described the use of the finite element method
(FE M) for prediction of flow through porous media. Dr. Chandrakand Desai mentioned a
program, SEEP-3D, that would analyze flow three-dimensionally. He made this program
available to us for a nominal fee and advised us of how to input data.

Up to this time. Bob Nelson at WNTC had tried to analyze flow through a crack in a dry
da m to a repair trench. He has docu mented many trials and assu mptions in an effort to
predi ct how one of these granular zones would perform if water entered fro m a crack.
This determination is important if da ms are repaired and constructed with these zones.

Mr. Nelson and this designer worked together on SEEP-3D input with aid from Dr.
Desai. It was finally realized that the program requires so many boundaries and
assumptions, that it essentially is the same two-dimensional analysis. steady-state flow
that the manual calculations perform.

The problem is that most fluid-flow formulas are based on steady-state and/or saturated
flow. Since dams in Arizona do not store water. no steady seepage or saturated flow
occurs.

Ah. but we have craC;:,k~trLQUr_,dam. How far apart? How wide are they? Do they swell
shuU-'m:i Om-ate-rials along the sides of the cracks slake into the water? When the water!'
reaches the granular zone, does it form an impermeable layer (filter face) with slaked
material at the surface of the granular zone? If the water moves into the granular zone,
does it flow directly across and begin discharging in the crack on the downstrea m side of
the zone? Will the discharge from the granular zone be flowing at an erosive velocity?
How much of the flow into the granular zone will cross to the crack and how much will
move laterally (both directions) along the centerline trench? How much of the water
that enters the centerline trench will be absorbed by the expansive(?) or collapse prone(?)
soils underneath the compacted embankment? (Note: Several dams were designed with
upstrea m cut off trenches to protect the foundation fro m ever beco ming saturated.
Vineyard da m now has a granular zone that extends into these un co mpacted soils below
the da m.)

In discussion with Dr. Desai about all of these required assumptions, he suggested just
installing an impermeable membrane in the dam. It would then be protected from any
sudden failure and the analysis (that would always involve risky assumptions) becomes
unnecessary.

HDPE

In past experien~~"~?"~field.,office engineer, plastic liners were used to contain water in 7
irngatfcin" reservoirs. Various me mbranes have been advertized for several years that
have--considerably more durability and thickness than those this designer was fa miliar
with.

One of these IInew " products (H DPE) was specified for lining Mt. Elbert Forebay by the
Bureau of Reclamation. This reservoir required 12.5 million square feet of liner. Static
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head could be 76 feet. They specified use of either aD-mil high-density polyethylene
lining or 45-mil chlorinated polyethylene lining. The SO-mil material required no
additional bedding (just place on prepared botto m or side of reservoir) and 1 foot of .
earthfill cover. The 45-mil material required 6 inches of bedding and 11/2feet of earthfill
cover. (The 45-mil chlorinated polyethyene was installed by the contractor.) Ronald K.
Frobel (Bureau of Reclamation) has been very involved with studies of this material and
is supportive of its use in a long-lived da m. It has been used as a waterproofing material
for the facing on the reinforced-earth addition to the top of one of their da ms.

The Army Corps of Engineers installed an HOPE geomembrane in a slurry trench to
repair Mohicanville Dike No.2. This is a dike off the end of a dam in Ohio (Huntington,
West Virginia District). It only holds water during flooding. The dike is approxi mately 25
feet high. They used a lUO-mil liner, 34 feet deep in the foundation, as a defense against
differential settle ment cracks that might penetrate the slurry trench. The bentonite in
the slurry trench is expected to stop seepage (through peat), but large deform ation of the
foundation and fill is possible. The HOP E is expected to deform with the embank ment.
It is expected to perform with no proble m with a potential hydrostatic head of 60 feet.
According to Larry Franks, Project Soils Engineer at the Huntington District, "lf there;s
a lot of displacement, the liner will stop water even if the trench is breached. 1I The
Army used 100-mil material because of their lack of experience with the material and
the difficult installation conditions.

High-density polyethylene has been used for many years for weatherproofing and
insulating large electric cables with high exposure to sun and weather. In this application
HOPE has demonstrated it's stability for a long period of total exposure to sunlight and
extreme temperatures. When toxic wastes became a serious issue with numerous
organizations willing to spend money, several manufactuers began producing HOPE
sheeting to be used to line toxic waste ponds•

High-density polyethylene is inert, developed from a pure polymer with no plasticizers.
Approximately 2% carbon black is added to the formula. Its specific gravity is 0.95,
tensile stress at yield is over 2700 psi, elongation_ ~~..r.j.~ld----!".<?..r::.~_.!~~...!!-~PO % and modulus .r "'" ~L:~~,

of elasticity more than ~O,OOO psi (meas.ured 138,500 psi). The B~reau of Reclamation \: '.-'. ",:..;",~</;

laboratory tested 100-mll samples supplled by Schlegel Area Seallng Systems, Inc. ." .~i(. ,.,.,:"
(Applied Sciences Referral Memorandum No. 79-28). One of the statements made in that
me morandu m was that '1arge (1 1/2 to 2-inch) sharp angular aggregate should be
eli minated fro m the subgrade as it will increase the possibility of puncture.1I

Crack Protection in Dry Dams

. As has been mentioned before, the da ms that ha ve been experiencing distress fro m,
apparently, dessication cracks are IIdri l dams. They are designed with ungated outlets
and a maxi mum detention ti me of 10 days (usually shorter) in a lOU-year event with an
antecedent moisture condition II (moist, but not saturated). These structures often have
no water against the embankment (even for short periods of ti me) for several years in a
row. (In part because we rarely have a II moisture condition lIlI.) The ones discussed in
this report are very long (5 miles is co mmon) and relatively low in height (co mmonly 20
25 feet maximum and 12-18 feet average). They are constructed across alluvial fans.
Therefore, there are a nu mber of channels entering a structure, not one concentrated
flow. They might very well be called diversions rather than dams, except that they do
store water briefly since outlet discharge is controlled up to the lOO-year event.
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No phreatic line can be established in one of these structures, there si mply is neither
ti me nor head enough to establish one. It is not possible to saturate any but the very
surface embank ment soils, upstrea m slope. If a crack is open enough for flood waters to
enter it, then it is equally possible for those flood waters to exit the sa me crack back into
the reservoir and out the principal spill way. It appears to this designer that an
impermeable barrier would be considerably more sensible under these conditions than a
"drain".

As a matter of fact, the Crack StUdy tea m apparently thought so, too, but all the
materials they reviewed were inflexible and subject to cracking or tearing themselves
(soil-cement core, compacted earth core, and 12-mil plastic). The sand and gravel zone
was not intended by that tea m to be a drain. The sand and gra vel zone was to provide a
flexible barrier to the continuity of the cracks.

HOP E is very strong and very flexible. The size of crack is relatively uni mportant.
Installed deeply enough (into the core trench or below the downstrea m toe elevations),
any water that got under the membrane would have to travel up to the downstream toe.
Granular zones can also be bypassed by a crack underneath. This designer does not , _,,-<'-

believe the granular material would necessarily heal such a crack. Water can travel in ~,-I, ':" ~'\. ,\" .
any part of a crack. It generally follo ws afiorizontal discontinuity in fissure studies ,,. ,.
performed by the USGS and the Bureau of Reclamation. It would be unlikely that any
installed barrier would stop at one of these natural horizontal discontinuities, especially
throughout these long structures.

One of the great advantages of the flexible me mbrane barrier is that the "design crack"
is of no concern. No one has to guess how wide or how long any future crack will be. No
one.has to decide whe~e ~hat "design crack" width will be exceede.d at some fut~re ti me Jr."
or,ln the case of repa1r, 1S already exceeded. (It has been the pol1Cy of all repa1r f.¢.rtr."
designers that any crack exceeding the "design crack" width be destroyed by excavation <9 X 10X
of a perm anent trench perpendicular to the centerline granular zone and backfilled with (
granular material.)

Summary

It has been shown that the currently accepted method of repair of cracked "dry" dams
may not be the best method in light of availability of new materials and the actual
circumstances encountered in the dams since the original Crack Study.

The application of design criteria based on saturated flow through porous materials (soils)
is highly suspect when compared to the physical environment of these "dry" dams.

It has been shown that the cracking mechanism at work in these dams is not well
understood. It was the expectation of the Crack Study tea m and the West National
Technical Center engineers that the stUdy would be updated at so me future ti me, since
they made reference to the need to develop new design criteria for construction.

Reco mmendations

1. The Soil Conservation Service should giv.e serious consideration of HOPE
geo mem brane as a flexible, i mperm eable barrier to existing or future cracks in "dry"
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da ms.

2. The Crack Study should be updated as soon as possible. This would permit
confirm ation of the parts of the report that have been verified and correction of the
apparent circumstances that have been proven untrue or at least misleading.

3. The Soil Conservation Service should find some means for a thorough study of the
"dry" da ms in Arizona with the intent of clarifying the mechanis m(s) causing cracks
and developing construction criteria (if possible) to reduce their severity and
frequency.
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a. "Buckeye Site 1 Drain, AS-Built Report", ERTEC, Inc. Project Number 80-20U,
March 29,1981.

b. Geology Reports from investigations of sites:

Rittenhouse
Vineyard
Buckeye
White Tanks
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Dan Lawrence, P.E.
Arizona Department of Water Resources
15 South 15th Avenue
Phoenix, Arizona 85007

March 19, 1990

') 1 E. InJ.ianola
..... uite 200
Phoenix, AZ 85012

------:-~----..._-- _.'!"n c, r~ ~

JRMwe; __
'''','r .L,.
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RE: Powerline FRS Repair, Final Design

Dear Dan:

Submitted herewith for your approval are three (3) copies of the
drawings, specifications, and design report for the Powerline FRS
Repair, Final Design Phase. Following are responses to the corrunents in
Mr. Jenkins' letter of February 28, 1990.

GENERAL

Regarding drain outlets, the intent is not to construct any drains
during this contract. The geologic investigation data gathered during
this contract will be analyzed after construction when the need for ,/~t

•

in outlets can be evaluated. If it is determined that drain outlets~;,;
required, they will be installed under a future contract. "';.' :

.' .."
- .... t l r-~

SPECIFICATIONS

,j 1. v Paragraph (8) was added to page 23-7 advising the contractor of
ADWR's inspection of the foundation.

2. ~' The frequency of testing is specified in Section 94, Contractor
Inspection. (+4rr.l )~''''' J,~ • t;.,· .. L;:1

, .)~. ""'"

;!O,!D
.. ~::""': )I~ p'

o ,

,-- ~? (~) AJ· r.rr ... _-f" (F;"A~ ~lc: )

The relative compaction and moisture requirements are specified in
paragraphs (~ and (~ on page 23-7 of the specifications.

(S) (~) f~ l: to',,, ~ ,... ~. .,' ~..' .
fl--L ~~·1~".r~~+-,·... "Jv"/~ <::1,(// ~ (._I"(~'

The drainfill layer thickness of 18 incnes spec~ried on page 24-5 .
governs for this project, as 24-5 gives the site specific
requirements relating to drainfill for this project.

~. / The equipment required for the inspection of the trench is
specified in ScC'eieftel: liL 8, Trench Excavation. ,..;. ~ ,~( 1....1~

'- f~I,~' -.- ~/ ... r glC:

~,~. ~The material specification for drainfill is referenced on page 24-
1, Materials, and will be included in the contract package. ~/-I ~r?~A

I'~(/~.,..: r~" "1~-~1 ,Id,,,,"'f' l"'iLl ...~J/; ..,.J,.~ .... (CIJ",~IJ1-) I 'tI~ .... + .I'" .._,J,..t.!'~ ~.~ iL"~#>-f"Q_ J .. ,.~I'

7. ~ Conventional testing methods for earthfill are exclusively

•

specified in Section 23.10 (page 23-7). (,

Th,'.!' l'~... '~~."" ...-t

6 !ne Soil Conservation Service
1$ an agency of the
Department of Agriculture

,. oJ t : .... ,.. "i • ..' ~ II I t'o/

~.~ -.L oJ, .. ,I,.



The design for the excavation of the trench has been changed to
extend completely through all compacted earthfill including the
deep foundation areas between Station 70+00 and Station 110+00. As
stated in the Final Design Report submitted with this letter, the-=-transition zone is not considered a reliable defense against
p~tential fissure crac~s.

DRAWINGS.1.
2. The concrete cap shown on the drawings is existing. The drawings

have been corrected to show this.

The requirement of an application and fee was discussed with the Flood
Control District of Maricopa County during the monthly coordination
meeting held March 15, 1990.

We would appreciate your response to this final design review by April
9, 1990. If you have any questions concerning the design, please
contact John Harrington or Tom Jayo of my staff at 6~0-5152.

Sincerely,

J,lJLtJ /J;J~
DONALD W. GO~

• State Conservationist

Enclosures

cc:
Dan Sagramoso, P.E., Chief Engineer and General Manager, FCDMC

•



United States
Department of
Agriculture

~

Conservation
Service

2t i. Indianola Ave.
Suite 200
Phoenix, AZ 85012

Dan Lawrence, P.E.
Arizona Department of Water Resources
Engineering Division
15 S. 15th Avenue
Phoenix, AZ 85007
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RE: Geologic and Fissure Review of Powerline FRS and Vicinity

Dear Dan:

On November 21, 1989 a field trip was made to CAP Canal and Ironwood Road to
discuss fissures and geology with Bureau of Reclamation geologists John
Sandoval and Sam Bartlett. Those at the meeting from SCS were as follows:

John Harrington, State Design Engineer
Aubrey Sanders, State Geologist
Blake Covey, Civil Engineering Technician
Rick Pershken, Geologist Trainee
Tom Jayo, Design Engineer

Bureau geologists showed us Junkers fissure which is a 20 ± year old fissure
that intercepts the CAP Canal. The Bureau repaired the fissure by
backfilling, capping with soil cement, and mounding compacted material over
the fissure approximately one foot above the surrounding ground to prevent
water from entering the fissure. The Bureau has replaced several hundred feet
of canal in the area with thicker concrete and reinforcing to help in bridging
possible future fissure activity.

We looked at a shot crete overland drainage channel on the east side of the CAP
Canal that had numerous repairs made due to cracking. The damaged area lined
up with the fissure on the opposite side of the CAP Canal.

We discussed various repair methods with Bureau geologists. The Bureau has
considerable experience repairing fissures in Arizona along the CAP. Repairs
have been made to the CAP Canal, O&M roads and protection dikes above the
CAP. They have tried the following repair methods:

1. Placing a large amount of gravel material over the area where the
fissure was expected. This method failed and resulted in the gravel
washing into the fissure rather than sealing it.



•

•

•

2. Driving sheet piling 28 feet ± to refusal perpendicular to fissure.
This method does not terminate a fissure, and it is not yet known if
it extends deep enough to cutoff flowing water.

3. Trenching and placing geotextile 25 feet ± perpendicular to fissure
then backfilling with a bentonite slurry mix. This too has not been
field tested, and fissure cracks extend to a depth well below 25
feet.

4. Over excavating five feet below the canal or roads and backfilling
with co~pacted clay ~aterial. This method had no effect on the
fissures.

They pointed out that all the methods they have tried are only a temporary
solution and maintenance of the repair method is necessary to control the
fissure. They e~phasized that prevention of water entering the fissure at the
first signs of fissuring is very important to prevent the fissures from
eroding into very wide and deep ravines.

Based on the geology of the area, Hawk Rock is the top of a rock outcrop that
slopes to the east approximately for two miles to a depth of 1200 feet then
starts to raise again. The depth to bedrock under the FRS appears to be
between 400 and 800 feet. Considerable fissuring has occurred within one half
mile around Hawk Rock, generally where the depth to bedrock is less than 400
feet. Hawk Rock is within 0.8 mile of the Powerline FRS. Junkers fissure
intercepts the CAP Canal just west of Ironwood Road which is within 800 feet
of Powerline FRS. Geology maps show there are two concealed faults within one
mile of Powerline FRS. SCS personnel discussed the water table fluctuation
with Ken Black of ADWR and records show that there was a rapid drop in the
water table between 1950 and 1965. It appears the water table recession has
slowed considerably and records are not available to assess the recent water
table fluctuations. According to a map showing long term water level decline
in South Central Arizona by G.L. Wickersham, H.H. Schumann, and R.H. Raymond
dated May 1983 the water table in the vicinity of Powerline FRS has declined
approximately 125 feet ±.

The location of Powerline FRS in relation to the bedrock that slopes away from
Hawk Rock and the lowering of the water table puts it in a fissure prone
area. Repair of a known fissure at a dam will require extensive treatment.
The repair could be quite expensive, on the order of $100,000, even though
confined to an estimated 200 feet of dam length. We conclude that it is not
practical to attempt to design for unknown fissures on Powerline FRS. A
better solution would be to monitor for the occurrences of fissures and if one
intercepts the dam to address the needed treatment at that time •
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Based on the information learned from the Bureau of Reclamation's experience
with fissures, and the known geology of the area, I am proposing that the
repair of Powerline FRS treat only the embankment cracking using a center
transition zone similar to the Vineyard Road FRS Repair.

We would appreciate your review and comments on the above proposal.

~____ V
CHARLESR:ADAMS
State Conservationist

cc:
Ralph M. Arrington, SCE
Dan Sagramoso, P.E., Chief Engineer and General Manager, FCDMC
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

VINEYARD ROAD FLOOD RETARDING STRUCTURE•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 0084

July 13 2001

1.0 INTRODUCTION

General Description
Vineyard Road FRS is located about 35 miles east ofdowntown Phoenix and seven miles
southeast of the City ofApache Junction. The project consists of the FRS embankment
structure and an emergency spillway. The project is part of the Williams-Chandler
Watershed Protection and Flood Prevention Project, which includes the Rittenhouse and
Vineyard Road flood retarding structures.

Vineyard Road FRS is classified as a medium sized, significant hazard dam. The
reservoir behind the FRS is 637 acres with a capacity of4,310 acre-feet. Construction of
the Vineyard Road FRS was accomplished under contract to Monaco Contractors, Inc.
Construction was completed in 1967.

Except for considerable cracking of the structure during and after its first major
impoundment in 1972, which necessitated investigations and construction of a defensive
design measure (a central filter) repair, the dam has performed satisfactorily to date.

Dam Data
Dam type: Rolled earthfill
Dam height: 16.5-ft
Dam length: 28,829-ft
Dam crest: width 14-ft; elevation 1579.5-ft
Spillways: Principal- 56-inch RCP; inlet elevation 1563.0-ft; Emergency spillways (two)
- 300-ft wide (each) earthlined spillways; crest elevation 1574.8-ft
Freeboard: 4.7-ft
Reservoir Surface: 637-ac at spillway crest
Storage: 4,31O-af at spillway crest
Hazard Classification: Significant

Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:
• Identify potential site-specific failure modes for the dam.
• Discuss non-quantitatively the likelihood ofthe identified failure modes.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page lof20 FCD Contract 200lCOl4
VineyardRoadFMCArevJan2002.doc



Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report
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Flood Control District of
Maricopa County

Determine whether or not and how important failure mechanisms are being monitored
Examine the consequences of failure and the adverse consequences of successful
operation (e.g. -large spillway releases)
Identify possible risk reduction adions that may be taken to reduce the likelihood of
failure or to mitigate adverse consequences
Determine what information, investigations or analyses may be needed to resolve
uncertainties relative to potential failure modes.

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate of the magnitude of the "consequences" for each significant failure
mode will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

•

•

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Horn and Associates, Inc., Project Manager
Jim Scott, URS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Horn and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

The following is a summary ofthe major findings and understandings for Vineyard Road
Flood Retarding Structure as a result ofthe Failure Mode and Consequence Analysis
(FMCA). Vineyard Road FRS is one of three adjoining flood retention dams (Rittenhouse
and Powerline FRS being the other two dams). Because ofconcerns about desiccation
cracking each dam was modified after construction but in slightly different ways. In
carrying out the FMCA for these dams Vineyard Road was done first followed by
Rittenhouse and then Powerline. The potential failure modes considered for the·dams
were ofcourse very similar and it was natural to compare the likelihood of development
ofthese failure modes among the three dams. Thus in the major findings and
understandings given below some of the differences are noted as key findings and
conditions of general similarity related to potential failure modes are also noted.

The major findings and understandings given below are organized as follows. First the
most important design, construction, geologic, and performance differences or unique
aspects related to the potential for failure mode development ofVineyard Road FRS are·
given. Findings related to failure modes or adverse consequences other than overtopping
and spillway discharge are given first. Findings related to consequences are given next

Kim1ey-Horn and Associates, Inc.
KHA Project No. 091131006

Page 20f20 FCD Contract 2001C014
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followed by action items (risk reduction and investigations). Finally, general findings
that are informational and / or generally similar for all three dams are listed. In making
comparisons ofthe dams and the amount of cracking experienced at the time of the
repairs it is instructive to note the year of the original construction of each and the year
those repairs were made The difference between these two dates [shown in brackets] is
the number of years drying had taken place before the central trench was excavated.
Each trench was mapped for cracking depth, width and extent. They were Vineyard Road
FRS - Constructed 1967, repaired 1983, [16 years], Rittenhouse - Constructed 1969,
repaired 1979, [10 years], Powerline - Constructed 1968, repaired 1991 [23 years].

•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Key findings / differences related to failure mode development - "static loading
failures - seepage erosion - fissuring - foundation erosion -etc."

1. Potential For Differential Subsidence from North End of Structure to South End of
Dam. The FMCA team reviewed the bedrock charts, geotechnical profile, and history
of groundwater decline data prepared by AMEC for Vineyard Road FRS. The charts
show that at the north end of the structure bedrock is relatively shallow. The depth of
alluvium increases rapidly to the south with the southern one-third of the dam
underlain by a thick deposit of alluvial sediments. These sediments contain a
relatively thick interval ofmore compressible lakebed clays. Settlement records for
the adjacent section of the CAP indicate that differential settlement (subsidence) has
occurred with the south half of the dam settling substantially more than the north half
The information summarized by AMEC clearly shows that the subsidence was caused
by ground water declines. The structure and reservoir will most likely experience
continuing subsidence and that differential subsidence between the north end of the
dam and the south end of the dam could potentially cause earth fissures to form
beneath the dam. The differential subsidence also has the potential to reduce reservoir
capacity ,

2. Transverse and Longitudinal Crack Characteristics. The cracking experienced at
Vineyard Road FRS, which in part results from drying of the embankment soil
continues to progress with time as does the drying of the soil (the change in soil
moisture pattern is very definitive). The weight of evidence indicates that the primary
cause of the cracks is drying shrinkage although some longitudinal cracks on the
upstream face appear to have been caused by settlement of the collapsing foundation
soils. Cracks observed in the trench mapping extended to depths up to 21-feet, to
widths as great as 4-inches, and there were approximately three thousand (3,000)
documented cracks logged at the embankment since completion of construction of the
central filter (in 1968). There is an important question whether the soil shrinkage due
to drying of the embankment has reached it's full potential, or if shrinkage is still
proceeding.

3. New Fissure found West ofPowerline FRS. AMEC's Phase II investigations
included review ofprevious reported earth fissures and liniments in the vicinity of the
Powerline, Vineyard Road, and Rittenhouse FRSs. AMEC has also reviewed recent
aerial photographs for possible earth fissures. The review ofthe photographs and
subsequent field visits, a previously identified liniment was determined to be an earth

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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fissure. The end of the surface expression of this fissure is just west of the CAP about
a 1,000 feet west of the northern segment of the Powerline FRS.

4. Collapsing Holocene Soils Exist along Foundation ofDam. Based on a review of
foundation soil plots prepared by the District including the recent test borings and pits
made as a part ofongoing Phase II geotechnical investigations it was noted that the
cross sections indicated the approximate depth and thickness of collapsing erodible
Holocene soils in the dam foundation. The collapsing Holocene soils were removed
from beneath most of the upstream cutoff trench during the original construction of
the dam. However, the recent Phase II geotechnical investigations confirm that these
soils are present beneath the entire embankment at certain locations. The collapsing
soils are highly susceptible to seepage erosion and collapse settlements upon
saturation. Thus the FMCA team identified a potential seepage erosion failure mode
passing through the highly erodible Holocene soils just below the embankment. Deep
shrinkage cracks extending below the embankment or earth fissures could produce
the conditions for this failure mode. See boring logs in Appendix ofthis section.

5. Estimated Level of Outflow from a Piping /Cracking or Fissure Related Failure. The
FMCA team estimated the approximate peak discharge of the dam breach hydrograph
from a seepage erosion failure in the dam to be in the range from 1,400-cfs to 5,600
cfs. The reservoir elevation for these events was set at the crest of the emergency
spillway. This is considered appropriate, as the time above this level even under the
PMF is less than 10 hours. Such a failure could potentially involve a continuous
seepage pathway provided by some combination of cracks, fissures and defects in the
central filter.

6. Understanding ofFilter Characteristics and Role ofFilter. The central filter for
Vineyard Road FRS was installed by SCS in the early 1980s and was intended to be a
crack stopper. The defensive mechanism provided is the formation of a "filter cake"
in the initial process of seepage through a transverse crack, thereby preventing of
erosion of soils upstream of the filter and minimization of flow into the filter and
consequent internal erosion in the downstream part of the embankment. The specified
filter meets generally accepted criteria for filtration. The factors that could potentially
create defects that would compromise the function of the filter are segregation during
construction and cracking. An internal SCS report on the general subject ofcracking
ofdams in Arizona (Leckband, 1984, "A Barrier to Cracks in Dry Dams": see
appendix for SCS note of July 1984) indicate that excavations through the central
filter of the Vineyard FRS stood vertically for the full height of the dam. This
suggests that the filter may be cemented and thereby susceptible to cracking in
response to embankment shrinkage, settlement or earth fissuring. This issue deserves
further study during the Phase II investigations.

7. Seismic Loading ofthe Dam was Not Considered as a Major Issue. There were no
potential failure modes identified due to seismic loading and no "incipient" static
loading potential failure mode that would be triggered by seismic load could be
identified. A seismic exposure investigation being performed by AMEC indicates that
the peak horizontal acceleration (PHA) at the Vineyard FRS due to the maximum
credible earthquake (MCE) is about 0.12g. These small dynamic forces would not
cause appreciable deformations of the stiff, unsaturated embankment, so earthquakes
do not constitute a significant risk.

•

•

•

Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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8. Dispersivity Tests. Pinhole and SAR test results indicate the embankment soils are
non-dispersive. These tests are from the Phase II investigations by AMEC. It should
be noted, however, that one of the recent AMEC tests showed the potential for
dispersion). See appendix for test results.

9. Good Construction ofFill. The District's evaluation of the field density testing done
by the SCS during construction determined that standard deviations for percent
compaction and moisture content in relation to optimum were well within generally
accepted guidelines. This indicates that the quality control was excellent and that the
earthwork complied with specifications.

10. No Drain was provided for the Filter. No provisions for drainage of filter in the event
ofhigh hydrostatic heads were included in the design. However, ifno defects are
present in the filter, the weight of evidence indicates a filter cake would develop and
flow into the filter would not be sufficient to require finger drains. The critical
question is whether there are defects in the filter. A lack of a drain may create the
possibility of high hydrostatic heads in the center portion ofthe dam.

11. Potential Loss of Central Filter Material Through Crack. Analysis by the District
indicates that there is a potential for loss of central filter material by erosion into
downstream crack should a crack or other defect in the filter be in direct contact with
a system of embankment cracks.

•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Key findings I differences related to failure mode development - "flooding,
overtopping, spillway discharges."

12. Settlement Survey Data. Past survey data indicate a lowering ofcrest elevation and
significant variation in elevation along the crest. The dam crest monuments and
downstream toe monuments need to be comprehensively reviewed and verified.
Surveyed elevations of the monuments located near the crest do not reflect top of dam
elevations. Questions were raised regarding the stability of the benchmarks and
reference datums used in previous settlement surveys, as well as aerial topographic
mapping of the dam. Actual (true) elevations of dam features (crest ofdam,
emergency spillway crest, principal spillway invert, etc.) need to be established in
order to determine whether generalized settlement of the region has taken place or
dam settlement has occurred. Also elevation data is needed for sections of the dam
next to the emergency spillway. Elevations should be marked on the trash rack of
principal spillway and elevations should be shown in tenths on the upper 3 feet of the
staff gauge. Historical settlement surveys for the dam and the adjacent reach of the
CAP establish the general pattern of subsidence over time, but the data needs to be
updated.

13. Overtopping ofVineyard Road FRS. The FMCA team observed that a previous
hydrologic and dambreak study for Vineyard Road FRS concluded that the dam
would be overtopped during a full PMPIPMF event. However, the height of
overtopping is low (less than 0.5-ft) and the duration of overtopping is short (less that
five hours).

14. Emergency Spillway Erosion. There is a potential for spillway erosion, although the
flow velocities are low. This is not considered as a significant failure mode.
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Consequence Evaluation

Flood Control District of
Maricopa County

•

•

15. Importance of Good Consequence Scenarios. The CAP canal should be evaluated
relative to its influence on the effects of dam failure and relative to its response to
inflows from the dam. Develop an understanding ofthe importance ofthe CAP canal
and the buffer zone between the dam and CAP canal (and flows into wasteways) to
handle and store flows.

16. Dam Breach Characteristics. Owing to the stiff, clayey, unsaturated embankment
soils, it is anticipated that the rate of development ofa breach at Vineyard Road FRS
will be relatively slow. The weight of evidence indicates that the embankment
material possesses a relatively high resistance to erosion. . It is expected that
breaches involving both overtopping and internal seepage erosion failure modes
would be narrow and take a long time to form. Relevant case histories of dam
breaches involving similar embankment materials include the Church Rock tailings
dam near Gallup, New Mexico and the Clear Creek dam near Winslow, Arizona.

17. Importance of Incremental Damage Analysis. In the process ofRisk Analysis, it will
be important to route floods ofdifferent frequencies (peak and volume) through the
reservoir and spillways to estimate the recurrence interval of incipient overtopping.
The studies should include comparison of inundation limits from spillway flows
versus inundation from combined spillway and overtopping flows and the incremental
damage created by overtopping Differences may be small. Thus, the results of this
study may be the factor that determines the need to raise the dam.

Action Items - Risk Reduction or Investigations

18. Risk Reduction Measures. Measures that may be taken by the District at the present
time and in the near future to potentially reduce and mange risk include: (1) Ensuring
that the crest of the dam is kept level at design elevation; (2) Continue monitoring the
impoundment levels during storm events (this includes both remote and as well as on
site monitoring) with observations during and after floods focusing on the potential
failure modes identified in this assessment; (3) Provide training to O&M crews
regarding identification of earth fissure development and other key observational
parameters such as evidence of seepage erosion processes.

19. Lack of Stability Analyses. FMCA recommends that slope stability analyses for the
embankment and the central filter be documented. A record of a stability analysis for
the original design or the modifications has not been found.

General Findings That Are Informational And/Or Generally Similar For All Three
Darns

20. Differential Subsidence is On-Going. General ground subsidence in the region
continues.

21. Ability to Understand the Potential for Fissure Development and How to Detect and
Monitor Development ofFissures. The FMCA team discussed the mechanism for
potential earth fissure development and concluded that the conditions exist along
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certain portions of the dam for earth fissures to develop. The team recognized that
settlement surveys can identify areas of earth fissure risk and special instrumentation
such as time domain reflectrometry and fiber optics sensors may be capable of
detecting earth fissures at the time of formation.

22. Small Floods May Assist in "Detecting" Fissures. The FMCA team recognized that
earth fissures form instantaneously in the cemented alluvium below the Holocene
surface layer and may extend to hundreds of feet in depth, but may not translate
through the Holocene layer to the surface at the time of their formation. Flow in small
channels over the alluvial fan surface during small floods may create erosion features
in the Holocene soils revealing the fissures. Thus, inspection after small floods may
provide a practical means of detection ofearth fissures. Small floods, which are
much more likely to occur than major floods, which could threaten loss of the dam,
may thus provide an early warning for the detection and subsequent repair of an earth
fissure.

23. Central Arizona Project Canal. The CAP canal should be evaluated relative to the
effects ofthe various modes oidam failure. The FMCA team concluded that the
CAP canal may help reduce the impacts of dam failure by allowing ponding to occur
behind the upstream embankment of the canal and reducing the magnitude of the
peak breach outflow (this is because the canal section would be the actual "dam
failure breach". On the other hand, the CAP canal may under certain circumstances
potentially cause an increase in flooding should the canal fail due to a controlled
discharge from the dam or a "small" dam failure outflow or an emergency spillway
discharge.

24. Groundwater Supply Wells. The FMCA team determined that, depending upon their
radius of influence, new groundwater supply wells might increase differential
subsidence and the risk of earth fissuring. Further studies are warranted to establish a
minimum setback distance for new water supply wells that will prevent significant
effects on differential subsidence. It is AMEC's preliminary estimate that wells near
the dam and in the general vicinity have a radius of influence of approximately one
mile.

25. Broad Based Value ofRisk Assessment. The District observed that the FMCA (risk
assessment) discussions have broad-based value in risk reduction as they seemed to
apply to all aspects ofthe dam safety program.

26. Impact of Test Cells. A "long time" was taken to fill the test cells with water (22
hours for Cell 2 and 44.5 hours for Cell 3) - this could have resulted in swelling of
the clay soils and thus avoid a rapid flow through a crack capable of seepage erosion.
The number oftests run relative to the length ofthe dam was statistically not
adequate. Action Item: Conduct ponding tests for future evaluations.

•

•

Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories as follows. Except in special cases, only
those potential failure modes in Category I will be considered in the risk (quantitative)
analysis phase ofthe risk assessment exercise.
• Category I - Failure modes of greatest significance
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• Category II - Failure modes of lesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently available

to make a judgement on the significance of the failure mode. The development of
additional data and information is warranted. Additional records research may be
justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.

•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

For each ofthe potential failure modes identified, a Failure Mode Description is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the Failure Mode Description. fu
addition, any identified potential actions for risk reduction for each potential failure are
then provided.

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Failure from Overtopping ofDam Crest D.ue To Very Large Flooding Events
Approaching the PMF (Category I).

(Note: This failure mode for Vineyard FRS was highlighted in order to emphasize the
importance of taking action relative to obtaining an accurate survey of the elevation of
the crest surface, spillway crest and outlet invert and relative to ensuring that the crest is
maintained reasonably level at the design crest elevation. However, the failure mode will
not be carried into the quantitative analysis because ofthe remoteness ofthe floods
necessary to produce the possibility of an overtopping failure.
Failure Mode Description: Hydrologic studies conducted on behalf of the Flood Control
District for Powerline, Vineyard Road, and Rittenhouse FRS (James M. Montgomery
JMM, June 1985) indicated that there is a potential for Vineyard FRS to be overtopped by
the full PMF storm event. The estimated amount of overtopping was reported in the cited
report as a maximum height of 0.45 feet with a total overtopping duration of five hours.
Overtopping ofVineyard FRS would occur at the low point of the dam crest (which
appeared to be significantly below design crest based on available but potentially suspect
survey data). As overtopping flows increased erosion ofthe crest and downstream slope
would occur leading to an eventual breach of the dam.

Adverse Factors:
(1) Possible deviation in crest elevation of a minimum of0.5 feet to a

maximum of 1.5 feet.
(2) Two sections ofdam 1,000 feet each were designed 1 foot lower (near

each abutment).
(3) Reservoir tilting may have lost some storage surcharge.
(4) Transverse cracks would enhance the erodibility.
(5) Evidence of erosion from rills on face of embankment from rainfall.
(6) Additional inflows come from the spillway at the adjacent Rittenhouse

FRS reservoir (this flow contribution needs to be confirmed for the flood
routing for Vineyard Road FRS that it was accounted).
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• (7)

Flood Control District of
Maricopa County

The critical hydrologic condition may be a sequence of multiple (back to .
back) storms or the 24-hour event.

•

•

Positive Factors:
(1) Hydrologic studies for Vineyard FRS indicate overtopping to occur only

for floods very near the full PMF, which would be a very remote event.
(2) The site specific PMF may not be as high as the JMM PMF.
(3) PMF is a rare event.
(4) There are high transmission losses in the upstream watershed.

Potential Actions for data collection and for Risk Reduction:
(1) Confirm dam crest profile elevation.
(2) Verify capacity ofVineyard Road FRS.
(3) Raise and level crest as necessary to return to design elevation.
(4) Construct the buffer zone (area between downstream toe of darn and CAP)

and CAP canal to receive and pass discharges from overtopping of
Vineyard over the side bank of the canal ifnecessary.

Consequences:
(1) Buffer zone between dam and CAP canal exists downstream of the darn.
(2) Relatively low level ofpopulation below dam.
(3) District has extensive easement upstream and downstream ofdam

District can control of development.

Failure From Potential Earth Fissure(s) Through The Dam Embankment In
Association With A Significant Flooding Event (Category I).

Failure Mode Description: The presence of existing earth fissures in the vicinity of
Powerline FRS which is adjacent to Vineyard Road FRS demonstrates the possibility for
an earth fissure to manifest itself at the Vineyard dam embankment. An earth fissure
could cause a structural failure of the embankment by opening a crack through the
structure. Alternatively the fissure could potentially undermine the dam embankment by
abruptly causing separation of structure at the foundation with the dam bridging the
fissure. lfthe fissure occurred in association with a large flood the structural failure from
the fissure would provide a path for a seepage erosion breach. Potentially there will not
be a high level of water impounded during fissure expression. In such a case there would
be a minimal loss ofwater.

Adverse Factors:
(1) High tensile strains in middle region of dam indicating the possibility of

fissure development.
(2) Dam is located in region ofhigh-risk zone of subsidence.
(3) Recent (1984) and very recent (2000) evidence of earth fissures in vicinity

ofPowerline dam, which is adjacent to Vineyard. A fissure developed just
west of site near Powerline FRS.

(4) Settlement is continuing at the structure.
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(5) Good documentation of fissures and subsidence in the area.
(6) Localized groundwater pumping (deep high capacity wells).
(7) Likely existence ofHolocene soils under dam foundation.
(8) Fissure likely not to be seen until flooding occurs.
(9) Potentially more groundwater wells from possible development especially

at south end of structure.
(10) Development tends to mask potential fissures.
(11) Possible displacement (but no real evidence here).
(12) Flooding not frequency related.

•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Positive Factors:

•

(1)

(2)

(3)

(4)

(5)
(6)
(7)
(8)
(9)

Awareness of existing fissures and fissure development. Can be
monitored. District has large easements around structure.
Requires flood to initiate fissuring/potential breach sequence. Small floods
may cause fissure to express as surface manifestation without failure.
Central Arizona Project canal provides a distinct, observable marker to
help identify fissure development on the downstream side ofthe dam.
Can be used as a "warning" flag.
Probability of fissure developing/manifesting itself for the first time
concurrent with a large impoundment is low.
Effect ofcentral filter - reduces impacts ofwater loss from impoundment.
Fissure takes a lot ofwater but also could be plugged.
Flow direction uncertain.
Where dam is on resistant soilless potential for erosion.
Further south on Vineyard the lower the chance of fissures because of
away from bedrock highs (below ground).

•

Potential Actions for Risk Reduction:
(1) Recommend ajoint agency fissure/subsidence-monitoring program.
(2) Segment dam into smaller dams.
(3) Training O&M crews to know signs of fissure development.
(4) Because small floods may initiate fissuring and thus provide advance

warning of the potential presence of a fissure under the dam, inspections
after rain events should include not only the dam but also the
impoundment area and the areas downstream of the dam.

(5) Adjust easement further out to control development.
(6) Recharge instead ofpumping.
(7) Fissures should be monitored if discovered.
(8) Employ CAP canal as a visual indicator of developing fissure.

Failure From Seepage Erosion Through Transverse Cracks Causing Breach OfDam
In Association With A Major Flooding Event (Category I).

Failure Mode Description: Potential for impounded water to infiltrate and flow into a
transverse crack(s) existing in embankment prior to the major flooding event or a
transverse crack that develops in association with the flooding. The transverse crack
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allows the entry of a great enough flow ofwater to initiate seepage erosion and breaching
failure. Two modes were identified for failure: Mode A - Failure through a large (wide)
transverse crack that extends across the central filter, and Mode B - failure through entry
of flow through multiple upstream longitudinal and transverse cracks, water flows to /
through a flaw in the central filter and begins seepage erosion (and loss of central filter
material) through a downstream transverse crack. Generally, the mechanics of the
potential failure need to be linearized such that there is an upstream transverse crack(s) or
inflow zone lined-up with a defect in the central filter, which in turn is lined-up with a
downstream transverse crack(s).

•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Filter defect allowing passage ofwater to produce seepage erosion could

be caused by segregation of filter material, cementation of the filter
material, internal instability of the filter and/or loss of filter through
downstream crack).

(2) Of the three structures at this location Vineyard had the most extensive
cracking currently and the most extensive cracking observed in trench
mappmg.

(3) Potential for cementation of central filter and sustaining a crack. (See
appendix for documentation from NRCS during Signal Butte

. investigations).
(4) Lots ofcracks to carry flow to filter (documented 3,000 plus cracks).
(5) Presence of transverse settlement cracks.
(6) Presence ofupstream longitudinal cracks which could be feeders to

transverse cracks.
(7) Transverse cracks may go to bottom.
(8) Documentation in trench mapping of transverse cracks to 4 inches in

width.
(9) Interconnectivity of transverse and longitudinal cracks (evident ofother

District structures such as Buckeye FRS dams).
(10) No drain for filter.
(11) Hydraulic fracturing by reservoir pressure could widen downstream crack.

Positive Factors:
(1) Formation of filter cake demonstrated in NRCS test cells Vineyard Road

FRS.
(2) Coarse filter material placed - harder to erode.
(3) Properties of embankment soils may limit the maximum breach and size

of discharge. Low anticipation oflarge breach outflow. Flows may not be
that different from emergency spillway flow.

(4) Time to cause erosion short (time for water in impoundment less than 10
days).

(5) Need a lot of feeders to initiate seepage mechanism - Mode B.
(6) Foundation soils pre-wetted on downstream half of dam section.
(7) Filter meets filter criteria.
(8) Filter placed with tremie - minimize segregation.
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(9) More clayey zones and less erodible.
(10) Ponding tests showed no water in central filter.

Flood Control District of
Maricopa County

•

•

Potential Actions for Risk Reduction:
(1) Evaluate the need for finger drains.
(2) Monitor cracks and develop crack mapping program.
(3) Train O&M crews on mechanism oftransverse and longitudinal crack

formation.

Consequences:
(1) Evaluate incremental damages from dambreak scenarios.
(2) Select breach parameters for three modes: fissure, transverse crack,

foundation failure.
(3) Estimate flow into interbasin area with and without inflow from

Rittenhouse (interbasin is area between Vineyard Road FRS and CAP
canal).

(4) Get flow information for CAP canal and operational parameters.
(5) Run dambreak for dam.
(6) Estimate breach parameters for CAP canal.
(7) Run dambreak for CAP canal.
(8) .Develop consequences for each scenario.

Failure From Seepage Erosion Resulting From A Flow Path Through Foundation
And Along The Dam/Foundation Contact (Category I).

(Note: This potential failure mode has three potential failure pathways. Pathways A and
B were rated as Category I potential failure modes. Pathway C was rated as a Category II
failure mode and is located in the section under Category II).
Failure Mode Description: This potential failure mode is initiated by transverse and
longitudinal cracks carrying water to foundation in contact with Holocene soils. Path A
is initiated by flow into longitudinal and transverse cracks that do not extend through the
central filter but do extend to the foundation materials. Path B is initiated through flow
into differential settlement cracks with an upstream source of water (impoundment). Path
C is initiated from flow through remnant upstream borrow areas that potentially have
exposed gravels through which a seepage pathway develops through buried channels into
the foundation Holocene materials. Generally the potential failure mode mechanism is a
loss ofreservoir via the development of erosion/piping tunnel and a subsequent breach of
dam via downstream embankment slope collapse.

Adverse Factors:
(1) Do have materials that are highly erodible (Holocene soils below the

cutofftrench - see soil borings in Vineyard Road FRS appendix).
(2) The foundation was not pre-wetted to the extent done for Rittenhouse

FRS.
(3) Have a high degree of cracking.
(4) Some silt and fine sand lenses exist.
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• (5)
(6)

(7)

Flood Control District of
Maricopa County

Have seen longitudinal cracks on upstream slope and toe.
More intense storm grouping may be more critical - may facilitate
seepage erosion.
For Path B source ofwater is impoundment in conjunction with settlement
cracks, which may extend to foundation.

•

•

Positive Factors:
(1) Need significant storm event.
(2) Time for formation and erosion is long compared to time of impoundment

(impoundment time less than 10 days).
(3) Erodible materials only in some locations (20% of the dam

approximately).
(4) Central drain interrupts and collects flow.
(5) Need high degree of open fracturing.
(6) Crack has to extend all the way through to foundation and occur in

erodible materials and clear to downstream.
(7) For Path B settlement cracks may not extend to foundation.

Potential Actions for Risk Reduction:
(1) Need to evaluate existence ofHolocene soils in foundation ofdam.
(2) Need to prepare and continue crack mapping.
(3) Remedial measure is to add drain to filter.
(4) Failure mode mainly impacts the lower half of the downstream toe

(downstream portion only).

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL)

Failure from Seepage Erosion due to Piping through Foundation (Category II 
Considered hut not highlighted).

(Note: This potential failure mode has three potential flow paths. The Failure Mode
associated with flow paths A and B was rated as Category I potential failure modes and
was presented above. The potential for the Failure Mode associated with flow path C
was rated as a Category II failure mode and is presented as follows).
Failure Mode Description: The Failure Mode from pathway C is initiated through
remnant upstream borrow areas that potentially have exposed coarse materials (e.g.,
sands and gravels) in contact with reservoir water which provides a seepage pathway
through buried channels to Holocene materials in the dam foundation. Generally the
potential failure mode mechanism is a loss ofreservoir via the development of a seepage
erosion or piping tunnel and a subsequent breach of the dam via downstream
embankment slope collapse into the erosion tunnel.

Adverse Factors:
(1) Do have materials that are highly erodible (Holocene soils below the

cutofftrench.
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• (2)

(3)
(4)
(5)
(6)

Flood Control District of
Maricopa County

The foundation was not pre-wetted to the extent done for Rittenhouse
FRS.
Have a high degree of cracking.
Some silt and fine sand lenses exist.
Have seen longitudinal cracks on upstream slope and toe.
More intense storm grouping may be more critical- may facilitate
seepage erosion.

•

•

Positive Factors:
(1) Need significant storm event to occur.
(2) Time for formation and erosion is long compared to time of impoundment

(impoundment time less than 10 days).
(3) Erodible materials only in some locations (20% of the dam

approximately).
(4) Need a free exit on the downstream toe or downstream of dam to effect the

process.
(5) Hydraulic head difference between emergency spillway and principal

spillway is low.

Potential Actions for Risk Reduction:
(1) .Need to evaluate existence ofHolocene soils in foundation of dam.
(2) Need to prepare crack mapping.
(3) Remedial measure is to add drain to filter.
(4) Failure mode mainly impacts the lower half of the downstream toe

(downstream portion only).

Failure from Potential Erosion ofAbutments During Spillway Discharges (Category II
- Considered but not highlighted).

Failure Mode Description: Vineyard Road FRS has two emergency spillways - one
located at each abutment. The emergency spillways are earth-lined limited service
spillways. High velocity flows in the spillways could potentially erode the abutments of
the dam causing loss of reservoir. One erosion process would be direct erosion of the far
end of the abutment which forms the approach channel. This embankment is not
protected but velocities are less than farther down the spillway. The second erosion
process would be erosion ofthe training dike, which would then allow spillway
discharges to begin eroding the abutment of the embankment (which is in effect just the
embankment wrapped around to form the spillway channel).

Adverse Factors:
(1) The abutments are not protected from erosion either from slope erosion

from rills or from high velocity flows in the spillways. (The FMCA team
estimated a range of spillway velocities for different spillway flows-design
capacity (6,400 cfs per spillway @ 6.9 ft/s) and up to full capacity from
top of dam to emergency spillway crest (12,884 cfs per spillway @ 9.1
ft/s))
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• (2)
(3)

Flood Control District of
Maricopa County

Evidence of existing erosion.
Off-road vehicles causing gullying and ruts on abutment slopes
exacerbating the erosion potential.

•

•

Positive Factors:
(1) Low velocities around inner bend of spillway approach channel.
(2) A low consequence of erosion occurs at upper end.
(3) NRCS may have designed the abutments as sacrificial zone - abutments

are one-foot lower that dam crest in elevation.
(4) Training dikes protect abutments.

Potential Actions for Risk Reduction:
(1) Monitor emergency spillway performance during flood events.
(2) Monitor training dikes and abutments during flood events.

Failure from Potential Embankment Slope Instability (Category II - Considered but
not highlighted).

Failure Mode Description: Potential embankment slope failure due to internal pressure in
the central filter.

Adverse Factors:
(1) No drl:j.in outlet for central filter. Potentially could cause long duration

head and development of a phreatic surface (pore pressures) within
downstream slope.

(2) No stability analysis was located from previous studies. (none from
original design or from the remediation with a central filter).

(3) Presence of numerous longitudinal and transverse cracks during its
history.

(4) No consideration of presence of central filter.
(5) Potential ofhydrostatic head in longitudinal crack.
(6) Some sections downstream founded without excavation into native

materials (thus sliding could occur on weak uncompacted deposits that
were near the ground surface prior to construction).

Positive Factors:
(1) No evidence ofpast slope instability - no evidence of slope slumping.
(2) Vineyard Road FRS has an upstream cutoff trench.
(3) Low driving head.
(4) Low internal pore pressure.
(5) Trench for central filter stayed open without problems as demonstrated

during construction activities for the central filter (25-foot depth trench).
(6) Some impoundment has occurred.
(7) Excellent compaction and quality control for construction.
(8) High cohesion.
(9) Slope generally are adequate at upstream 3:1 and downstream 2:1.
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(10) Some settlement has taken place.

Potential Actions for Risk Reduction:
(1) Conduct stability analyses.
(2) Watch for slope distortion - integrate monument data.
(3) Confirm design slope by survey.

Flood Control District of
Maricopa County

•

•

Failure from Piping around Principle Spillway (54-inch Reinforced Concrete Pipe)
and Five Abandoned Irrigation Outlets (three 24-inch and two l8-inch RCPs)
(Category II - Considered but not highlighted).

Failure Mode Description: Infiltration ofwater into embankment material around pipe
and irrigation outlets and is carried away due to seepage erosion along the pipe or due to
piping leading to formation· of an erosional tunnel, caving and formation of a breach
failure.

Adverse Factors:
(1) Cutoffcollars difficult to compact embankment materials around RCP

pIpe.
(2) Loose materials beneath pipes.
(3) -Possibility of differential settlement/collapsible soils.
(4) P.I.'s relatively high but average 13.
(5) Shrinkage/linkage at the compaction boundary (drying shrinkage could

take place and form a crack at the "natural boundary" just at the edge of
the cutoff collars where the means of compaction/moisture conditioning
may have been different).

Positive Factors:
(1) The principal spillway pipe is located on a concrete cradle.
(2) Five cutoff collars on 20 foot spacing.
(3) Collars interrupt potential shrinkage cracks.
(4) The outlet is ungated - less time for piping to develop.
(5) It would take a long time to develop a seepage erosion flow path or piping

flow path with relatively small head.
(6) The central filter was constructed around cradle and pipes.
(7) The outlet was tested several times (from stormwater impoundments) with

good performance. No evidence ofproblem during impoundments.
(8) Reinforced concrete pipe material - good performance with RCP, meets

regulations.
(9) Large 54-inch diameter pipe - easier to inspect.
(10) RCP pipes and not CMPs.
(11) Documentation indicates that irrigation pipes are plugged with concrete.

Potential Actions for Risk Reduction:
(1) Video interior of spillway pipe.
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• (2)

(3)
(4)

Flood Control District of
Maricopa County

Monitor spillway outlet and inspect during regular inspections and during
flood events.
Locate and mark abandoned irrigation outlets on embankment slopes.
Verify plugging of irrigation pipes.

•

•

Failure from Seepage Erosion due to Flow/Seepage Erosion through Animal Burrows
(Category II - Considered but not highlighted).

Failure Mode Description: Small animal burrows have been documented in previous
inspections and field visits to the dam. The burrows are primarily due to ground squirrels
and/or kangaroo rats. The potential failure mode is water impounded on the upstream
face of the dam would infiltrate into the animal burrows. The infiltrated water would
initiate seepage erosion ultimately leading to an expanded erosion tunnel, collapse of
material from above the tunnel and breach on the dam.

Adverse Factors:
(1) Longitudinal and transverse cracks appear to be target zones for burrowing

animals due to their being already open.

Positive Factors:
(1) Impounded water is available only for a short time at high elevations in

reservOIr.
(2) Length and depth of cracks not great enough to go through dam.
(3) District has a rodent abatementand rodent repair program.

Potential Actions for Risk Reduction:
(1) Continue abatement and repair program.

CATEGORY 111- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS

No Category III potential failure modes were identified by the FMCA team for Vineyard
Road FRS at this time.

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE

Failure from Potential Erosion ofEmergency Spillway During Spillway Discharges
(Category IV).

Failure Mode Description: The emergency spillway is a limited service earth-lined
spillway. Spillway discharges from extreme events could potentially damage the
spillway floor and/or initiate headcut erosion into reservoir causing loss of reservoir.
There would be little adverse consequences from this erosion- the main potential adverse

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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consequence is relative to reduced flow capacity - this may increase overtopping
potential -'-- this seems extremely unlikely to be significant factor.
Note: Vineyard Road FRS has two emergency spillways, one located at each abutment.•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Adverse Factors:
(1) The discharge velocity from the PMF event is estimated at 6.9 feet per

second.
(2) No control sills to interrupt potential head cut.
(3) Damage to spillway basin and training walls at higher flows.
(4) No erosion protection for end of either left or right abutments.

Positive Factors:

•

(1)
(2)

(3)
(4)

(5)
(6)

(7)

No drop at end of spillways to initiate erosion.
Founded on strongly cemented clayey sand at level approach section of
right spillway. (This is noted in Powerline FRS construction sheet 6 of 10
dated December 31 1964 - Powerline FRS and Vineyard Road FRS right
emergency spillway are located on same area).
Discharges in spillway are directed away from dam.
Powerline and Vineyard Road principal outlets tailwater at downstream
end ofright emergency spillway - creates energy dissipation.
Relatively short duration of flows in spillway. .
Left spillway ends with flat area then a rise to CAP canal- no drop to
initiate headcut.
Right spillway - outlet channel provides a drop but would be full ofwater
from principal spillway or emergency spillway itself.

•

Potential Actions for Risk Reduction:
(1) Monitor emergency spillway performance during flood events.
(2) Monitor training dikes and left abutment during flood events.

Failure from Potential Seismic Activity Impacting Structure (Category IV).

Failure Mode Description: A seismic event occurs that impacts structure by opening or
expanding existing transverse cracks (this then leads to the earlier described transverse
crack failure mode).

Adverse Factors:
(1) Natural variations in geology (rock profile, soil depth) amplify ground

motions to cause localized higher acceleration values.
(2) Brittle nature ofdam embankment.

Positive Factors:
(1) Theoretical analysis for small strain- showed no sign of adverse effects

from seismic shaking.
(2) Dam is already segmented and broken up.
(3) Flood event with earthquake is very rare event for consideration.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

• (4)
(5)

Opportunity to view in advance.
No shallow groundwater - no liquefaction impact.

Flood Control District of
Maricopa County

•

•

Potential Actions for Risk Reduction:
(1) Examine and inspect dam and outlets and surrounding ground after

earthquake (greater than a minimum of 0.05g) and high potential fissure
areas.

4.0 SUMMARY AND CONCLUSIONS

Vineyard Road FRS was constructed pursuant to a relatively modem dam design.
Construction appears to have been without any particular issues. The dam has performed
normally and satisfactorily for 34 years except for cracking after the first major
impoundment and the continuation of cracking since that time. The structure is
satisfactorily maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance of occurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure mode~ are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

Four Category I potential failure modes were identified by the FMCA team. The
Category I failure mode related to Overtopping due to a flood event approaching the PMF
will not be carried into the quantitative analysis portion of the risk assessments at this
time as it is considered to be a very remote possibility. The Category I potential failure
modes identified that were considered most significant and appropriate for consideration
in the risk assessment were failure due to an earth fissure, failure due to seepage erosion
through transverse crack(s) causing a breach, and failure from seepage erosion through
Holocene soils left in the foundation. The likelihood of these failure modes, however, is
dependent on the presence or rapid development of a seepage erosion path at the time of
major flooding from an earth fissure, from a transverse crack through the central filter (or
a flaw in the filter), or from a tunnel through the Holocene foundation deposits. The
length of time for any of these failure mechanism to develop is considered to be long
compared to the time that water is impounded in the reservoir (less than 10 days) but they
are all physically possible.

Awareness, monitoring, and understanding transverse crack development, and earth
fissure development, and training (classroom training) ofmaintenance and operation
teams about the possibility of these potential failure modes are key risk reduction actions

Kimley-Horn and Associates, Inc.
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that appear warranted. Training should include before, after, and during
inspections/flood events. Other risk reduction measures include a joint agency
fissure/subsidence-monitoring program, and/or evaluation of segmenting the dam into
smaller dams.•
Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

There are not a large number ofpeople and structures at risk in the flood path in the event
ofa spillway discharge or dam failure by breach. There could be a likely chance that
casualties could occur due to a dambreak or spillway discharge. A very significant
consequence of dam failure would be the adverse impact on the Central Arizona Project
canal. Conversely, depending on the magnitude of the dam failure outflow, the canal
could mitigate the adverse consequences ofdam failure. This appears to be particularly
true for any seepage erosion or piping type failure. It is highly recommended that an
individual emergency action plan be developed for Vineyard Road FRS.

VINEYARD FRS APPENDIX - FMCA REFERENCE MATERIALS

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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•

Structures Assessment Program - Phase I
Vineyard Road FRS Failure Mode and Consequences Report

Vineyard Road FRS south end looking north.
Photo date: October 2001 Photograph Copyright Kimley-Horn and Associates, Inc.

Flood Control District of
Maricopa County
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Flood _ral District of Maricopa County
Structures Assessm'ent Phase II
Investigation of Cracking
AMEC Job No. 0-117-001122
FCD Contract No. 2000C006
Assignment 2, Vineyard FRS
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Vineyard FRS investigation of Cracking
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FloodItro, District of Maricopa County
Structures Assessment Phase II
Investigation of Cracking
AMEC Job No. 0-117-001122
FCD Contract No. 2000C006
Assignment 2, Vineyard FRS

-- Original Natural Ground
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e

Vineyard FRS Investigation of Cracking
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Floodt1ttrol District of Maricopa County
Structures Assessment Phase \I
Investigation of Cracking
AMEC Job No. 0-117-001122
FCD Contract No. 2000C006
Assignment 2, Vineyard FRS
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Vineyard FRS ~nvestigation of Cracking
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Flood .trol District of Maricopa County
Structures Assessment Phase II
Investigation of Cracking
AMEC Job No. 0-117-001122
FCD Contract No. 2000C006
Assignment 2, Vineyard FRS

•
Vineyard FRS ~nvestigation of Cracking
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Flood_trol District of Maricopa County
Structures Assessment Phase II
Investigation of Cracking
AMEC Job No. 0-117-001122
FCD Contract No. 2000C006
Assignment 2, Vineyard FRS
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Vineyard IFRS investigation of Cracking

-- Original Natural Ground

Bottom of Shelf

-- Bottom of Central Filter

.. Crack Intensity

._- Dam Crest

-- Bottom of Upstream Cutoff Trench

Average Major Crack Width

-- Average Crack Length

Maximum Crack Length

I§ Max. Major Crack Width

1580.0 I I , 1--,- 1.1 . ---t---- I 1 I -~l~__ iLl -70 70.0

1575.0 , , . "
, , . " ",- I , .. ,.

" ~ I ,i -6.0 _r6O
.
0

IIi en
.1 ______ I \l; CI>1570.0 I l ~ I H I f ~ \; t l I " I. i I I ! () ~ J:

-5.0 <.> 50.0
~ l: :i'- U

J: m
~

Itt~Jtt~rl t.
0 ..... ug 1565.0 I

I 1J ';;3
(j ti ~ -4.0 ~ 40.0 CD

I:
~ ~0 :.: -<.>:0::

~\) Cll £nl --1 I I -- L-, [, '-> I i U Ul.!l! 1560.0 (10 \) -3.0 ... 30.0 I:
W

-~ 0 CD...-
\\i 'iii' I:
~ :2: .¥
(!" E u

o it 8' CI11555.0 I~ r ::l ~

>. --2.0 E 20.0 0
i ll!A- ~;

><.. ~ ~ Cll
2:

1550.0 I I ~. u ... 02 -1.0 ~··IO.OA-

li.
@ (j

• ~
<iiill I1545.0 I llU '-0.0 L-.O.O

345+00 347+00 349+00 351+00 353+00 355+00 357+00 359+00 361+00 363+00 365+00

Station



• •• -••0<'"-. • ...... :
.........

..... :~:: .;:.'.:" •
upstream

1590--.-,--
Downstream

.-..- ...---.._-~ 1590

1570

... -.--..-- ······-1560
4.1

50/4.

--...-.- •••-•.-•...-.--•.- .....-... --.•.....5lJJ6".

----.-.-----.. --- - --.- -·---..·"4ii-:::t6.0·_-..·..··--·-- .--.-----.-.-.-.--.....

--d-~-;;;- -.----.-.--- --.--.---- .. -.---.---.--..---..--- ..-- - -- .36

________ . .__. ._.__. _._... 28.~__..... ._. .. .__~.~~~;..~_- __-_~_~:_:~:_: ••. . ~~... --.--.---.. ---- ...-.-.--------.-.... ..:..-. _._._._____________._. __ .... _ .. _________._+_ 1540

1560

~~~~~-}-~~~~-~------~~--------
___ 54 75 -------.----.---- ..

_ •._______. ~BH1~~2..._ 55 I rOriglnalGroundSurrace -·---··----·---·1-'-1580

BH124+~1 . 45 -·---····-------28- -.- - -.-----

1570-/-----.------====;;::::::=== . 4.4 . 7.9 ----- ------------........... ~ _ =--=--=-=- 47 _ !~ -23 9.5_. ·-B-H124~-------·---··--·,

25 ::--------.----:- 'I -9.8 - - - - - - - ..!..!!--.-..----------...---.,

for--..--.-.---- ----.~- _ _ 66 5.8

.NIlllve.-... ------=-...- -.-..--.--+4-""1\. I - --- ._-~.- -5~i-·-·-----·-----·--·--·-··-

Native

1540

53~ 6.8 t 33---~- --...------..-----------~--102----------e2 5.8"---'--~~~---·---34- liil, .

....4' m e:.-.__ x ~-L . _.. . --...-5OI~--l--.----- ..... ---- ...---... ----1--15501550-/ --_.--.--- .-----.-. ·---5lJJ6"J-8~~-·------·-----·· 51 9.7 28~ 9.8 IiCiI8"

_. __ .~.§'.(33~lI!>' _

i
~

~
i= 1560

~
iil

1530J - . . ._.. . . . . . . ..._.._.. __ .. .. .. . . . .~__ . .._ ...._.._._._..._. ._. .. ._. ..... ._....L 1530

CROSS-SECTION: Station 124+00
SCALE: l'=10'

Notes:

--L
31' (25'N)

BoringJ LLocation
Depth, feet Relative to

Cross-SecIlon
Station .

50/6" ~ 4.1

Blowcount J LMoIsture
(SPT of Content

Ring Sampler)

Native Indicates delineation between
native and embankment soils based
on field descriptions.

JOB NO.

DESIGN:

DRAWN:

DATE:

SCALE:

0-117-001122 Task 2

LAH

GWH

712001

1'=10'

VINEYARD FRS
INVESTIGATION OF CRACKING

CROS~EcnONSSHO~NG

BORING.LOCATIONS
SHEET 1 OF4

amecG
.. . .. "~: . ..-.:.-y "':...
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CROSS-5eCTION: Station 186+00
SCALE: l'=10'

Notes:

--L
31' (25'N)

~J LLocauon
Depth, feet RelaUve to

ClOS8-SacIIon
StaUon

50/6" ~ 4.1

Blowcount J LMol$ture
(SPT of Content

RIng Sampler) .

Native Indicates deUneaUon between
naUve and embankment solis based
on field descriptions.

JOB NO.

DESIGN:

DRAWN:

DATE:

SCALE:

0-117-001122 Task 2

LAH

GWH
712001

1'=10'

VINEYARD FRS
INVESTIGATION OF CRACKING

CROS~EcnONSSHO~NG

BORING LOCATIONS
SHEET20F4

amecG
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CROSS-SECTION: Station 200+00
SCALE: 1" =10'

Notes:
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31' (25'N)
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Depth. feet Relative to

Cross-SeclIon
Stetlon
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Blowcount J LMoIsture
(SPT of Content

Ring Sampler)

Native Indlcates delinea1lon between
native and embankment solis based
on field descriptions.

JOB NO.

DESIGN:

DRAWN:

DATE:

SCALE:

D-117-OO1122Tesk2
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712001

1"=10'

VINEYARD FRS
INVESTIGATION OF CRACKING

CR~cnONSSHOWING

BORING I.,OCAnONS
SHEET30F4

ame~

.,. ..... ......



-------e.
...~

.-f. • e
."", ~

1550

1560

1540

... -~ 1560

Downstream

1590

5oi4·~.9
. --.....-- -. -. - ---..-~- ..--.- _. -- ~4:·_25:3--..52

26'

Upstream
1590 ------....- ...-.--------.....-----.-.-----.----..- ........-.-.-.....---- .....

62-1 49
..- -- -- _69.=1_._..__ -- --1---··-·------..---·..·-·---···---·- '---40·-1·- ---- -- .

15A 42

36'

1550

1540 ~-c-•. - -.-~.:..--._--.- - -_-.- -.--.-.---·-··- ..-·-- ·---·--··--·m-.:J13:7---.. ·· .

15"~=~===~=-~~==-===-====-:--~~=··_· f----
_. __. .___________ .____ ;"__1__:~.-----~-~~=---=:-.-~~~~=.~~OrigJnaiG~;;~dSudace --- ..--

1570 -.-BH.215+()0"5--~~-~=~ __.. 5016112" 60' --.----.---.-----.--. - .. ---

!H '14 50/4'- -irii------·-------··-· --- I Canllal Drain" - - - -. -- - - - - - -=-:;-- -f'...-----·------·------··.. ---.-... -.------------..-.---1-1570

i,... ------ v --=-=-===:- - __ __ _ _.--- --- ------:- _._-,- ;;_=-.--=-=_==_=_=_=_=-=---c::._= ~ BH21.....

w ~ U=~==~=;-----: --.-------~- ;'- ..~- ---:~--~!=--- .- ..-.- L-.~:.---. -.--__.. _.. .. __ ...__._. .:d_8~_.
_ _ ... 60 37 Lnnits of 10018"

51 45 SMi"- 3r- - ..--- ...-..... -.................. . I Overexcavalion. . .---.--66-- '72 .. __ ._ ... _.__._.._. ._._....._.__ .... ....._.._.. __62._, .__..._
2.9

42

1530 -'.---.-.-.--------.-..-----.-----.--~--.- -- - - .. 1530

CROSS-SECTION: Station 215+00
SCALE: 1" = 10'

Notes:

--L
31' (25'N)

8<HingJ LLocation
Depth, feet Relative to
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StatIon
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Blowcount J LMoisture
(SPT of Content

RIng Sampler)

Native indicates delineation betwaen
naliVe and embankment soils based
on field descriptions.

JOB NO.

DESIGN:

DRAWN:

DATE:

SCALE:

0-117-001122 Task 2
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GWH

712001
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VINEYARD FRS
INVESTIGATION OF CRACKING

CROSSoSECTIONS SHOWING.
BORING LOCATIONS
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ame&
Sta 124+00 48' RLOCATION

Vineyard FRS

JOBNO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

8. -~
c SURFACE ELEV.

~ 'O~
_0

~
~ 1!Q) '6~::3> ! ... ot:: lI)u DATUMQ) Q) 88 !1:c'(j)

al~t ~~O ~ Q. Q.

~~
c!l8..~ ~~~~Gi EO) E E d(,;-§ !:~ VISUAL CLASSIFICATIONc!l.5~ 1\1 1\1

~8~c REMARKSiii~lf Cl..9 II) II) iii~ au :5u
0

/// !X S 12-16- SC slightly moist CLAYEY SAND, trace of silt, trace of fine

~
"u grained, subrounded to subangular gravel,

very firm predominantly fine grained, subrounded to
subangular, low plasticity

~ Stage I cementation (weak HCL reaction,

X
S 32-22- filaments), moderate brown (5YR, 4/4)

~
:lU

~ X
s 24-24-

5

~
"u

SM SILTY SAND, predominantly fine grained,

X
S 14-16- slightly moist subrounded to sUbangular, low plasticity

1I:i
Stage I cementation, (filaments, weak HCLvery firm to firm reaction), moderate brown (5YR, 5/4)

note: trace of clay from 6'6" to 9'; light brown (5YR,

1111

U 22 5/6) below 9'
10

I

\ I s 16-24-

A ou SM SILTY SAND, trace to some fine grained,
slightly moist subrounded to subangular gravel, predominantly

fine grained, subrounded to subangular, low

hard to very firm plasticity

X
s 18-20- Stage II cementation (nodules, CaC03 laminations,15 :lti moderate HCL reaction), pale brown (5YR, 6/2)

note: medium to coarse grained sand layer from
14' to 15'

XS 22-
Stage III cementation below 17'6" (nodules, strong

'---' oU/4'
HCL reaction, thin CaCo3 layers)

Stage II cementation below 24' (filaments, weak to
moderate HCL reaction), light brown (5YR, 5/4)

XS 24-
20 0010'

I

," .. "

Xs 30-
oU/o'

17-19-

LX s "q I

25
GROUNDWATER SAMPLE TYPE :

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

:sz
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG'OF TEST BORING NO.8H124+00-1y T -1" 0.0. thin-walled tube sample

S!. 0- 2.5" 0.0. 1.9" 1.0. tube sample

1:
C - California tube sample

9
Gz

•

•

•



arne
Sta 124+00 48' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

~ -~
<: SURFACE ELEV.

~ 'OJ;!
_0

fi ~ ~~ ;g'B
CI) ! 88 If!_= !1:c'~ "til;:

DATUM

'i ~~O
:c Q. 8~.!.! .aGlell3: moe;;

Gl Co E E :tell .!Il'l: E ~ ~~f!Cl ott:: ~'.Q8.5.f iii~& CloS IIJ '" iii~ .3::> ~8~c REMARKS VISUAL CLASSIFICATIONen IIJ _0 ~o

25

X· SM SILTV SAND, continued

note: light brown (5YR. 5/6) below 27'

IX
S 22-40-

40

"

Stopped Auger at 27'
Stopped Sampler at 28'6"

30

35

40

45
I

50
GROUt-;lDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A -Drill cuttings; NR - No Recovery Page 2 of 2

'Sl-
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample LOG'OF TEST BORING NO.BH124+00-11: T -1" 0.0. thin-walled tube sample

'5l. 0- 2.5" 0.0. 1.9" 1.0. tube sample

.'¥
C - California tube sample

Cl

9

•

•

•



amecfJ
Sta 124+25 29' RLOCATION

Vineyard FRS

JOBNO 0-117-001122 Task 2 DATE 6122/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
! -~

c SURFACE ELEV.
~ -:I:

_0

iU I?: CCIl ·o~
~> til !_~.2' DATUMu CIl CIl 88 c ... ~ l/)u

.s::. ~ Q.. Q.. ~!.2 ~j~~ 1~Q. m _CIl~ E E ~~ ""til
~m·- l!!Cl ~ . .c .- c ~ ~

~.5.f '" '" ~8lfo
'co!! REMARKS VISUAL CLASSIFICATIONoo:::a Cl.3 l/) l/) iii~ o~8 :;)0

0

~
SC slightly moist Man-made FILL

X
S 27-23- CLAYEY SAND, some well graded gravel from 0

~
LL firm to very firm to 1', predominantly medium to coarse grl1lined

sand, subangular to subrounded, weak HCL
reaction, medium plasticity, light brown (5YR, 6/4)

~ IX
S 11-17- note: predominantly fine to medium grained sand

;jU below 2'6" with occasional coarse grained lenses

~
with trace of fine grained gravel

note: small root fragment at 10'

IX
S 9-12-

5

~
'I"

~ moist at 7'6"

~ 'X
5 9-13-

10

10 ~
II U 31

II

~
~ II U 37

~
II

15 III :: U
78 CL NATIVE

slightly moist SANDY CLAY, some silt, predominantly fine to
medium grained sand, medium plasticity

hard
Stage II cementation below 14'6" (considerable soft
CaC03 nodules up to 1" diameter, strong HCL
reaction), light brown (5YR, 6/4)

IX
S 15-23-

;)U note: increase in silt content & trace of gravel
at 17'6"

20 IX
S 17-30- SM SILTV SAND, considerable clay & trace of

;j;l slightly moist predominantly fine grained gravel, predominantly
I medium to coarse grained, subangular to

hard subrounded, low to medium plasticity
Stage II cementation (strong HCL reaction,
considerable various-sized nodules up to 3/4" in
diameter), light brown (5YR, 6/4)

I IX
5 23-40- CL ~ANUY (.;LAY, preClomlnantly meCllum to coarse

4U slightly moist grained sand & some silt, subangular to
subrounded, medium plasticity

15-23- hard
, IX S ' ~t!

25 'l////

: GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

'5l I
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG' OF TEST BORING NO.SH124+00-2~

I T - 1" 0.0. thin-walled tube sample

'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

1':
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



amec.'fJ
Sta 124+25 29' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122Task2DATE 6122101

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c· SURFACE ELEV.

~ ~:c
_0

~
"§~ Ul

e!cc'~ ~~ DATUM
-! ~ 88 c .. ¢:! "Ole

~ _G>= ~~
~21..2 ~.eG>~ G>Ul

1i) c. E E ""Ul

d.s.f 'EM£: EO> III III 5~-g ·0 5 ~ ~ .- III REMARKS VISUAL CLASSIFiCATIONoa:::::::!E "oS II) II) iii;ol! _U ::::!EUll.O :So
25

IX' CL slightly moist SANDY CLAY, continued, considera!;lle silt &
predominantly medium grained sand

very firm to hard
Stage III cementation (considerable smail soft
CaC03 nodules starting to coalesce with
considerable filaments, strong HCL reaction), light

!X
S 15-16- brown (5YR, 6/4)

..:u
note: silty clay below 27'6" with trace of sand

30

~ !X
S 9-12- SC CLAYEY SAND, considerable silt & trace of

1 r slightly moist gravel, predominantly medium to coarse grained
sand, subangular to subrounded, medium plasticity

f

firm Stage II cementation (some small, soft CaC03
nodules, trace of filaments, strong HCL reaction),

\ Iioht brown (5YR, 6/4)
stoppedAugerat~~·o·

Stopped sampler at 31'

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

~
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3".0.0.2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH124+00-2l: T - 1" 0.0. thin-walled tube sample

SI- 0- 2.5"0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



amecf3
Sta 124+00 3' RLOCATION

Vineyard FRS

JOBNO 0-117-001122Task2DATE 6/15/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/S" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ .... 1:
_0

Cii
c<II '6~::I> til

l!!c~'~ DATUM.., <II <II 88 c: .... = en..,

i :E C. i5. £!l 8..Y .a<ll<ll~ "i~
1ii _<II~ Co E E ~~ .!!!c~~ 5 til

£!l.5~
;§"\;i.- EO) III III r5~8 §O REMARKS VISUAL CLASSiFICATIONa::E e>,3 en en iiie#! ~8cfo

0

~
SC slightly moist Man-made FILL

IX
S 23-32- with CLAYEY SAND with SANDY CLAY zones,

"L."L. ~. firm to hard considerable well graded gravel on the ground
...v ...... surface, predominantly fine to medium grained

~
sand, subangular to subrounded, medium plasticity,

II U 55
light brown (5YR, 6/4)

~
II note: light brown (5YR, 5/6) below 7'6"

~
note: trace of fine grained gravel below 9'6"

5 iX S 14-14-

~
14 note: sandy clay zones up to 6" to 12" thick

~
~X

S 11-12-
11

~
~X

S 9-11-
10

% lL

~
~ II II

U 32

~
~ IX

S 10-12-
15

~
13

~/// I S 14-19-

~
1/\ HI SC NATIVE

moist to CLAYEY SAND. considerable clay in lenses,

slightly moist predominantly fine grained sand with medium

I11I

U 44 grained zones. medium plasticity
20

~ firm to hard
I Stage II cementation (considerable CaC03

~
filaments, strong HCL reC'!ction in zones), moderate
brown (5YR. 4/4) below 20'

~
note: some silt below 22'6"

IX
S 15-16-

~
11

12-16-

~ IX S Hl
25

GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

'Sl-
S - 2" 0.0.1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sampie
LOG OF TEST BORING NO.BH124+00-3~ T - 1" 0.0. thin-walled tube sample

~
0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



amecfi
Sta 124+00 3' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6115/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 65/8" Hollow Stem Auger
8. i~

c SURFACE ELEV.
~ ~ 01: =s:§.. ::>~ III DATUM1! CI> CI> 00 i~~ ~1: c·~ UJu

Uu "C!E

i - =E~~
Q. Q.Q.

~CI> C 8..~ ~SB~ Cl>1Il

G)c m <'5.3'
E E 00::: ~ . .c ·-c ... ~ ""Ill

'" '" Ill::>
~8~c

°cJ! REMARKS VISUAL CLASSIFICATIONC._lJ. co::::a UJ UJ iii~ cau ::JU

25

I
[X CL slightly moist SILTY CLAY, considerable sand in zones·

medium plasticity ,

firm to very firm
Stage II cementation (considerable CaC03
nodules), moderate brown (5YR, 4i4)

IV S 6-9-
10

1/ \ SM SILTY SAND, predominantly fine to medium
slightly moist grained, sUbangular to sUbrounded, nonplastic, light

30 IV S 7-13- brown (5YR, 6/4)
l;j firm

1/ \ CL
note: trace of gravel in zones with medium to
coarse arained sand lenses below 29'6"
SILTY CLAY, trace of sana In lenses, medium
plasticity

slightly moist

IX
S 10-14- Stage III cementation (considerable CaC03,

l;j firm to very firm nodules, strong HCL reaction), light brown (5YR,
6/4)

35 IX
S 12-18-

.oI.U

IX
S 12-18-

ll:1

40 iX S 12-18-
LU

Stopped Auger at 39'6"
Stopped Sampler at 41'

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

'¥ none
S - 2" O.D. 1.38" I.D.tube sample

!:
U - 3" O.D. 2.42" I.D. tube sample

LOG OF TEST BORING NO.BH124+00-3T - 1" O.D. thin-waned tube sample

:t- D - 2.5" O.D. 1.9" I.D. tube sample

1':
C - 2.5" O.D. 2.0" I.D. tube sample

•

•



•
PROJECT

JOB NO

Vineyard FRS

0-117-001122 Task 2 DATE

II U 100/11"

6/6/01

SM

LOCATION

RIG TYPE
BORING TYPE

SURFACE ELEV.
DATUM

REMARKS

arne
Sta 124+33, 40' L
CME-75
6 5/8" Hollow Stem Auger

VISUAL CLASSIFICATION

CLAYEY SAND, predominantly fine grained;
subrounded to subangular, low to medium plasticity

Stage I cementation (weak HCL reaction,
filaments), moderate brown (5YR, 4/4)

J
\

note: uncemented above 0.5' & small diameter
roots present

Stage I cementation (weak HCL reaction), light
brown (5YR, 5/6)

Stage I cementation (weak HCL reaction), light
brown (5YR, 5/4)

~ILTY SAND, predOminantlY Tine grained,
subrounded to subangular, low plasticity

Stage II cementation (1/4" nodules & grain
coating), light brown (5YR, 5/4)

~IL I Y ~ANU, trace OT Clay, predomlnanny Tine
~rained, subrounded to subangular, low plasticity

Stage I cemented (filaments, moderate HCL
reaction), light brown (5YR, 5/6)

SAND, trace oT TIne grained, subrounded to
subangular gravel, trace of silt, predominantly
medium to coarse grained, subrounded to
subangular, nonplastic

firm

hard

hard

dense

slightly moist

slightly moist

slightly moist

slightly moist

\

SM

SM

SM
15-

ou/o

II
II U 94

SP slightly moist
f--f-----If-----l---+---!1

IV S 25-
P OU/4'

CLAYEY SAND, predominantly fine gramed,
subrounded to subangular, low to medium plasticity

IX~S-+-~7-_8_-9---J.__-l--__--+-__~ L __h_a_r_d__--t_si:ftifa,.gveillilcerKmrrerniit:;ati~'o;;-n-;;:(rifil~a;;m;.;e~nts;;fr;;' w;;fea~k*HhrnC,"L;;;:r.;;;:r_-j, reaction), moderate brown (5YR, 4/4)
~ILTY SAND, trace OT Tine grained, suorounded
to subangular gravel, predominantly fine grained,
subrounded to subangular, low plasticity

1/\
1\/ S

/// SC

5 1---1~ ~I---f----',S15;j.,...,.--+-2tj8---1------+---------11

'///

101----1

15t----i

•

SILTY SAND, trace of fine grained, subrounded
to subangular gravel, predominantly fine grained,
subrounded to subangular, low plasticity
Stage II cemerltation (nodules, moderate HCL
reaction), light brown (5YR, 5/4)
Stopped Auger at 24'6", Stopped Sampler at 25'

SAND, trace to some predominantly fine grained,
subroundedto subangular gravel, trace of silt, well
graded, subrounded to subangular, nonp'lastic

Stage I cementation, light brown (5YR, 6/4)

SILTY SAND, trace OT Tine grained, suoangular to
subrounded gravel, predominantly fine grained,
subrounded to sUbangular, low plasticity

Stage II cemenation (nodules, filaments), light
brown (5YR, 5/4)

LOG OF TEST BORING NO.BH124+00-4

hard

very dense

slightly moist

slightly moist

slightly moist

very firm to hard

SM

IYI-S-+-2-..9~""U3r-5--r- __+-_-+-_SP---I

IXI-S-+-1_3~~20_3--r-__+-_-+-_---,-I

[XI-S-hoI:'72urn5/t""-j'-1---+---1------1

1/ \

201----1

(!)

9
(!)

z X S 50/6"
.•ii:L-,-_2_5,,'t-,--_-_-_-:-=G~R~O~UfN~D:!-:W:.:.~.:.;A~T~E::.i::R.;J..-.;;. .:::.;.;;;,~...J...--SJ..A~M""'::P~L~E~TY~P~E~-'---------...J-----------------~

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 1
M S - 2" 0.0. 1.38" 1.0. tube sample
-¥- none U - 3" 0.0. 2.42"1.0. tube sample_. /-----'---1----+-----1
.L T - 1" 0.0. thin-walled tube sample
"' 0 - 2.5" 0.0. 1.9" 1.0. tube sample
-'!-L-----I----+-----1 ..- C - Califomla tube sample
~'---__-'--_---J'---__'-'



amec!J
Sta 139+00 63' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! ~~
c SURFACE ELEV.

~ '0:1:
_0

B :>~
~ ... ¢! ecc'~

;g~ DATUM<D <D 88
i =.l!!~

:c c.. c.. t!l 8..9 ~.l!!<DS:
'O!E

C. ~&!
<D'"Gi l!!Cl E E ~ • .0 '0 C ~~ 00:'"

t!l.slf .t: m·-
~.s

.. ..
iii~

"':> :a8o..o §ij REMARKS VISUAL CLASSIFICATIONoo:::a UJ UJ o:Su
0

~X
S 8-8- SC slightly moist CLAYEY SAND, predominantly medium to ,fine

11 grained, subrounded to subangular, uncemented,

~ firm low to medium plasticity, moderate brown (5YR,
4/4)

SM note: plant roots UP to 0.5"

IX
S 5-6-7 SILTY SAND, predominantly TIne gralneo,

slightly moist subrounded to subangular, low plasticity

moderately firm Stage I cementation (filaments), light brown (5YR,

Ii U 14 5/4)
5 II note: sand & gravel layer from 10'6" to 11'

11111

U 12

10 IX
S 5-4-

'I":

1\ / S 9-9-9

;/\ SP SAND, trace to some subrounded to subangular
slightly moist gravel, trace of silt, predominantly medium to

coarse grained, subrounded to subangular,

medium dense uncemented, nonplastic, light brown (5YR, 5/6)

15
\ / S 14-28-

1\ 44 SM SILTV SAND, trace of fine grained, subangular to

,

subrounded gravel, predominantly fine grained,

slightly moist subangular to sUbrounded, low plasticity to
nonplastic

XS 48- hard to very firm Stage III cementation (large nodules, CaC03
"--' OU/..' seams & layers), light brown (5YR, 5/6)

note: light brown (5YR. 6/4) below 17'6"

Stage" cementation (moderate HCL reaction),X S 50/
20 01/":' grayish orange pink (5YR, 7/2) below 23'

I

t><
S 34-50/

:> 1rL:

23-26-

lX S ":.:J
25

GROUNDWATER SAMPLE TYPE .

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

'5l
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH139+00-1~ T -1"0.0. thin-walled tube sample

:l- 0- 2.5" 0.0.1.9" 1.0. tube sample

.1Z
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



ame&
CME-75

VISUAL CLASSIFICATION

6 5/8" Hollow Stem Auger

Sta 139+00,63' R

REMARKS

LOCATION

RIG TYPE
BORING TYPE
SURFACE ELEV.
DATUM!

~~
E E
lU lU

C/) C/)

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/5/01

PROJECT

•
25 t---+-:--:--kIV:---7I-t---+--~t----+-8:::;P;::c--j

'j\t----t---'--t---t--!------J

Xr--
S

-r-
1
_
4

;_ts

1

_

O

--+-__t--_-+_--1

slightly moist

medium dense

SAND, trace of silt, some predominantly fine
grained, subangular tosubrounded gravel, well
graded, subrounded to sUbangular, nonplastic

note: predominantly medium to coarse grained
sand below 26'

Stage I cementation (weak HCL reaction), light
brown (5YR, 5/6) below 26'

hardI

30 1-_-+.....,.."'T""l'+\~~/S-r:2~6-~4F-5-+_~f-_+-:::-:,.,-+- -+........;-:;::;;:,...,...........:;-:::===:7o:'":'-:::-:-,;:-:-:::-:::~:-:- __-i

II 1/\ OUt 8M SILTY SAND, predominantly medium to fine
. ). '---' .;) IlL slightly moist grained, subrounded to subangular, low plasticity

Stage III cementation (strong HCL reaction,
CaC03 coated gravel), pale brown (5YR, 6/2)
~toppeaAugerat~9'o·

Sampler refused at 31'

•
35t----I

40t----I

451----1

LOG OF TEST BORING NO.BH139+00-1

Cl
g

•
~m~ '--_50-;:'-1-..,.-_-_-_-.:,...:..:\-..::."'"':..:"'"'.:,~:-:-~\C::-=~:.:..."":......l ':":-=-:---,-'-..J..,.__..l-__J..-__l.--_~_~__-'- ....J

GROUNDWATER SAMPLE TYPE
DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

S - 2" 0.0. 1.38" 1.0. tube sample
~ f- f-n;.;:.o;.;.:ne=-t --I U - 3" 0.0. 2.42" 1.0. tube sample
~ 1-- 1-_-+ --1 T - 1" 0.0. thin-walled tube sample
.7. 0 - 2.5" 0.0. 1.9" 1.0. tube sample
~1-----1---+-----1 C - 2.5" 0.0. 2.0" 1.0. tube sample
~ '--__-..J.__-'-_~_-'



ame
Sta 170+00 45' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

, .

RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! .,.~
c SURFACE ELEV.

~
Cal ~ '0:2: ~:§::I> l!! .. ¢:! l!!cc'~ en.., DATUMJ:! al 88 'Ole.c :E Q.1i. t!l~.E ~J!!flS:'lS. CD =Ef6~

Q. E E ~~ ~~
t!l.slf

l!!01
'" '" d~"9 ·OC:U~ ·c..!!! REMARKS VISUAL CLASSIFICATIONoa:::::iE G.3 en en iii~ _U :::iE8l1..0 :JU

0
///

IX
S 18-16- SC slightly moist CLAYEY SAND, predominantly fine grained,

~
14 subrounded to subangular, uncemented, low..

plasticity, moderate yellowish brown (10YR, 5/4)firm
SM

note: predominantly well graded sa·nd from 0 to 0.5'
tilL I Y tiANU, trace oT nne graIned, subrounded

IX
S 13-15- . to sUbangular gravel, predominantly fine grained,

1;; slightly moist sUb~ngularto sUbrounded, low plasticity

firm to Stage I cementation (weak HCL reaction), low

!X
s 8-10- moderately firm plasticity, light brown (5YR, 6/4)

5 11
note: predominantly medium to coarse grained
sand from 7'6" to 8'6"

'/111

U 21

II ::
U 21

10

SM SILTV SAND, trace of fine grained, subrounded

XS 12-13- slightly moist to subangular gravel, predominantly fine grained,

n subangular to sUbrounded, low plasticity

firm to hard
Stage" cementation (moderate HCL reaction,
small nodules), pale yelloWish brown (1 OYR, 6/2)

XS 7-50/ note: pink grayish orange (5YR, 7/2),
15 o 1/L' predominantly well graded sand at 15'

Stage III cemention (strong HCL reaction, CaC03
seams) below 15'

.c;.S 50/4" note: predominantly medium to fine grained sand
from 19' to 22'

6
S 28-44-

20 oUl
I .. II.!.

XS 28-50/
o 1/L'

27-50/

25 IX S 41/L'

GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

SZ
S - 2" 0.0.1.38" 1.0. tube sample

none U - 3"0.0, 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH170+00-1y T -1" 0.0. thin-walled tube sample

:5l o- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2;0" 1.0. tube sample

•

•



arne
Sta 170+00 45' RLOCATION

Vineyard FRS

JOBNO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

I

RIG TYPE CME-75

BORING TYPE 6 5/S" Hollow Stem Auger

~ -~
c SURFACE ELEV.

~ 'l5:l:
_0

iii ~ COl ·o~:»
~ ...= l!!cc'~ lIJu DATUMu -! Ol 88

~

'E~~
~ c.. ~~.y .a Ol Ol:S:

"I:l!E
~Ol Glrna. Qj f!Cl E E 00:: ~ui-g .~c ~~

q::rn

~;5lf
.. .. §o REMARKS VISUAL CLASSIFICATIONCO:::::ii: Cl..9 lIJ lIJ iii~ c.eu :::ii:8c..c

25 III ~. SM SILTV SAND, continued
Stopped Auger at 24'6"
Sampler refused at 25'S"

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE i

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

'Sl
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" J.D. tube sample LOG'OF TEST BORING NO;SH170+00-1.Y T - 1" 0.0. thin-walled tube sample

':l 0- 2.5" 0.0. 1.9" J.D. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



arne
Sta 186+00 55' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! 1;i~
c SURFACE ELEV.

~ -0:1:
_0
'0 i:

~
::J~ ~ . l!!cc'~

(f.)u DATUMCD CIl 88 ~a~ 'giiJit 'Q. 'Q. .aCl>CIl~
Gi _CIl~ Co E E ~&! .!!!cE~ l;::Ul

c3.sLf 'E"lli.- c3B (II (II d.8"9 ~8~c §O REMARKS VISUAL CLASSIFICATIONca:::E (f.) (f.) iXi~ _U

0

!X
S 28-16- SM slightly moist SILTV SAND, trace of fine grained, subrounded

lb to subangular gravel, predominantly fine grained,

very firm subrounded to subangular, uncemented, low

~
SC

plasticity, moderate brown (5YR, 4/4)

\ note: small diameter roots in upper l'

~X8 4-6- _~" ... SAND, trace OT predominantlyu Tine
-14 grained, subrounded to subangular grave',

slightly moist predominantly fine grained, subrounded to
SP subangular, low to medium plasticity

5 IIII U
31 firm

Stage I cementation (weak HCL reation, filaments)
moderate yelowish brown (10YR, 5/4)

I v ~ANU, trace OT clay, predominantlY
fine grained, subrounded to sUbangular gravel,
predominantly medium to coarse grained,

II II U 36 slightly moist subrounded to subangular, nonplastic

~ " "
SC

medium dense Stage I cementation (weak HCL reaction,

~
filaments), moderate brown (1 OYR, 4/6)

note: thin (0.01') lenses of medium to coarse

10
;8 18-30- arained sand

~ l\ ::IU SC ..,..,... ,.. 5AND, trace of slit, predominantly
medium to fine grained, subrounded to subangular,

slightly moist low plasticity

SM
Stage I cementation (weak HCL reaction,X8 29- firm
filaments), moderate brown (5YR, 4/4)

::IU/::I'

note: thin (0.01 ') lenses of medium to coarse
arained sand.! .. _~ ,... SAND, trace OT Silt, predominantly Tine

.2S.8 35-50/ slightly moist grained, subrounded to subangular, low plasticity
15 ;j l/L'

hard Stage II cementation (nodules, grain co_atings),
moderate brown (5YR, 4/4) to light brown (5YR,
5/6)
51L I Y ::iANU, trace OT clay, trace to some nne

X
8 29-26- grained, subrounded to subangular gravel,

;jU predominantly fine grained, subrounded to

.. slightly moist subangular, low plasticity

., Stage III cementation (thinCaC03 layers, stronghard

~
8 42-

HCL reaction), grayish orange pink (5YR, 7/2)

20 ::lUIS note: medium to coarse grained sand from 16'6" to
I

18' exhibiting Stage 1/ characteristics, moderate
brown (5YR, 4/4)

IX 8 50/
::I -IU:

Stopped Auger at 24'6"
50/ Stopped Sampler at 25'

IX 8 ::I llL'
25

GROUNDWATER 8AMPLETYPE

DEPTH(ft) HOUR DATE A· Drill.cuttings; NR - No Recovery Page 1 of 1
8- 2" 0.0. 1.38" to. tube sample

:5l none U ·3" 0.0. 2.42" to. tube sample LOG OF TEST BORING NO.BH186+00-1~ T- 1" 0.0. thin-walled tube sample

~
0- 2.5" 0.0. 1.9" to. tube sample

~
C - 2.5" 0.0. 2.0" to. tube sample

•

•



arne
Sta 185+45 27' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6-21-01 & 6-22-01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 'O~
_0

1i ~~ ~BCD CD 88 ~ ... ¢:! l!!cc'cp DATUM

f :s. D. D. d !ij ~SCDS: ]~
~ _CD~ E E ~~ '='"

~iU.- l'!!Cl
d~8

.- c~~ §od.5~ Cl..3 .. ..
ii5~ ~8lfo REMARKS VISUAL CLASSiFICATIONc:::lE I/) I/)

0 8M slightly moist Man-made FILL
II U 58 SiLTY SAND, some clay & well graded gravel,

II hard well graded sand, subangular to subrounded, weak
HCL reaction, low plasticity, light brown (5YR, 6/4)

note: considerable gravel from l' to 2'6" with

~
S 33- increase in clay at 2'6"

0014'

~
~ S 50/4" 8C Man-made FILL

5 slightly moist CLAYEY SAND, some silt, predominantly

~
medium to coarse grained, subangular to

hard subrounded, weak HCL reaction, medium
plasticity, light brown (5YR, 5/6)

~ note: well graded sand below 9'6", with occasional

IX S 24- thin sandy clay lenses

~
OU/tf moist at 8'

:X S 20-40-
10 OU/l:f

~~
X

S 10-25- SM NATIVE
;;u slightly moist SiLTY SAND, trace of predominantly coarse

grained gravel, predominantly medium to coarse
grained sand, subangular, low plasticity

11 :: U
65 Stage I cementation (weak HCL reaction), light15

brown (5YR, 5/6)
8P

note: increase in fine grained gravel & some clay
below 14'6"

v SAND, some Silt lSI clay,

.11 :: U
75 slightly moist predominantly fine grained gravel & medium to

coarse grained sand, subangular to subrounded,
uncemented, nonplastic to low plasticity

hard
Stage I cementation, light brown (5YR, 5/6)

;11 ::

U 15 8M SILTY SAND, trace of predominantly fine grained
20 slightly moist gravel, predominantly medium to coarse grained

I sand, subangular to sUbrounded, low plasticity

moderately firm Stage I cementation, moderate brown (5YR, 4/4)

///
Illll

U 80 8C CLAYEY SAND, predominantly medium to

% slightly moist coarse grained in zones (well graded overall),

~
subangular to subrounded, medium plasticity

15-20-

IX S ~o

25 .///

GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

:sz " none
S - 2" 0.0. 1f38" 1.0. tube sample
U - 3" 0.0. 2.42" 1.0. tube sample LOG'OF TEST BORING NO.BH186+00~2:t: . T -1" 0.0. thin-walled tube sample

"5l- o -2.5" 0.0. 1.9" 1.0. tube sample

3Z
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



ame&
Sta 185+45 27' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6-21-01 & 6-22-01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! ... ~ c SURFACE ELEV.
~ 'O~

_0

16
CCD '0 :g
"'> l!!"'ll:! (l)u DATUMu CD CD 88 ~cc~ -ole

t =E-m~ £. 1:1. 1:1.
~&!

8 8..~ .!!!~~~
CD ..

Gl f!Cl E E d''&> ~~ VISUAL CLASSIFICATION8.sJf III III 1l'" ~8~o REMARKSoo:::E e>.3 (JJ (I) ii'il>'! _u ;:,u
25

~ IX SC slightly moist CLAYEY SAND, continued, occasional thin silty
Wltn clay lenses below 25', medium plasticity

~
vL. hard

Stage II cementation (strong HCL reaction, some...v"w~

~
soft CaC03 nodules), light brown (5YR, 6/4)

IX
S 27-35- note: some to trace of fine grained gravel

~
4U below 27'6"

Stage III cementation (considerable large CaC03
- - /-

nodules, strong HCL reaction), light brown (5YR,

IXS
23-37- CL

30 bU 6/4) below 28'
SANDY CLAY locally grading to SILTY CLAY,
some silt, predominantly medium grained sand,
medium to high plasticity

slightly moist Stage III cementation (considerable soft, large

IX S16-40- CaC03 nodules), light brown (5YR, 5/6),
41 hard occasional black manganese-oxide stain around

particle borders

note: silty clay with trace of sand below 32'6"

35 IX
S13-20-

4-1 note: some short CaC03 filaments & considerable
small nodules below 34'6"

!X
S19-24-

:.:~

Stopped Auger at 37'6"
Stopped sampler at 39'

40

45
I

50
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

'Sl-
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3"0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH186+00-2-Y T - 1" 0.0. thin-walled tube sample

:I- 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



amecfJ
Sta 186+00 4' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/14/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

8- :;:~
C SURFACE ELEV.

~ 02:
_0

iV ~ Cell 'o:m::J> VI DATUM.!:! ell ell 88 1: ..=~ccf
m.,

:§. _eII= ~ 15. 15.
~&!

88-.!:! al~
Gi Co E E

VI ell ell
!E[G

;§&1~ Eel ~ . .0 .-c E~
8.s!! e>.3 ca ca

iii~ oJ!8 ~8tfo :5u REMARKS VISUAL CLASSIFICATIONm m
0 SM slightly moist Man-made FILL

IX S 22- SILTY SAND, some clay below 2'6", considerable
OUIO hard gravel on the ground sUrface, predominantly fine to

medium grained, subangular to subrounded, low
plasticity, light brown (5YR, 5/6)

IX
S 15-32-

;:l4

/// ~
S 32- SC Man-made FILL

5

~
OUIS CLAYEY SAND, trace of fine grained gravel,

slightly moist predominantly fine to medium grained, subangular
to subrounded, medium plasticity, light brown (5YR,

~
hard

6/4)

note: considerable silt below 17'6"

X
S 20-44-

I
::Its

10 " U
100/11"

Jl

~
~ V( S 36-

OUIO'

~ IX
S 17-35-

15 0010'

~
~
~

S 41-42-

~
00/4

III ::
U 65 SP NATIVE

20 slightly moist SAND, trace of predominantly coarse grained
I gravel & clay, predominantly medium to coarse

hard grained sand, subangular to subrounded,
uncemented to weakly cemented, nonplastic to low
plasticity, light brown (5YR, 5/6)

.I

IX
S 7-8-9 SM SILTY SAND, predominantly fine grained,

slightly moist subangular to subrounded, nonplastic to low
plasticity,

7-12- firm to very firm note: possible Stage II cementation at 22'6" (weak

IX S . :'::1
HcL reaction), light brown (5YR, 6/4)

25
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A· Drill cuttings; NR - No Recovery Page 1 of 2

~
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING NO.BH186+00-3y T - 1" 0.0. thin-walled tube sample

'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - California tube sample

•

•



Sta 186+00 4' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6114/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

So -~
c SURFACE ELEV.

~
~

'l:Q) ~ 'l5~ ~i:J> Ul
l!!'l:'l:'~ DATUMQ) Q) 88 Ca-~

R c. c. ~ So.Y ~-SlQ)S:
"t'!E

'Iii --Sl~ Co E E ~~ .lUI
~.5af ~""-

eel
'" '"

~ . .0 '0 C ~ ~ §ij REMARKS VISUAL CLASSIFICATIONo::::E Cl.3 (/) If) iiS~ e 1l 8 :E8a.e
25 ·1.1 1\/

~
1/\ SC CLAYEY SAND with SANDY CLAY zones, trace

Wit"· slightly moist of fine grained gravel below 32'6", predominantly

~
.c,,-c medium to coarse grained sand, subangular to

'"'I''''''' very firm to hard subrounded, medium plasticity

~ III :1

U 44 Stage II cementation (nodules, strong HCL
reaction), light brown (5YR, 6/4) below 25'6"

~ IX
s 16-33-

30 oUI

~
;;) II"

~
~ IX

s 18-20-
"i."L.

~
IX

s 7-30- SM SILTV SAND, some clay, predominantly fine to
35 oUI slightly moist medium grained, subangular to subrounded,

;;) ':1I<+ nonplastic to low plasticity

hard
Stage II cementation (strong HCL reaction in
zones, considerable CaC03 around gravel
borders), light brown (5YR, 6/4)

IX s 21-501
51/2' note: clayey sand lenses below 37'6"

[X s 17-501
40 ::> lU

rx s 48-

Stopped Auger at 42'6"
Stopped Sampler at 43'2"

45
I

•

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR· No Recovery Page 2 of 2

~
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING NO.BH186+00-3.Y .. T - 1" 0.0. thin-walled tube sample

:l 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - Califomia tube sample

•

•



arne
Sta 186+00 50' LLOCATION

Vineyard FRS

JOBNO 0-117-001122Task2DATE 6/6/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 'O~
_0

B
CGl

~~"> ! ... = DATUMGl Gl 88 ~~~~ "i~t _Gl= :c Q. Q. d Bo.!:!
~

Co E E ;=Gl
~ • .Q .~1:~~ ~~d.5.f 'EiU£ l!!Cl

'" '"
00::

REMARKS VISUAL CLASSiFICATION00::::= e>'s CI.l CI.l iii:#! oJ!8 ::=811.0 ::>u

0

IX
S 22-13- SM slightly moist SILTY SAND, predominantly medium to fine

u grained, subrounded to subangular, uncemented,

firm low plasticity, light brown (5YR, 5/6)

1\ / S 6-10-

1/\ 1;' SP-SM SAND TO SILTY SAND, trace to some fine
slightly moist grained, subrounded to subangular gravel,

predominantly medium to coarse grained,

IX
S 8-8-8 medium dense subrounded to subangular, uncemented,

5 nonplastic, moderate brown (5YR, 4/4)

Stage I cementation (thin & discontinuous, CaC03
SP 1\ coated grains) below 5' .

SAND, trace to some fine grained, subrounded to

,II II U 45 slightly moist subangular gravel, predominantly medium to

III II SM coarse grained, subrounded to subangular,

medium dense nonplastic

Stage I cementation (weak HCL reaction, thin
coatinas), Iiaht brown'l5YR 5/6) .

10
\/5 25-50/ SILTY SAND, predominantly Tine gralneo,
/\ 011.£ SM slightly moist subrounded to subangular, low plasticity

Stage II cementation (moderate HCL reaction,very firm
nodules, thin layers of CaC03), light brown (5YR,

X 5 50/6"
5/4)
~IL I Y ~ANU, preoomtnantly Tine gralneo,
subrounded to subangular, low plasticity

Stage III cementation (nodules, thin CaC03
slightly moist lenses), light brown (5YR, 6/6)

15 X5 42-
note: increase in medium to coarse grained sandOUlO· hard
from 16'6" to 18'6" & from 24' to 26'

X5 24-26-
L~

20
2S,5 50/4"

NK
I

!.2S. 5 50/3"

32-36-

lX S 4~

25
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

'Sl
5.2" 0.0.1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH186+00-4.Y T -1" 0.0. thin-walled tube sample

:l. 0.2.5" 0.0.1.9"1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

Cl

9

,;

•

•



JOB NO. 0-117-001122 Task 2 DATE

•
PROJECT Vineyard FRS

6/6/01 LOCATION

RIG TYPE
BORING TYPE
SURFACE ELEV.
DATUM

REMARKS

ame&
Sta 186+00, 50' L
CME-75

6 5/8" Hollow Stem Auger

VISUAL CLASSIFICATION

SILTY SAND, continued

Stopped Auger at 24'6"
Stopped Sampler at 26'

•

301----1

351----1

401---1

LOG OF TEST BORING NO.BH186+00-4

C)

9

• 1,--_5rO~:::=G~~R~0~U=N~D~W~A~T~E:R~=::=.,---J,----l.S-A-M-P-LE-.l.TY--PE--L~----,----.l..----,,--~~"""",-~------------l
DEPTH(ft) HOUR DATE A - Drill cuttings; NR - NoRecoveryPage 2 of 2

" S - 2" 0.0. 1.38" 1.0. tube sample
-¥- f--__--+_no....,n_e-1-----\ U - 3" 0.0. 2.42" 1.0. tube sample
~I-----f-----+~----t T - 1" O.D. thin-walled tube sample
~ 0 - 2.5" 0.0.1.9" 1.0. tube sample
.:g...1-----+-----i'-------1 .'07 C - 2.5" 0.0. 2.0" 1.0. tube sample
~'--__-J--=-__' --'



ame
Sta 185+94 73' RLOCATION

Vinexard FRS

JOB NO 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
So :::~

c:: SURFACE ELEV.
~ 'O:§,

_0

0; ~ C::CD
~~::»

l!!~¢:! DATUMu -l ell 88 i"5i~~_ell¢:! :a 1i. t!l So.!2 "05

i ;=CD CD.,
Gi E E "".,=E1G~ f!Cl olr ~ . .c 'oClii~ §O REMARKS VISUAL CLASSIFICATIONt!l.5~ '" '" .,::>

OIr:E <!loS en en iDeo'! o:!:!u :E81l.0
0

X
S 9-8-7 SM slightly moist SILTV SAND, trace of clay, trace of fine grained,

subrounded to subangular gravel, predominantly

firm fine grained, subrounded to subangular,
uncemented, low plasticity, light brown (5YR, 5/6)

note: moderate yellowish brown (10YR, 5/4) in
S 8-13- upper 6"

1;\ 1:':: SP-SM v ~ANU, trace to some silt,
predominantly fine grained, subrounded to

slightly moist subangular gravel, predominantly medium to

IX
S 6-6-7 coarse grained, subrounded to subangular,

5
medium dense

nonplastic

Stage I cementation (weak HCL reaction),...
moderate reddish brown (1 OYR, 4/6)

111I

U 36

///

IX
S 18-42- SC CLAYEY SAND, predominantly fine grained,

10

~
4:':: slightly moist subrounded to subangular, low to medium plasticity

Stage II cementation (nodules, thin zones of'/// hard
CaC03), moderate brown (5YR, 4/4)

SM
~ILI T ~ANU, trace OTTine grained, subrounded

IX
S 10-16- to subangular gravel, predominantly fine grained,

21 subangular to subrounded, low plasticity
slightly moist

Stage II cementation (small nodules,

very firm interconnected filaments), moderate yellowish

IX
S 13-19- brown (10YR, 5/4)

15 HS

SP-SM GRAVELLY SAND, trace to some silt, fine

X
S 30-38- slightly moist grained, subrounded to subangular gravel, well

;:So graded, subrounded to sUbangular, nonplastic

very dense
Stage II cementation (some grain coatings &

SM moderate HCL reaction), Iiaht brown (5YR, 6/4)
~IL I T ~ANU, trace oTTIne gralned,subrounded

X
S 24-38- to subangular gravel, predominantly fine grained,

20 oU/O' slightly moist subrounded to subangular, low plasticity
I

hard Stage II cementation (nodules, small CaC03
zones), moderate yellowish brown (1 OYR, 5/4)

IX
S 10-20- note: light brown (5YR, 6/4) below 22'

;:s;:s

14-28-
..

IX S 2/j
25

GROUNDWATER SAMPLE TYPEI

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2
S ·2" 0.0. 1.38" 1.0. tube sample

~ none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH186+00-5.!. T _1" 0.0. thin-walled tube sample

::I- D - 2.5" 0.0. 1.9" 1.0. tube s.ample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

(!)

9

.;

•



arne
Sta 185+94 73' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/5/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -i:?:' c SURFACE ELEV.
~ 'O~

_0

1l
'1:11) °i::»

l!!"'lI:! tnu DATUMII) II)

8~ i'l:'I:~.c _lI)lI:! :c c. c. ~ 8..2 -ole
J!B II)Ulc.. .t) 0.. E E ~a: ~.;'E"lli£ f!Cl d'.8-§ '0 § ~ i:?:'

~.!:tf "..9 '" '" iii~ REMARKS VISUAL CLASSIFICATIONca::i tn tn -() :iuQ.C ::J()

25

"Ill X SM SILTV SAND, continued

Stopped Auger at 24'6"
Stopped Sampler at 26'

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR- No Recovery Page 2 Of 2

"Sl.
S • 2" 0.0. 1.36" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH186+00-5.Y T -1" 0.0. thin-walled tube sample

'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

.¥
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



amec!J
Sta 200+00 52' RLOCATION6/4/01

Vineyard FRS

0-117-001122 Task 2 DATEJOB NO

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 'l5l:
_0

cu c lll ~~::I> i ... ~ ec -·21 DATUM
~ III III 88 .a c~ "t:l!E..c

~~O
1S. C.

;;:Ill Cl !..2 en.s CD Ill",
C. a; c.. E E !E"'eO) 00:: ~ ..., ·-c ~~
~.5lf

III .. "'::I ~8lfCl §o REMARKS VISUAL CLASSIFICATIONiii~& (!loS en en iii~ Cl.eU
0

IX
S 14-18- SM slightly moist SllTV SAND, predominantly fine grained,

11 subrounded to subangular, low plasticity, moderate

very firm yellowish brown (10YR, 5/4) transitioning to light
brown (5YR, 5/6) below 0.5'

note: uncemented above 0.5'

ill :: U

46

Stage I cementation below 0.5'

note: trace of clay & moderate brown (5YR, 4/4)SM

IX
S 5-6-6 color below 2'6"

5 ~IL I Y l:iANU, preaomlnantlY Tine gralnea,

slightly moist
subrounded to subangular, low plasticity

Stage I cementation, moderate brown (5YR, 4/4)
moderately firm

11111

U 12 to soft

IIIII
U 11

10

SM SilTV SAND, trace of subrounded to subangular

U U 100/8" gravel, predominantly fine grained, subangular to

slightly moist subrounded, low plasticity

Stage I cementation, moderate brown (5YR, 4/4)
.. hard

note: increase in gravel from 13' to 14'

IX
S 14-31-

15 4tl Stage II cementation & light brown (5YR, 5/6)
below 15'6" .

Stage III cementation below 17'

~S 50/5"

lX S 50/5"
20

I

.2:S. S 50/4"

40-

X S oU/o'
25

GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

~
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0.2.42" 1.0. tube sample LOG OF TEST BORING NO.BH200+00-1~ T - 1" 0.0. thin-walled tube sample

"5l- 0- 2.5" 0.0.1.9" 1.0. tube sample

.Y
C - California tube sample

•

•

C!l
g
C!l

•
~
g



PROJECT Vineyard FRS ame&
Sta 200+00 52' RLOCATION6/4/010-117-001122 Task 2 DATE ,

RI.GTYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ -:I:
_0

"iii
CGl 'o:g::» III

!ci'~ 1/)" DATUM" Gl Gl 88 c ... = "C!5
i ~ ... o

:E 'l5. C. ~ 8..!:! ~~B~c.. ~~
Gllll

~ E E ""Ill
c?Ls If

EO! Ol Ol
~ • .Q 'o8lii~ §Q REMARKS VISUAL CLASSIFICATIONiii~tf Cl.3 I/) I/) iii~ ojgB ::a c...o

25
D' SM SILTV SAND, continued

IX
S 22-34-

ou

Stopped Auger at 27'
Stopped Sampler at 28'6"

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

:s;z
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3"0,0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH200+00-1.Y T - 1" 0.0. thin-walled tube sample

'5l- o-2.5" 0.0. 1.9" 1.0. tube sample

l':
C - California tube sample

• JOBNO

•



PROJECT Vineyard FRS amecfJ
Sta 200+00 31' RLOCATION6121/010-117-001122 Task 2 DATE ,

RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ , - _0

~
"CD

! .... ~:§
'0t::r> Ul DATUMCD CD 88 C'-ca:!
(/)u

.s::. Q. Q. ~ 8..2 .:l 5i5i~ "0 Ii:

=E~~ ~~
CDUl

C. 'lii ~tll E E ~, ..<> .S!!c~~ '!~
~.5.f

III III Ul:r
~8~o REMARKS VISUAL CLASSIFICATION

oa::~ Cl..9 (/) (/) iii~ o.<>u ::lU

0

~
SC slightly moist Man-made FILL

IX
S 21-23- CLAYEY SAND, trace of well graded gravel on

~
30 firm to hard the ground surface, some silt, well graded' sand,

subangular to subrounded, low to medium
plasticity, light brown (5YR, 6/4)

~
[X S 25- note: predominantly medium to coarse sand at

OUtO' 7'6", with trace of fine grained gravel, moderate
brown (5YR, 4/4)

~5 IX
S 15-30-

~
OUl4'

f---'

~
~ IX S 14-14-

14

~~X
S 9-8-

10 11

~
1111

U 20 8M Probable NATIVE
slightly moist SILTV SAND, predominantly fine grained,

subangular to subrounded, uncemented, nonplastic

firm
note: probable Stage I cementation (weak HCL

II U 24
15 II

reaction), light brown (5YR, 6/4)

~
IU 100/6" SC CLAYEY SAND, trace ofpredominantly fine

With slightly moist grained gravel, predominantly medium to coarse

~
I."L. grained, subangular to subrounded, low to medium

,"', ..."'.. hard plasticity

20 IX S 22- Stage II cementation (strong HCL reaction, some

~
OU/O'

I
soft CaC03 nodules), light brown (5YR, 6/4)

~
note: thin sandy clay lenses below 22'6"

~ IX S 50/6"

~ 25-40-

iX s 40
25 / /

L- GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

5l-
S - 2" 0.0.1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
~ T - 1" 0.0. thin-walled tube sample LOG OF TEST BORING NO.BH200+00-2
'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

• JOB NO

•

(!)

9

•



arne
Sta 200+00 31'RLOCATION

Vineyard FRS

JOBNO 0-117-001122Task2DATE 6121/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

Eo -~
c SURFACE ELEV.

~ 'O:s, _0

B ~ CCD '0:;:::J> l!! ... c:! DATUMCD CD 88
CD __ ._ 11)",

.c :E is. is. ~ Eo.!.! J3lii5i~ al~
1i. ... '2-f6~

<>. E E ~&! ~ . .0 .!I.!c~~ Srd
~.stf gj '" '" ~8£o REMARKS VIS\JAL CLASSIFICATIONoa:::E II) II) iii~ o~8 :Sa

25

~ IX SC slightly moist CLAYEY SAND, continued

~
hard

I
[XS

25- CL SANDY CLAY, considerable silt, predominantly
oU/o' slightly moist fine grained sand, low to medium plasticity

Stage" cementation (strong HCL reaction, somehard

rx S 35-
small, soft CaC03 nodules)

30 ">1114'
note: sample hammer broke at swivel connection &
fell downhole, HSA advanced to 35', bentonite

1\ added to plug auger & retrive hammer
~toppeaAuger~29'6"

Sampler refused at 30'4"

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 6f 2

"Si-
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3"0.0.2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH200+00-2.'!: T - 1" 0.0. thin-walled tube sample

'5l o. 2.5" 0,0. 1.9" 1.0. tube sample

l:
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



PROJECT Vineyard FRS

Sta 200+00 3' RLOCATION6/14/01 ,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

So -~
c SURFACE ELEV.

~ '0:1:
_0

iii ~ 1!ClI '0';
"'> l!! .. ¢i DATUM0 ClI ClI 00 !1:1:.~ rno

=[ C. C. Uo d So.2 1l~.s:.
'E~~ ~&!

~ ClI ClI;;
1i. 'til l!!01 E E ~ui'§ .!!l1!~}; !E'"
d.5~ '" '" ~8tfc

·c..!!! REMARKS VISUAL CLASSIFICATIONco::::E e>.3 rn rn ii5~ C:!aU ::lU

0 m SC slightly moist Man-made FILL

IX
S 15-15- CLAYEY SAND with SILTY SAND In lenses,

~
,;:l firm to hard considerable predominantly coarse grained gravel

on the ground surface, predominantly fine to
medium grained sand, subangular to subrounded,

~ IX
S 18-37-

low to medium plasticity, light brown (5YR, 6/4)

44 note: trace of fine grained gravel below 4'6"

~
note: considerable clay & moderate brown (5YR,

5
u 90 4/4) from 9'6" to 11' with increase in moisture

~
I

content

~
~ IX

S 12-23-
20

%
~10 IX

S 10-23- .
;:su

~
~
~ IX

S 11-15-
14

%
IX

S 12-18- CL Possible NATIVE
15 ,"I slightly moist SANDY CLAY, some silt, predominantly fine to

to moist medium grained sand, medium plasticity, moderate
brown (5YR, 4/4)

firm to hard note: grading to clayey sand

~J
U 100/11" Stage II cementation (weak HCL reaction, short

discontinuous CaC03 filaments), moderate brown
(5YR, 4/4) below 20'6"

note: considerable filaments & strong HCL reaction

IX
S 8-11-

20 14
at 22'

I

IX
S 5-8-8 SM NATIVE

slightly moist SILTY SAND, predominantly fine to medium

moderately firm grained with occasional coarse grained lenses,

to firm subangular to sUbrounded, nonplastic .

25
III I, U 15

GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

:;j. nona
S - 2" 0.0. 1.38" 1.0. tube sample
U - 3" 0.0. 2.42" 1.0. tube sample

LOG OF TEST BORING NO.BH200+00-3,!: T -1" 0.0. thin-walled tube sample

'5l 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

• JOB NO. 0-117-001122 Task 2 DATE

•

Cl
9
Cl

.~



amecf3
Sta 200+00 3' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/14/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
8. -l?:- I: SURFACE ELEV.

~ ~l:
_0

fti ~
1: 111 ~'H::»

l!!~= CD_ ....~ DATUM
~ .!2 .!2 88

~ 8..Q .a I: I:~ "C$:
.t::

'E~~
a- Co

~& Ill'"'l5. ~
a- E E en Jg ~ 1;::'"fCl I?:- •.0 '05; I?:-

~.Eaf e>.3 (II (lI
Ui~ ella '212 REMARKS VISUAL CLASSIFICATIONeo::~ l/J l/J ~t>Il.O ::It>

25 III II SM slightly moist SILTV SAND, continued

Stage II cementation (considerable CaC03moderately firm
to hard filaments, strong HCL reaction)

note: grading to clayey sand with some fine grained

IX
S 13-17- gravel below 27'6"

11

note: some coarse grained gravel below 29'6"

III Ii
U 53

30

// X
S 21-32- SC CLAYEY SAND, predominantly fine to medium

~
~( slightly moist grained, subangular to subrounded, low to medium

plasticity

hard
Stage II cementation (strong HCL reaction), light

35 X
S 14-19- CL brown (5YR, 6/4)

LO SANDY CLAY, some silt, preaomlnantly fine
slightly moist grained sand, medium plasticity

hard Stage II cementation (strong HCL reaction), light
brown (5YR, 5/6)

XS 19-36-
4~

~ IX
S 23-33- SC CLAYEY SAND, some predominantly coarse

40 LO slightly moist grained gravel, predominantly medium to coarse
grained sand, subangular to subrounded, medium

hard plasticity

Stage II cementation (strong HCL reaction), light
brown (5YR, 5/6)
Stopped Auger at ;jl:ft:r
Stopped Sampler at 41 '

45
I

50
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR DATE· A - Drill cuttings; NR - No Recovery Page 2 of 2

'Sl.
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH200+00-3.!. T - 1" 0.0. thin-walled tube sample

'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

l::
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



PROJECT Vineyard FRS amecf3
Sta 200+00 45' LLOCATION ,

RIG TYPE GME-75

BORING TYPE 6 5/8" Hollow Stem Auger
!. i~

c SURFACE ELEV.
~ 'O~

_0

~ ·o:g
l ::J~

~ ... ¢! 1/).., DATUMG) G) 88 !cc"Ci)
Q. Q. ~&,!.!

"Oil:

i _G)¢!
~~ ~~~~

G)'iii
Q) Q. E E 11:0

~.5tf
=E1U:5 eel <II <II ~ . .c

~8~e §o REMARKS VISUAL CLASSIFICATIONea:::E e>..3 I/) I/) m~ ell8
0

~ IX S 7-9- SC slightly moist CLAYEY SAND, trace of fine grained,
10 subrounded to subangular gravel, predominantly

~ firm fine grained, subrounded to subangular,
uncemented, low to medium plasticity, moderate
brown (5YR, 4/4) .

SM SILTY SAND, trace ot clay, predominantly tine

X
S 11-12- grained; subrounded to subangular, low plasticity

14 slightly moist
Stage I cementation (weak HCL reaction, trace

moderately firm filaments), light brown (5YR, 5/6)

X
S 11-12- to firm

5 1'1

II ::
U 16

10
II U 16

II II

SP GRAVELLY SAND, trace of silt, predominantly
slightly moist fine grained, subrounded to subangular gravel,

X
S 17-20- predominantly medium to coarse grained,

Ltl dense subangular to subrounded, nonplastic

Stage II cementation (coatings on grains, moderate
HGL reaction), moderate reddish brown (1 OR, 4/6)

SM SILTY SAND, trace ot clay, predominantly nne

15 ~s 28- slightly moist grained, subrounded to subangular, low plasticity
OUl::r

hard Stage II cemenation (nodUles, thin, partial GaG03

SM laminations), light brown (5YR, 6/6)
SILTY SAND, predominantly fine grained,

X S 50/ slightly moist
subrounded to subangular, low plasticity

:;, l/L' Stage III cementation (CaG03 laminations,
hard nodules), grayish orange pink (5YR 7/2)

~ S 50/5"
20

I

X S 50/
:;, l/L'

36-

X S OUltf
25

GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

'Sl
S - 2" 0,0.1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample LOG ·OF TEST BORING NO.BH200+00-4~ T - 1" 0.0. thin-walled tube sample

'5l- 0- 2.5" 0.0. 1.9" 1.0. tube sample

lC
C - 2.5" 0.0. 2.0" 1.0. tube sample

§
Cl

•

•



amecf3
Sta 200+00 45' LLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/6/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 'O~
_0

B §~ 'o~
II) II) 8§ ~~= '!cc'Qi f/l., DATUM

t iEfa~
:2 is. is. 88..!2 "'11)11)$ "i~

G1
Q. E E ~a:; ]i'Ce~ Ie en

8.s.f
Eel (G 01 5'.a-§ ~8cfc §~ REMARKS VISUAL CLASSIFICATIONca:;:= Cl.3 f/l f/l iii~ _u

25
.1.1.1 X SM SILTV SAND, continued

Stopped Auger at 24'6"
Sampler refused at 24'6"

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

~ none
S ·2" 0.0. 1.38" 1.0. tube sample
U - 3" O.D. 2.42" I.D. tube sample

LOG OF TEST BORING NO.BH200+00-4.!. T - 1"0.D. thin-walled tube sample

'5l- D - 2.5" O.D. 1.9" I.D. tube sample

:f
C - 2.5" O.D; 2.0" I.D. tube sample

•

•



ame
Sta 200+00 74' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/4/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 'O~
_0

I
Cal

~B DATUM::»
~ ..=~ al 88 !cc"cv 'Ole.r:.

~~()
c. "6.

~al 88..!:! ialal~ allllQ. a; E E ICIIlEel o a::: ~ • .0 ,-c ~~ ·E..I!! REMARKS VISUAL CLASSIFICATION8.slf _alO Cl.3 '" '" iiilll e 1l8 ~8lfe1Ila.u. en en ::)(,)

0

IX
S 17~12- SM slightly moist SILTY SAND, trace of fine grained,subrounded

11 to sUbangular gravel, predominantly medium to fine

firm grained, subrounded to subangular, uncemented,

~
SC low plasticity, moderate yellowish brown (10YR,

5/6)
..~ , .... SAND, predominantly fine grained,

~ III I U 35 slightly moist subrounded to subangular, low to medium plasticity
I

firm Stage I cementation, moderate brown (5YR, 4/4)
SM SILTY SAND, trace of clay & fine grained gravel,

III
U 18 predominantly fine grained, subrounded to

5
slightly moist subangular, low plasticity

Stage I cementation, moderate brown (5YR, 4/4)
moderately firm

1\ S 12-27-

1;\ "l;j SM SILTY SAND, predominantly fine grained,
subrounded to subangular, low plasticity

slightly moist
Stage II cementation, moderate brown (5YR, 4/4)

IX
S 14-24- hard to very firm note: medium to coarse grained sand from10 :.!4 11' to 12'

note: between moderate reddish brown (10R, 4/6)
&. moderate brown (5YR, 4/4) from 12' to 13'

IX
S 16-31-

note: grayish orange pink (5YR, 7/2) from;:I"
13' to 14'

note: some gravel from 16' to 17'

[X 5 32- note: small diameter roots at 17'6"
15 00/0

Stage I cementation below 19'

note: medium to coarse grained sand from
22'6" to 23'

X
S 17-32-

;j:.!

X
5 17-16-

20 11
I

IX
S 25-32-

:.!l:l

Stopped Auger at 22'
Stopped Sampler at 23'6"

25
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 1
S - 2" 0.0. 1.38" 1.0. tube sample:;;. none U - 3" 0.0.2.42" 1.0. tube sample

LOG OF TEST BORING NO.BH200+00-5~ T -1" 0.0. thin-walled tube sample

"5l 0- 2.5" 0.0. 1.9" 1.0. tube sample

.lZ
C - California tube sample

•

•



ame
Sta 21S+00 S1' RLOCATION

Vineyard FRS

JOB NO. 0-117-001122 Task 2 DATE 6/4/01

PROJECT

,
RIG TYPE CME-7S

BORING TYPE 6 S/8" Hollow Stem Auger

~ ~~
c SURFACE ELEV.

~ 'O~
_0
'ali

~ ~~
~ ..= Cl)u DATUM

.2! -! 88 i~i~ al~.t:

~~O £. c.
~~

~ Bo.!.!a. 1» flO E E ~ • ..Q

~8~a ~~
~.5~ '" '" "'~ REMARKS VISUAL CLASSIFICATIONiiitt& Cl.9 CI) CI) iii~ O:9u :JU

0 I-I /S 6-7-7 SM slightly moist SILTV SAND,trace of clay, trace of fine grained,

~
/\ SC subrounded to subangular gravel, predominantly

fine grained, subrounded to subangular,
uncemented, low plasticitv, Iiahtbrown iSYR, S/6)

~
....... -... 5AND, trace of silt, trace Of subrounded
to subangular gravel, predominantly fine grained,

IIIII
U 18 subrounded to subangular, low to medium plasticity

~ slightly moist
to moist Stage I cementation, low to medium plasticity,

SM moderate yellowish brown (10YR, S/4)

IX
S 4-3-4 moderately firm

S note: no cementation, moderate brown (5YR, 4/4)
& no gravel from 2'6" to 4'
SILTV SAND, trace OT Clay, predominantly Tine

slightly moist grained, subrounded to subangular, low plasticity

III ::
U 10 SM-SP soft Stage I cementation, light brown (5YR, S/6)

1\
51LTY 5AND TO 5AND, trace to some

slightly moist predominantly fine grained gravel, predominantly
medium to coarse grained, subangular to

to moist subrounded, low plasticity to nonplastic

10
1\ IS 6-1S-

1/\
,~ SM soft Stage I cementation, moderate reddish brown

1\ (10R,4/6)
51LI Y 5ANU, trace OT suorounaea to suoangular
gravel, predominantly medium to fine grained, low

IX
S 12-21- slightly moist plasticity to nonplastic

" Stage I cementation, light brown (SYR, S/6)
very firm to firm

note: color change to light brown (SYR, 6/4)
below 14'6"

1S IX S 7-9-

-"

SP GRAVELLY SAND, trace of silt, predominantly

IX
S 20-33- slightly moist fine grained, subrounded to rounded gravel, well

ou graded, subrounded to rounded, nonplastic

very dense
Stage II cementation, light brown (SYR, 6/4)

--

note: increased gravel content from 20' to 21'6"

20 IX
S 16-29-

~tl

I

SM SILTV SAND, trace of fine grained, subrounded

IX
S 19-38- slightly moist to subangular gravel, predominantly medium to fine

44 to moist grained, subrounded to subangular, low plasticity

Stage III cementation, light brown (5YR, 6/4)
very firm to hard

12-20-

lX S - ~~

2S
GROUNDWATER SAMPLE TYPE

OEPTH(ft) HOUR OATE A .. Orill cuttings; NR - No Recovery Page 1 of 2

::;j. none
S • 2" 0.0. 1.38" 1.0. tube sample
U - 3" 0.0. 2.42" 1.0. tube sample

LOG OF TEST BORING NO.BH215+00-1~ T -1"0.0. thin-walled tube sample

~ 0- 2.5" 0.0. 1.9" 1.0. tube sample

l:
C - California tube sample

•

(!)

9
(!)
z

.~

•



Sta 215+00 51' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/4/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE .6 5/8" Hollow Stem Auger

! i~
c SURFACE ELEV.

~ 'O~
_0
'o~'1i ::s~ II> lIJu DATUM

t j!
~ 88 c"-= ~cc~~ 8.:M ",,!E

:[ ~"-o
Co

~~ .!!!~ ~ ~
"11>

Q) !g» E E ~~
~.5a! jjj~.f

III III
jjj~ a--SB ~8~o REMARKS VISUAL CLASSIFICATIONCl-l lIJ (f) :Ie.>

25

·111 X· SM SILTV SAND, continued

Stage II cementation below 24'6"

note: small diameter roots at 25', color chage to
liaht brown (5YR 5/6)
;:stoppea Auger at :l4·tj'
Stopped Sampler at 26'

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A· Drill cuttings; NR - No Recovery Page 2 of 2

'Sl
S - 2" O.D. 1.38" I.D. tube sample

none U - 3" O.D. 2.42" I.D. tube sample
LOG OF TEST BORING NO.BH215+00-1.J: T - 1" b.D. thin-wailed tube sample

'5l. D - 2.5" 0.0. 1.9" I.D. tube sample

l'
C - California tube sample

•

•



amecf3
Sta 215+00 31' RLOCATION

Vineyard FRS

JOBNO 0-117-001122 Task 2 DATE 6121/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
8- -2;- c SURFACE ELEV.

~ ~~
_0

~
~ §~ III 3l'B DATUM

-!
., 88 Ca...¢! l!!cc'G)

'8. 1i. ~ 8-.!.! ~~~~
-g~

1ii ~~~
c. E E ~~ !E~

~.5lf
f!Cl ... ... a-118 :So REMARKS VISUAL CLASSiFICATIONca::::2 Cl.3 (/) (/) iii~ ~8~c

0

~
SC slightly moist Man-made FILL

IX
S 9-13- CLAYEY SAND, some well graded gravel on the

~
~1 very firm to hard ground surface, predominantly medium to coarse

grained sand, subangular to subrounded, trace of
lime, medium plasticity, light brown (5YR, 6/4)

~
IX S 29-50/ note: moderate brown (5YR, 4/4) at 8'

o 1/~'

note: occaisonalthin lime-rich lenses below 7'6" &
reworked nodules

~ ~
S 31-

note: considerable coarse grained sand particles &5 OU/"!'

~
some fine grained gravel below 14'6"

~~ IX
S 20-36-

~
;)U

~ IX
S 20-31-

10 00

~

~ IIII1
U 76

~
~

III ::
U 53

15

~~ II II U 57

~
slightly moist

NATIVE
SANDY CLAY, predominantly medium to
medium grained sand, medium plasticity

X
S 20-35- SM hard

20
"!~ Stage II cementation (considerable small,soft

I nodules, trace of short filaments), light brown (5YR,
6/4)
51LTY 5AND, lI'ace to some predominantly fine
grained gravel, predominantly medium to coarse

slightly moist grained, subangular to subrounded, low plasticity

~ !X
S 21-45- SC

;)0 hard Stage II cementation (considerable CaC03 coating

~
on gravel borders), light brown (5YR, 6/4)

15-
X S OUlo'

25 GROUNDWATER SAMPLE TYPE
DEPTH(ft) HOUR DATE A - Drill cuttings; NR • No Recovery Page 1 of 2

S - 2" 0.0. 1.38" 1.0. tube sample
.¥: none U- 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING N.O.BH215+00-2~ T -1" 0.0. thin-walled tube sample
'5l 0- 2.5" 0.0. 1.9" 1.0. tube $ample

~
C- Califomia tube sample

•

•



ame&
Sta 215+00 31'RLOCATION

Vineyard FRS

JOB NO 0 117 001122 Task 2 DATE 6/21/01

PROJECT

- - ,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
8. i~

c: SURFACE ELEV.
~ ='~

B ~ ::J~
~~=

'l5~ ~lJ DATUM
~ .!! 88 1Il1:-'-

i~t £. C.
~Gl ~ 8..!.! ~.Sl5i~Gi _Gl'E E E !Efd

~.5a! 8~:E
ECl III III 00:: ~ . .c

~8~~ :So REMARKS VISUAL CLASSIFICATIONCl.3 In In iijC;'! e 1l 8
25

IX· SC slightly moist CLAYEY SAND, considerable silt in zones, trace
of predominantly fine grained gravel & occasional

hard coarse grained gravel lenses, predominantly
medium to coarse grained sand, subangular to
subrounded, medium plasticity

IX
S 15-23- Stage" cementation (some filaments & soft

26 nodules, strong HCL reaction), light brown (5YR,
5/6)
~ll:TY CLAY, trace ot predomInantly medium

~lU 40 CL grained sand, medium plasticity
30 with slightly moist

Stage" cementation, (some CaC03 filaments,\:l1J to moist strong.HCL reaction), light brown (5YR, 5/6)
'v "'v"

very firm to hard note: trace of predominantly fine grained gravel
below 27'6"

IX
S 17-27~

note: thin Clayey sand lenses below 29'6"~5

Stage III cementation (strong HCL reaction,
consideable CaC03, soft nodules) below 32'6'i

IX
S 10-20-

35 3U note: trace of predominantly fine grained gravel
below 34'6"
Stopped Auger at 34'6"
Stopped Sampler at 36'

40

45
I

50
GROUNDWATER SAMPLE TYPE

HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2OEPTH(ft) S· 2" 0.0.1.38" 1.0. tube sample
.¥: none U - 3" 0.0. 2.42" 1.0. tube sample

LOG OF TEST BORING NO.BH215+00-2.Y T -1" 0.0. thin-walled tube sample

:t 0- 2.5" 0.0. 1.9" 1.0. tube sample

1:
C - California tube sample

Cl
9•.. ~

. liS

•

•



amec!J
Sta 215+00 3' RLOCATION

Vineyard FRS

JOB NO 0-117-001122 Task 2 DATE 6/14/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ ~~
_0

1i §~ ;g~
CD CD 88 l!! .. c! l!!cc'~ DATUM

.z=
=E-m~

:s. Q. Q. ~a.!:! is CI),~ al~
'l5. ~ EO) E E ~~ d'ii"9 .- c l:! ~ ~~
~.s&f <!loS III III

iii~ ~8~c REMARKS VISUAL CLASSIFICATION
oa::~ en en _u =>u

0

~
SC slightly moist Man-made FILL (crest of dam)

IX
S 13-15- CLAYEY SAND, some silt, considerable

~
ll:l very firm to hard predominantly coarse grained gravel on the ground

surface, predominantly fine to medium grained,
subangular to sUbrounded, weak HCL reaction,

~ IX
S 16-38-

medium plasticity

OUI note: moderate brown (5YR, 4/4)

~
;J 114

note: some silty sand lenses below 4'6"

5 IX
s 22-27-

"J( note: slight moisture increase at 7'6"

~ note: increase in sand grain-size below 7'6" with
some coarse grained particles

~ note: trace of fine grained gravel below 14'6",

II U 60 considerable coarse grained sand below 17'6"

~
II

~X
S 16-16-

10 :l1

~
~ II U 69

II

~
~ IX

S 12-20-
15 24

~~ IU 40

I

~
SC NATIVE

slightly moist CLAYEY SAND, some silt, predominantly fine to

~ IX
S 21-17- medium grained, subangular to subrounded,

20 12 firm to hard medium plasticity
I

~
Stage II cementation (weak HCL reaction), light
brown (5YR, 5/6) at 20'

note: moderate to strong HCL reaction below 22'6"

IX
S 11-16-

~
"J:l

I U 39
25

./

"---
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery P~ge 1 of 2

~
S - 2" 0.0. 1.38" 1.0. tube sample

none U ·3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING N.O.BH215+00-31: T - 1" 0.0. thin-walled tube sample

'5!- 0- 2.5" 0.0. 1.g' 1.0. tube sample

~
C - Califomia tube sample

•

•



PROJECT Vineyard FRS

Sta 215+00 3' RLOCATION6114/010-117-00~ 122 Task 2 DATE ,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger
8- ~~

c SURFACE ELEV.
~ 'O~

.;..0

B ?:: . ::s Gl
l!! .. ¢:!

'o~
DATUMGl -[ 88 ! 1: 1: 'Qi

lIJu
"C""

t _Gl¢:!
:c Q.

;=Gl ~ 8-.~ .aGlGlS; cp'iii
Q) Q. E E .!!!'C ~~ ~~

~.5tf
:C1U£ !C)

'" '"
00:: ~ . ..c

~8~0 REMARKS VISUAL CLASSIFICATION00::::iE CIS lIJ lIJ iii~ 0 11 8 :>tl

25 CLAYEY SAND, considerable silt with some silty

~
II SC slightly moist

sand lenses, predominantly fine grained sand,

~
very firm to hard subangular to subrounded, low to medium. plasticity

Stage II cementation (moderate to strong HCL

~
S 9-19-

reaction, considerable small diameter nodules, thin

X lIS
CaC03 lenses), light brown (5YR, 5/6) below 27'6"

~X
S 16-38-

30

~
~O

§§§

X
S 11-30- SM SILTV SAND, trace to some clay & trace of fine

;jo slightly moist grained gravel, predominantly fine to medium
grained sand, subangular to subrounded, low

hard plasticity

35 IX
S 21-39- CL Stage II cementation (moderate to strong HCL

OUI reaction in lenses), light brown (5YR, 6/4 with 5YR,
OJ II" 5/6 lenses)

SILTY TO SANDY CLA'(, preaomlnantlY TIne
slightly moist grained sand, medium plasticity

Stage III cementation (nodules & considerable

IX
S 16-26- very firm to hard

LO CaC03 filaments, strong HCL reaction), light broWn
(5YR, 6/4), some black manganese-oxide staining

IX
S 14-20-

40 L4

Stopped Auger at 39'6"
Stopped Sampler at 41 '

45
I

50
GROUNDWATER SAMPLElYPE

OEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

'5l-
S - 2" 0.0. 1.38" 1.0. tube sample

none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH215+00-3~ T - 1" 0.0. thin-walled tube sample

'5l- o - 2.5" 0.0. 1.9" 1.0. tube ~ample

~
C - California tube sample

• JOB NO

•

Cl
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PROJECT Vineyard FRS ame&
Sta 215+00LOCATION6/15/010-117-001122 Task 2 DATE

RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ 02:
_0

I ~~ ~B
~

Gl 88 ~ ... c: ecc'~ DATUM

t 15. 2l8..2 ~GlGl~ al~
~ _Gl~ E E ~Gl 1;::111

2l.elf ;§(;i.- f!Cl ClI ClI 00::
S~"9

.-cl:!~ §o REMARKS VISUAL CLASSIFICATIONo::~ e>..9 en en iii~ _0 ~8&c

0 ML slightly moist SANDY SILT, trace of gravel, predominantly fine

IX
S 7-10- to medium grained sand, nonplastic to low plasticity

11 firm
Stage II cementation (weak HCL re.action), light
brown (5YR, 6/4) from 0 to 2'6"

" ::

U 23 note: grading to clayey silt below 2'6"

Stage II cementation (moderate HCL reaction,
some short filaments), light brown (5YR, 6/4)

II ::
U 25 SM below 2'6"

5 .. 51LTY 5AND, some clay, well graaea In lenses,

slightly moist
subangular to sUbrounded, low plasticity

Stage 1/ cementation (moderate HCL reaction),
firm light brown (5YR, 5/6)

X
S 13-19- ML CLAYEY SILT,trace of fine grained sand,

L;:l slightly moist medium plasticity

Stage II cementation (some filaments, moderatevery firm HCL reaction in zones), light brown (5YR 5/6)

I X
S 14-28- CL 5ANUY I,;LAY, preaomJnantlyTlne to mealum10 'l:L. grained sand, medium plasticity

slightly moist Stage III cementation (considerable filaments,

I strong HCL reaction), light to moderate brown
hard (5YR, 5/6 to 5YR, 4/4)

U U 100/8"

II ::
U 62

15

I SM/GM SILTV SAND & GRAVEL, predominantly coarse
slightly moist grained gravel from 16' to 17' & decreasing particle

size below 17', well graded sand, subangular to

IX
S 24-19- medium dense subrounded, uncemented to weakly cemented

L;:l to dense
(weak HCL reaction), nonplastic, light brown (5YR,
6/4)

X
S 15-20-

20 L;:l
I

I 6 S 42- CL SANDY CLAY, predominantly fine to medium
ou/4' slightly moist grained sand, medium plasticity

Stage III cementation (nodules, strong HCL27- hard

X s ou/4'
reaction)

25 'l"///.-':
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2

"Sl.
S - 2" 0.0.1.38" 1.0. tube sample

none U- 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING NO.BH215+00-4~ T -1" 0.0. thin-walled tube sample
'!l. 0- 2.5" 0.0.1.9" 1.0. tube.sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

• JOBNO

•



PROJECT Vineyard FRS amec3
Sta 215+00LOCATION6115/010-117-001122 Task 2 DATE

RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -i!:' c SURFACE ELEV.
~ 0:C

_0

~
~CIl 'o~

CIl CIl 8~ ~ .. = 2! 1: 1:'~
(J)u DATUM
-ell:

t _CIl= -a. Q. Q. ~ ~ Bo.la ~.!~~ .Q) "u;
-m 'E0i:E EO E E ~o::: i!:'.,Q '- c .. i!:' !E~

~.5af
III III REMARKS VISUAL CLASSiFICATIONOO::::i: e>S (J) (J) CiS,;! 0 11 8 ~8~0 :Su

25
Stopped Auger at 24'6"
Sampler refused at 25'4"

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 2 of 2

:;z s- 2" 0.0. 1.38" 1.0. tube sample
none U - 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING NO.BH215+00-4~ T -1" 0.0. thin-walled tube sample

:I- o-2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

• JOBNO

•



ame&
Sta 215+07 71' RLOCATION

Vineyard FRS

JOBNO 0-117-001122Task2DATE 6/4/01

PROJECT

,
RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! ~~
c SURFACE ELEV.

~ - _0

fi :l~ 'O.c ·o~

Gl Gl 88 l!! .. ¢! Gl_ c ·l2l tnu DATUM

i :2 Q. Q. ~ 8..g !5c ~ 'tiS
Co ~~

1iiGlGl GlVl
'1ii _Gl~ j!0l E E ~ . .a .-c f::!~ ~~

~.5tf ;§~~ C'.3 III III
jjj~ c1!8 ~8.fc REMARKS VISUAL CLASSIFICATIONtn tn =>u

0

~. IX
S 6-8-8 SC slightly moist CLAYEY SAND, trace of silt, predominantly

medium to fine grained, subrounded to subangular,

firm uncemented, low plasticity, moderate brown (5YR,

SM 4/4)

note: small diameter roots in upper 0.5'

III ::
U 10 51LTY ::lAND, trace OT clay, predominantly fine

slightly moist grained, subrounded to subangular

soft to Stage I cementation, moderate brown (5YR, 4/4)

IX
S 3-4-3 moderately firm

5 note: small diameter roots

note: trace of fine grained, subrounded to
subangular gravel below 4'

11111

U 19

SM SILTV SAND, trace of fine grained subrounded to

IIII1
U 27 slightly moist subangular gravel, predominantly medium to fine

10 grained, subrounded to subangular, low plasticity

firm
Stage I cementation, moderate light brown (5YR,
5/6)

... 1\ S 11-10- note: Qravellaver from 12' to 12'6"

1)\ 1L SM 51LTY ::lAND, predominantly medium to fine
slightly moist grained, subrounded to subangular, low plasticity

Stage II cementation, moderate brown (5YR, 4/4)firm

IV S 8-13-
15 10

\ SM SILTV SAND, occasional cobble, trace to some
slightly moist predominantly fine grained, subangular to

subrounded gravel, well graded, subrounded to

IX
S 11-21- hard to very firm subangular, low plasticity

;;su
Stage II cementation, light brown (5YR, 6/4)

note: small diameter roots

Stage I cementation characteristics from 20' to 22'

IX
S 21-23-

20 Lli
I

IX
S 23-28-

41

13-17-

IX S Ll:1
25

GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR - No Recovery Page 1 of 2
S· 2" 0.0.1.38" 1.0. tube sample

.¥'. none U - 3" 0.0. 2.42" 1.0. tube sample
LOG OF TEST BORING NO.BH215+00-5.Y T -1" 0.0. thin-walled tube sample

'51- 0- 2.5" 0.0. 1.9" 1.0. tube sample

.lZ
C - 2.5" 0.0. 2.0" 1.0. tube sample

•

•



PROJECT Vineyard FRS amecfJ
Sta 215+07 71' RLOCATION6/4/010-117-001122 Task 2 DATE ,

RIG TYPE CME-75

BORING TYPE 6 5/8" Hollow Stem Auger

! -~
c SURFACE ELEV.

~ '01:
_0

] §GI ·o~

GI GI 8~ ~ ...= l!!~c'~ II)lJ DATUM
"OlE.c

=.s~ -a. Q. 1i.
~~ dl!L~ .aGlGl3: GIl/)

15. ~ l!!Cl E E
tS'ii-§

.!!!c~~ !!~ visuAL CLASSIFICATIONd.s.f .;:: .,.- ., .,
~8tfc REMARKS

ca:::~ Cl..9 II) II) iii~ _u =>u
25

·11:1 IX' SM SILTV SAND, continued

Stopped Auger at 24'6"
Stopped Sampler at 26'

30

35

40

45
I

50
GROUNDWATER SAMPLE TYPE

DEPTH(ft) HOUR DATE A - Drill cuttings; NR -No Recovery Page 2 of 2

~ none
S - 2" 0.0. 1.38" 1.0. tube sample
U - 3" 0.0. 2.42" 1.0. tube sample LOG OF TEST BORING Nb.BH215+00-5.Y T - 1" 0.0. thin-walled tube sample

.~ 0- 2.5" 0.0. 1.9" 1.0. tube sample

~
C - 2.5" 0.0. 2.0" 1.0. tube sample

(!)

9

•

• JOBNO

•
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MEMORANDUM

DATE: 9 July 2001

TO: Tom Renckly, FCDMC.
Larry Lambert, FCDMC
Bob Eichenger, Kimley-Horn and Associates, Inc.
Larry Von Thun, Consulting Engineer
Jim Scott, DRS Corporation
Ken Euge, Geological Consultants

FROM: George Beckwith, FCDMC

RE: SUMMARY & ANALYSIS OF GEOTECHNICAL DATA, VINYARD FRS,
RISK ASSESSMENTIRISK ANALYSIS, STRUCTURES ASSESSMENT
DAM SAFETY PROGRAM, FLOOD CONTROL DISTRICT OF
MARICOPA COUNTY.

1.0 INTRODUCTION

Presented in this memorandum is an assessment of the geotechnical properties of the
Vineyard FRS embankment and foundation and of. the character and intensity of the
cracking within the embankment and upper part of the foundation. The work includes
analysis of the filtration and related properties of the Central Filter. The memorandum
was prepared to serve as a resource document for the Risk Analysis Team in the Risk
Assessment on 11 July 2001.

Information reviewed includes: a) geotechnical data developed by the U. S. Soil
Conservation Service (SCS) during the original planning, design and construction of the
project in the 1960's; b) later work by the SCS (now the Natural Resources Conservation
Service or NRCS) and it's consultants for evaluation of cracking and design, construction .
and evaluation of the Central Drain in the 1980'sand; c) present work by AMEC.

Documents submitted separately to the Risk Analysis Team by AMEC that were
considered in this evaluation include:

CI The draft of the report of Investigation of Ground Subsidence and Earth Fissuring
(Volume 1) dated 2 July 2001.

CI Maps showing active and potentially active faults and contours of peak horizontal
ground accelerations prepared by AMEC in an Investigation of SeismicHazard that
is in progress. -

CI Cross sections of the Vineyard FRS at Stations 124+00, 186+00, 198+00 and 215+00
where an extensive geotechnical investigation was performed. .

I
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o Logs of test borings and pits made at the above cross sections and of single borings
drilled at Stations 139+00 and 170+00.

o Limited test data from the AMEC borings and test pits.
o Fourteen profile sheets showing data on the frequency, length and width of the

transverse cracks through the dam logged by the SCS during the construction of the
Central Filter.

2.0 CHARACTERISTICS OF EMBANKMENT & FOUNDATION.

2.1 Geomorphology & Geotechnical ProfIle

The dam site is underlain by an apron of highly stratified and cross-bedded soils formed
by coalescing alluvial fans which extend from the front of the Superstition Mountains
across the reservoir and dam site. This surface layer, which variedJrom about 7.5 to 16.5
feet in thickness in the AMEC borings, is underlain by Late Pleistocene alluvium.

Deposition of the low-density alluvial fan soils occurred during the Holocene era
(during about the past 11,000 years) in semi-arid climatic conditions similar to the
present. The deposition involved the complex hydrological processes of alluvial fans
including sediment transport in channels, general flooding of the fans creating avulsion
of the braided channels and debris flows or mudflows associated with large, infrequent
floods (Blissenback, 1954; Beckwith and Hansen, 1989; Harvey, 1992). These processes
explain the lenticular inclusions, high degree of stratification and erratic variation of soil
types within the surface layer. As indicated by the detailed information presented in
Section 2.3, the soils are predominately sandy clays and clayey sands, but contain lessor
amounts of silty sands, sandy silts and sandy gravels.

The surface deposit possesses a high potential· for collapse settlement. Deposits of this
kind typically undergo from 2 to 6 percent of vertical strain upon wetting under their self
weight or low superimposed loads (Beckwith and Hansen, 1989). Even the sandy gravels
often have the potential for appreciable collapse settlements (Rollinset al, 1994).

The underlying Late Pleistocene alluviam is composed of dense or hard, highly stratified
silty sands, clayey sands, gravelly sands, sandy clays and silty clays. In contrast to the
surface layer, these soils possesses substantial calcareous cementation. Experience has
demonstrated that soils with this degree of cementation are essentially incompressible
froin the viewpoint of contribution to settlement of low embankments (Beckwith and
Hansen, 1982).

There is a sharp contrast between the .degree of cementation of the Holocene surface
soils and underlying alluvium. The former is uncemented or has discontinuous Stage I
calcareous cementation while the underlying Late Pleistocene soils posSes·s Stage IT or ill
cementation. The degree of cementation is noted on the AMEC logsusirig standard soil
science tern¥nology. This information is valuable for distinguishing between the two

I
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units, because both have scattered gravel particles which distort standard penetration
blow-counts.

2.2 Embankment Geometry

The four AMEC cross sections illustrate the geometry of the 5.46-mile long, 16.5-foot
homogeneous embankment which was constructed almost entirely of soils from the
surface layer. The embankment soils came from both the borrow ditch upstream of the
dam and from sub-excavation of the foundation soils. Important features include:

CI An upstream cutoff trench that appears to extend through the surface layer into the
underlying cemented deposits along much of the alignment.

CI A "shelf', extending from the upstream cutoff trench to somewhat downstream of the
dam centerline. The specifications called for the bottom of the shelf to be a minimum
of 4 feet below original natural grade.

CI A 3-foot wide Central Filter, that extends to between 19 to 21 feet below the dam
crest along most of the alignment, or to about 2.5 to 4.5 feet below the original
natural grade. The filter was constructed in the 1980's after extensive cracking of the
embankment was discovered and evaluated.

CI An upstream slope of 3:1 (horizontal to vertical) and a downstream slope of 2:1.
CI A crest width of 14 feet.

Exploratory borings were drilled by AMEC in June 2001 at locations where longitudinal
cracks were noted at about the mid-point of the upstream slope. Borings were drilled
upstream of the dam, at the upstream toe, on the upstream slope at the centerline of the
upstream cutoff trench, on the dam crest just upstream of the Central Filter and at the
downstream toe. Boring locations and depths were selected to investigate the cause or
causes of the longitudinal cracks, the extent and characteristics of the Holocene surface
layer, the characteristics of the underlying Late Pleistocene alluvium and the extent that
the embankment extends below original natural grade.

The borings confirmed that sub-excavation of upstream cutoff trench and shelf area was
performed essentially as indicated by the as-built plans. The cutoff and shelf extended to
the Late Pleistocene alluvium at Stations 124+00 and 215+00. At Station 186+00, there
appears to be 10 feet of the collapsible surface layer beneath the cutoff and 3 feet beneath
the shelf. There appears to be 5 feet of the surface layer beneath the cutoff at Station
200+00. Thus, some thickness of the Holocene surface layer was present beneath the
embankment in 3 of the 8 borings drilled through the cutoff and shelf.

Wide variation in the thickness of the surface layer over short distances suggests that the
top of the Late Pleistocene alluvium was an irregular erosion surface. The direction of the
drainage channels may have been different than the present drainage system.

3.2 Geotechnical Properties..
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Figure 1 shows the range of gradatibn of the embankment soils and the gradation limits
of the Central Filter. The Atterberg limits tests on the embankment soils are plotted on
the plasticity chart on Figure 2. Eight Atterberg limits tests for which the samples were
determined to be non-plastic samples are not plotted on Figure 2. Thus, the embankment
soils range from non plastic or slightly plastic sandy silts and silty fine sands, to medium
plastic sandy clays and clayey sands. The more clayey soils predominate. Because the
embankment was constructed almost entirely with soils from shallow excavations
beneath or upstream of the dam, the test data shown on Figures 1 and 2 are representative
of the properties of the Holocene surface layer.

Project specifications called for the embankment to be compacted to a minimum of 95
percent of maximum dry density (MDD) as determined by ASTM D698 with the
moisture content during compaction being maintained within two percent of the optimum
moisture content (OMC). Figure 3 shows the relationship percent of maximum dry
density of the field density tests versus elevation. Figure 4 shows the relationship
between variation of field moisture content of the embankment from the OMC and
elevation.

Based on statistical analysis of field compaction testing of finer grained soils on 72 BOR
dams, standards deviations of 3.0 pcf for variation of percent compaction and 1.5 for
variation of field moisture content from the OMC were recommended for earthwork
quality control (Hilf, 1991). As indicated on Figures 3 and 4, standard deviations for the
Vineyard FRS compaction test are 2.5 pcf and 1.3 percent moisture in terms of dry
weight. The data shows that good quality control practices were followed and that a high
quality, relatively uniform embankment was attained.

Figure 5 shows the relationship between degree of saturation and depth below the dam
surface. Both data from the 1967-68 construction testing and the Central Drain
construction in 1984-85 are included on Figure 5. Figure 6 shows the relationship
between moisture content and depth. below the surface. Test data from the original
construction testing in 1967-68, construction of the Central Drain in 184-85 and the
present AMEC geotechnical investigation are shown on Figure. The data are presented in
terms of depth below the embankment surface in Figures 5 and 6 because depth
influences the processes of unsaturated flow, seasonal moisture variation near the surface,
deep infiltration and drying shrinkage at depth (Morris et al, 1992; Fredlund and
Rahardjo, 1993).

As indicated by Figure 5 and 6, a large amount of drying of the embankment soils has
taken place between 1967 and 2001. It appears that the average amount of drying is
approximately 6 or 7 percent. Overall, the 1984-85 moisture contents appear to fall
between the 1967-68 and 2001 values suggesting that the drying process has continued
over the entire 33 year period.

To evaluate the distribution of soil types within the embankment, the location of field
density tests with four different ranges of MDD are:plotted on Figure 7 in terms of
station and elevation. Atterberg limit tests were not run 'on the soils forwhich the ASTM

I,
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D698 moisture-density relations tests (proctors) were performed for construction.
,However, Atterberg limits were performed for moisture-density relations tests run during
design studies. The data shows that the higher MDD's correspond to mixtures of well
graded sand and clay while the lower MDD's correspond to non plastic or slightly plastic
fine sand-silt mixtures. Figure 7 indicates that the embankment is relative uniform with
perhaps a slight overall tendency toward less plastic lower-density soils in the southern
half.

3.0 ANALYSIS OF CENTRAL FILTER

The results of filter analysis for the Central Filter is described in this section. The filter
was originally designed as an element in a system that included finger drains at each
crack 0.25-inch or greater in width. The initial phase of construction revealed so large a
number of these cracks that it was judged to be impractical to install finger drains at
each crack. Moreover, the cracks were found to be considerably deeper than anticipated.
Thus, the finger drains were eliminated and the filter was extended to 19 to 21 feet below
the dam crest.

Without the finger drains, the sole function of the Central Filter is to build a filter cake in
the event of seepage progressing from the upstream face of the dam to the filter. Thus,
the capacity of the filter to seal cracks in the upstream part of the homogeneous
embankment .was analyzed. Various failure modes involving internal erosion processes
are discussed by Von Thun (1996). The analysis focused on Mode 3 (seepage erosion) as
opposed to Mode 1 (piping). Seepage erosion processes involve continuous pathways
through the dam and/or it's foundation as opposed to piping that is initiated at the
downstream face or toe and progresses upstream. (Von Thun, 1996; Milligan, 1996).

A seepage erosion pathway extending through an interconnected network of
embankment cracks and a defect in the central drain appears to be credible. Piping seems
far less likely, given the short time of impoundment of floodwaters in the reservoir. The
54-inch reinforced concrete principal spillway conduit is designed for a reservoir draw
down time of 10 days. A series of large floods in close sequence (and perhaps blOckage
of the primary spillway) could result in considerably longer period of impoundment.
However the potential time of significant head behind the dam appears to be small in
relation to the time necessary for piping to progress to the point of dam breach initiation.

A description of the methodology used in analysis and a discussion of results are
presented in the following sections.

3.1 Approach

Methodology in Chapter 26 of the SCS Nationa1.Engineering Handbook, Gradation
Design of Sand and Gravel Filters (SCS, 1994) was used in the analysis. These
procedures are the product of comprehensive res~arch by the SCS (Sherard et al, 1984a,
1984b; Sherard an4 Dunnigan, 1985, 1989) .and are essentially the same as those of the
Bureau of Reclamation (BOR, 1987) and U. S. Army Corps of Engineers (USACOE,
2000). They have been ~ndorsed by various organizations involved with the design,
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construction and operation of dams including the International Commission on Large
Dams (ICOLD, 1994) and Canadian Dam Safety Association (Milligan, 1996).

Filtration properties and criteria to prevent gap-graded filters and minimize segregation
were evaluated with the methods in SCS Chapter 26. More recent work by Foster and
Fell (2001) was also considered. Procedures discussed by Kenney and Lau (1984) and
Skempton and Brogan (1994) were employed to analyze the internal stability. This
procedure evaluates whether the pore size of the Central Filter aggregate is sufficient to
allow the finer fraction to be washed out through the granular skeleton of coarser
particles.

The potential for the Central Filter aggregate to be washed into the larger downstream
embankrilent cracks was also evaluated using the SCS Chapter 26 criterion for perforated
pipe and other SCS criteria (Leckband, 1984).

3.1 Base Soil Category (BSC) of Embankment Soils

SCS Chapter 26 subdivides base materials into four categories for filtration analysis.
The homogeneous embankment soils (Figures 1 and 2) fall into BSC 3; sands, silts, clays
and silty & clayey sands with 40 to 85 percent passing the no. 200 sieve.

3.2 Filtration Analysis.

Filtration requirements are defined in terms of D15F. For the coarse band of the Central
Filter, D15F= 0.82 mm while D15F= 0.11 mm for the fine band. A D15F equal to or less
than 0.7 mm is required for BSC 3. Thus, the fine band meets the criterion and the coarse
band is marginal. In extensive tests on BSC 3 soils, Foster and Fell (2001) found the no
erosion boundary to be from 0.7 to 1.7 mm. They confirmed the criteria of SCS Chapter
26, but found it to be generallyconservative. Thus, the Central Filter is judged to satisfy
filtration requirements.

3.3 Filter Band Limits to Prevent Gap Grading.

For the particle sizes of the filter, for which 60 percent by weight or less are finer, the
ratio of the course band size to the fine band size should be 5 or less. Calculated ratios
are 5.3 to 7.3. Secondly, the coefficient of uniformity (CD) should be equal to or less
than 6. The calculated CD-values are 15.6 for the coarse band 16.7 for the fine band.
Thus, the Central Filter does not meet SCS Chapter 26 criteria for prevention of gap
grading.

Analysis of the internal stability by the Kenney and Lau (1984) procedure is presented
on Figure 8. The results suggest that the Central Filter is internally unstable.

3.4 Criterion for Segregation
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SCS Chapter 26 includes a criterion to minimize segregation during construction. Thj.s
criterion stipulates maximum D90F sizes for various ranges of the minimum D10F. The
minimum specified DlOF is 0.09 mm, so the maximum D90F should be no more than 20
mm. The actual value is 22 mm or slightly out of conformance with the segregation
criterion.

3.5 Potential for Erosion of Central Filter into Downstream Cracks

In their evaluation of cracking of the Vineyard FRS and other dams, the SCS proposed
that the D50F should be equal or greater than one-half the crack width and that the D75F
should be equal to or greater than the crack width (Leckband, 1984). The fine band of the
specified filter meets these criteria for cracks up to 0.12 inch in width and the coarse band
for cracks up to 0.36 inch in width.

SCS Chapter 26 criteria for filters in contact with perforated drain pipe stipulate that, for
non-critical drains, D85F must be greater than or equal to the perforation size. If this
criterion is applied for downstream cracks, the fine band satisfies the requirement for
cracks up to 0.24 inch and the coarse band for cracks up to 0.78 inch. SCS Chapter 26
further stipulates that, for critical drains (those subject to surging or gradient reversal),
D15F must be equal or greater to the perforation size. If this criterion is applied for
downstream cracks, the fine band satisfies the requirement for cracks up to about 0.005
inch and the coarse band for cracks up to about 0.03 inch.

As illustrated by the figures summarizing crack data, there are numerous cracks in the
embankment with widths ranging from 1 to 3 inches, some of which extend to depths as
great as 21 feet below the dam crest. The analysis indicates that there is a high potential
for the central drain aggregate to wash into downstream cracks.

4.0 DISCUSSION OF RESULTS

4.1 Earth Fissuring Risks & Processes

Significant differential settlement (or subsidence in geological terms), in response to
ground water declines, has occurred along the northern portion of Vineyard FRS resulting
in accumulation of tensile strains. Various studies including the present photo-geologic
work by AMEC have not identified earth fissures beneath the dam. Extensive earth
fissuring is, however, present about one mile northwest of the dam and significant
differential subsidence and increase in horizontal tensile strain is continuing along
approximately the north half of he embankment.

Jachens and Holzer (1982) estimated that tensile strains at the threshold of earth fissuring
are in the range of 0.02 to 0.06 for soils similar to the Late Pleistocene alluvium at the
site. Leonards and Narain (1962) report the results of bending tests on compacted soil
beams performed to determine tensile strain at cracking. Five of the six soils tested were
silty and clayey sands similar to .theVineyard FRS embankment materials. Tests. were
performed at about the OMC and somewhat below the MDD. Tensile strains at cracking
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ranging from 0.05 to 0.18 were obtained. They compared well with computed tensile
. strains in cracked dams. The present desiccated embankment probably has a lower strain
threshold for formation of new cracks than determined in most of the Leonards and
Narain tests. It is apparent that both the embankment and Late Pleistocene alluvium are
relatively stiff and brittle and would experience earth fissuring at low tensile strains.

The weight of evidence indicate that there is some significant degree of risk of earth
fissuring along approximately the northern one-half of the dam.

Earth fissures are typically about % -inch in width at the time of formation and are
believed to extend hundreds of feet in depth into the brittle cemented alluvium below the
Holocene surface layer. Earth fissures are often difficult to detect after formation because
they do not translate through the low-density Holocene surface layer. They also may not
translate through the loose zone at the surface of dam slopes created by biological action
and other surface processes or the granular surfacing on the crests of the dams. Earth
fissures may be manifested in the embankment by the opening of several existing
shrinkage cracks rather than formation of a continuous new crack. If this is the case, they
might be particularly difficult to identify. After the initial brittle fracture, fissures
continue to widen in response to further ground water decline, subsidence and
accumulation of horizontal strains.

4.2 Causes ofEmbankment Cracking

The AMEC investigations indicate that the longitudinal cracks on the upstream face of
the dam were caused by collapse settlements in the prism of Holocene surface soils
upstream of the cutoff trench. The settlements probably occurred during the flooding in
October 1972 that apparently filled the reservoir and may have resulted in emergency
spillway discharge. A review of data on the rate of infiltration into collapsing soils
(Hansen et al, 1989) indicated that rates are typically in the range of 0.5 to 3.0 feet per
day. It is likely that water was impounded at the upstream toe of the dam for at least 10
days in October 1972. That would have probably been sufficient time for the soils to
become wetted to a degree that would induce collapse settlement.

Given the large amount of drying of the embankment (Figures 5 and 6) and the fact that
most of the collapsing soils were removed from beneath the upstream portion of the dam,
the weight of evidence indicates that most of the cracks are shrinkage cracks. However, a
substantial thickness of collapsing soil remains beneath the cutoff trench and shelf in at
least a few areas. It is possible that seepage has extended beneath the dam through more
permeable lenses (such as the soils from 16.5 to 21.5 feet in Boring No. BH215+00-1) in
the collapsing layer created differential transverse settlement cracks through the dam.
Such cracks might be wider and have greater continuity than shrinkage cracks.

4.3 Potential Seepage Erosion Pathways & Erosion Resistance

In their studies in the 1980'S; the SCS analyzed the depth of potential drying shrinkage
cracks using a simplified method based ~m the estimated modulus of deformation of the

I

I
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unsaturated soil and the changes in suction (negative pore pressure) due to desiccation.
The method is described by Fredlund and Rahardjo (1993). Crack depths of 21 feet were
computed which correspond closely to the actual maximum crack depth observed during
construction of the Central Filter. Postulation of drying shrinkage as the cause of the
cracks seems consistent with unsaturated soil mechanics theory (Morris et al, 1992;
Fleureau et al, 1993: Fredlund and Rahardjo, 1993).

According to the SCS (1985), 2336 transverse and diagonal cracks were observed during
construction of the Central Filter in 1984-85. The average spacing of cracks for the entire
dam is 12.3 feet, but as the figures illustrating the crack data show, cracking is much
more intense in some segments.

The degree of continuity and interconnectivity of the crack system is not known, but
there is clearly a risk that interconnected open cracks form pathways through the dam on
both sides of the Central Filter. Whether such a crack system would form a continuous
path for seepage erosion through the embankment depends on whether there ate defects
in the Central Filter. It seems credible that such defects could be rapidly formed by
transport of the finer fraction of internally unstable filter aggregate and progressively
washing aggregate into wide downstream cracks.

Skempton and Brogan (1994) state that the hydraulic gradient required to initiate internal
instability in horizontal flow through broadly graded aggregates is typically about 0.16.
Were seepage to flow through open cracks to the upstream face of the Central Filter with
little head loss, it appears that hydraulic gradients of 3 to 4 would be induced across the
3-foot thick filter.

It appears possible that segregated zones could contribute to the formation of defects in
the filter. It is also possible that the filter or portions thereof are cemented and have the
potential to translate shrinkage/settlement cracks or earth fissures. According to
Leckband (1984), it was reported that the Vineyard FRS filter stood vertically for it's full
height in excavations made during the 1989 construction.

Desiccation of the embankment has produced high negative pore pressures and tensile
stresses in the uncracked segments of the embankment substantially reducing minor
principal stresses. Thus, it seems possible that embankment cracks could be rapidly
opened or expanded by hydraulic fracturing (Sherard, 1973, 1985; Lo and Kaniru, 1990)
during the initial surge of water into open cracks. It also seems possible that drying
shrinkage and hydraulic fracturing processes could contribute to the formation of seepage
erosion pathways along the primary spillway conduit.

As shown on Figure 2, most of the embankment material falls into Resistance Categories
1 and 2 of Sherard (1953), although some samples are classified as Category 3 (the least
resistant to erosion). It is likely that the Sherard system underestimates the erosion
resistance of the embanknient soils because of the cohesion created by the high negative
pore pressures and some artlriunt of re-cementation by calcareous agents.
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It appears that all of the embankment soils have a relatively high degree of resistance to
erosion. Summaries of the global hydraulic gradients required to initiate internal erosion
(Van Zyl and Harr, 1981; Meyer et al, 1994) suggest that hydraulic gradients in the range
of 0.4 to 0.5 would be necessary to initiate seepage erosion and dam breach formation
processes in the embankment.

In contrast, at least some of the soils of the low-density Holocene surface layer that
remain beneath the dam foundation (such as the silty fine sand beneath the cutoff trench
from 12.5 to 17.5 feet in Boring No. BH200+00-2) fall into Sherard Resistance Category
3 and have very high susceptibility to erosion. It appears that seepage erosion could be·
induced in these soils at hydraulic gradients as low as apout 0.12. A very high
susceptibility to erosion of these soils is demonstrated by the processes of their erosion
into earth fissures.

As shown on the figures summarizing crack data, a considerable number of cracks extend
to the bottom of the embankment and may be in direct contact with highly erodible silty
fine sands and sandy silts of the Holocene surface layer. Thus, seepage erosion pathways
along the embankment-foundation interface passing below the Central Filter also seem
credible.
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• FIG.E 1
Gradation of Embankment Soils & Central Drain Aggregate •
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• •FIGURE 2
Vineyard FRS Embankment Material Properties
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• •FIGURE 3
Percent Compaction -vs- Elevation, Vineyard FRS Embankment
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• e
FIGURE 4

Variation of Field Moisture Content from Optimum Moisture Content,
Vineyard FRS Embankment
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e •FIGURE 5
Degree of Saturation -vs- Depth, Vineyard FRS Embankment & Foundation
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- Fig!e6
Moisture Content -vs- Depth, Vineyard FRS Embankment & Foundation
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• •FIGURE 7
Station & Elevation of In-Place Density Tests, Vineyard FRS Embankment
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• •FIGURE 8
Internal Stability Analysis,Vineyard FRS Central Filter
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

RITTENHOUSE FLOOD RETARDING STRUCTURE
•

Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 0085

July 12 2001

1.0 INTRODUCTION

General Description
Rittenhouse FRS is located about 40 miles east of downtown Phoenix and twelve miles
southeast ofthe City ofApache Junction. The project consists of the FRS embankment
structure and an emergency spillway. The project is part of the Williams-Chandler
Watershed Protection and Flood Prevention Project, which includes the Rittenhouse and
Vineyard Road flood retarding structures.

Rittenhouse FRS is classified as a medium sized, significant hazard dam. The reservoir
behind the FRS is 660 acres with a capacity of 4,060 acre-feet. Construction of the
Rittenhouse FRS was accomplished under contract to William Pulice Construction
Company. Construction of the FRS and appurtenant structures were completed in 1969.

Except for considerable cracking ofthe structure during and after its first major
impoundment in 1972, which necessitated investigations and construction of a defensive
design measure (a central filter) repair the dam has performed satisfactorily to date

Dam Data
Dam type: Rolled earthfill
Dam height: 24.3-ft
Dam length: 19,008-ft
Dam crest: width 14-ft; elevation 1602.3-ft
Spillways: Principal- 33-inch RCP; inlet elevation 1578.1-ft; Emergency spillway - 600
ft wide earthlined spillway; crest elevation 1597.6-ft
Freeboard: 4.7-ft
Reservoir·Surface: 660-ac at spillway crest
Storage: 4,060-af at spillway crest
Hazard Classification: Significant

Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:

• Identify potential site-specific failure modes for the dam.
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•

•

•

Flood Control District of
Maricopa County

Discuss non-quantitatively the likelihood ofthe identified failure modes.
Determine whether or not and how important failure mechanisms are being monitored
Examine the consequences of failure and the adverse consequences of successful
operation (e.g. - large spillway releases)
Identify possible risk reduction actions that may be taken to reduce the likelihood of
failure or to mitigate adverse consequences
Determine what information, investigations or analyses may be needed to resolve
uncertainties relative to potential failure modes.

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate of the magnitude of the "consequences" for each significant failure
mode will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

•

•

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Horn and Associates, Inc., Project Manager
Jim Scott, DRS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Horn and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

The following is a summary ofthe major findings and understandings for Rittenhouse
Flood Retarding Structure as a result of the Failure Mode and Consequence Analysis
(FMCA). Rittenhouse FRS is one of three adjoining flood retention dams (Vineyard
Road and Powerline FRS being the other two dams). Because of concerns about drying
shrinkage and desiccation cracking each dam was modified after construction but in
slightly different ways. In carrying out the FMCA for these dams Vineyard Road FRS
was done first followed by Rittenhouse and then Powerline FRS. The potential failure
modes considered for the dams were of course very similar and it was natural to compare
the likelihood ofdevelopment ofthese failure modes among the three dams. Thus in the
major findings and understandings given below some ofthe differences are noted as key
findings and conditions of general similarity related to potential failure modes are also
noted.

The major findings and understandings given below are organized as follows. First the
most important design, construction, geologic, and performance differences or unique
aspects related to the potential for failure mode development ofRittenhouse FRS are
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given. Findings related to failure modes or adverse consequences other than overtopping
and spillway discharge are given first. Findings related to consequences are given next
followed by action items (risk reduction and investigations). Finally, general findings
that are informational and / or generally similar for all three dams are listed. In making
comparisons of the dams and the amount of cracking experienced at the time of the
repairs it is instructive to note the year of the original construction of each and the year
those repairs were made. The difference between these two dates [shown in brackets] is
the number ofyears drying had taken place before the central trench was excavated.
Each trench was mapped for cracking depth, width and extent,. They were Vineyard
Road FRS - Constructed 1967, repaired 1983, [16 years], Rittenhouse - Constructed
1969, repaired 1979, [10 years], Powerline - Constructed 1968, repaired 1991 [23 years].

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Key findings / differences related to failure mode development - "static loading
failures - seepage erosion'- fissuring - foundation erosion -etc."

• The Central Filter Repair Was Not Made Over The Entire Length Of The Dam. The
filter drain is not continuous along the entire length of the dam being absent on the
south end of the dam.

• The Central Filter repair did not Extend to the bottom ofthe Foundation. The fact
that the filter was not taken to the full depth of the foundation opens up the potential
for a transverse crack to extend through the full section of the dam at or near the base
of the dam where the head would be the greatest (and the potential for water would be
the highest) but the crack opening would tend to be the smallest based on the trench
mapping of cracks.

• Transverse and Longitudinal Crack Characteristics. The cracks at Rittenhouse FRS
appem:ed to be the most significant of the three dams in 1972 when the problem first
came to light. However, the trench mapping of cracks during the repair in 1979
showed that the cracks in Rittenhouse were considerably shallower and narrower than
in Vineyard Road FRS that was repaired in 1983. While not as extensive as at
Vineyard FRS it still should be noted that numerous cracks were observed in the
trench mapping at Rittenhouse to significant depths. A plausible reason for the
difference in the extent of cracking would be due to the additional drying time (6
years) which Vineyard had before repair took place. However, based on current
observations, ongoing cracking at Vineyard generally seems to be more extensive
than that of the Rittenhouse FRS embankment. Maximum crack width was 0.6 inch
and crack depth 14 feet at the Rittenhouse FRS as compared to a maximum width of4
inches and a maximum depth of21 feet for the Vineyard FRS. The average spacing of
transverse and diagonal cracks is about 12 feet for both dams. The explanation for the
difference in cracking is uncertain. It may be due to differences in the length of time
between construction and installation ofthe central filters, differences in the shrink
swell properties and sand/gravel and clay content of the embankments or some
combination of these and other factors. Limited classification test data suggests that
the Rittenhouse FRS embankment is less plastic and coarser, but the data is
inconclusive. Further study is needed to resolve the critical question ofwhether the
cracks in the Rittenhouse FRS have grown appreciably since the central drain was
constructed.
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Original Material Logging was Not Necessarily Valid. The Material logging
(classification of soils) in the borrow and in the foundation generally indicated the
presence of coarse grain materials (gravel) at all the structures. Such material would
not have been very susceptible to desiccation cracking. The soil classification may
have been conducted by testing personnel not familiar with local soils/nomenclature.
As a result the original logging does not appear to be good enough to differentiate
between the soils used in the construction of the dams and current testing is needed to
tell what the real nature ofthe fills are like and whether there is a material difference
in the soils at each dam. The material logging may be inaccurate in consideration of
the lack of a detailed description ofcementation in the logs and lack of definition in
the logs of the contact between the Holocene surface layer and underlying more
cemented Late Pleistocene deposits
Understanding ofFiltetCharacteristics & Function of Filter. The central filter for
Rittenhouse FRS was installed by SCS in 1979 and was intended by the SCS to
function as a "crack stopper". The defensive mechanism provided is the formation
of a "filter cake" in the initial process of seepage through a transverse or diagonal
crack. This would prevent erosion of the soils upstream of the filter and minimize
flow into the filter and consequent erosion of soils in the downstream part ofthe
embankment. However, as noted below, the central filter only provides partial
protection of the embankment. The specified filter meets generally accepted criteria
for filtration. Factors that could potentially create defects that would compromise the
function of filter are segregation during construction and cracking. An internal SCS
report on the general subject of cracking of dams in Arizona (Leckband, 1984; "A
Barrier to Cracks in Dry Dams") indicates that the central filter of the Vineyard FRS
stood vertically in temporary excavations that extended for the full height ofthe dam.
This suggests that the filter may be cemented and thereby susceptible to cracking in
response to shrinkage or settlement. This possibility leads directly to the postulation
of a seepage erosion potential failure mode even where a central filter has been
constructed.
Longer Drawdown Time. Rittenhouse FRS has a design drawdown time of 30-days,
which is longer than the lO-day design of the Vineyard Road FRS. This primary
difference is due to the sizing of the outlet works pipe (principal spillway). The
significance of this finding is that there is a considerably longer time (20 more days)
at a higher head to allow development of a seepage erosion flow path and retention of
enough head to accomplish erosion if the flow path was established. The FMCA
team noted that even though the storage time is 3 times longer, the available time to
develop flow paths and initiate seepage erosion is still very short.
Reduced Potential for Fissuring. There is a reduced potential for earth fissuring at
Rittenhouse FRS based on the local geology and lack of strain potential based on
settlement profile. (Don't have differential settlement - no strain).
Reduced Potential for Subsidence related cracking. There isa reduced potential for
subsidence related cracking at Rittenhouse FRS based on the local geology and lack
of strain potential based on geologic profile. (Don't have· subsidence - no strain).
Collapsing Holocene Soils Exist in the Foundation ofDani. The FMCA team
reviewed information on the geotechnical properties of the foundation soils presented
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in the various reports by the SCS. This data indicates that a surface layer of
collapsible Holocene soils is present at the site and is underlain by dense cemented
Late Pleistocene deposits. The collapsible layer was completely removed from
beneath most of the upstream cutoff trench during the original construction. However,
the available evidence suggests that finer-grained collapsing soils may be present
beneath the entire embankment in localized areas. These materials are highly
susceptible to seepage erosion and collapse settlements upon wetting. This material
is more susceptible to seepage erosion than the compacted embankment fill. A
potential failure mode involves eroding this material at the contact of the dam and
foundation. At Vineyard drilling along 4 cross sections revealed that this material was
left in place. There is no direct evidence that such Holocene earth material was left in
at Rittenhouse and that it extends the full length of the foundation. However that
possibility exists.
Seismic Loading of theDam was not considered as a Major Issue. There were no
potential failure modes identified due to seismic loading and no "incipient" static
loading potential failure mode that would be triggered by seismic load could be
identified. The seismic exposure evaluation indicates that the peak horizontal
acceleration (PHA) at the Rittenhouse FRS due to the maximum credible earthquake
(MCE) is about 0.12g. These small dynamic forces would n.ot cause appreciable
deformations ofthe stiff unsaturated embankment, so earthquakes do not constitute a
significant risk.
Dispersivity Tests. Pinhole and SAR test results indicate the embankment soils are
non-dispersive.
Good Construction ofFill. Quality control was good/excellent. Good compaction of
fill.
Generally, the Finger Drains may be Ineffective. The finger drains interconnected to
the central filter/drain do not appear to have the capacity to control seepage from
open upstream cracks, prevent build-up ofheads in the central filter drain and control
seepage through and erosion ofdownstream cracks. The thirteen finger drains are
spaced on 1000-ft centers while the hydraulic conductivity ofthe central filter/drain
aggregate is only about 250 feet per year. The generalized spacing of drains would
have little effect on a nearby, randomly located crack or fissure.
Potential for Transverse Crack to occur where no Finger Drain exists. There is a high
potential for any new transverse crack to intersect the central filter where there is no
finger drain outlet.
Potential Loss of Central Filter Material through a Crack. The potential exists that
there may be a loss of central filter material through a large downstream crack should
such a crack promulgate to the filter and a driving head exists in the central filter. The
maximum crack width at the time of the central filter-drain construction in 1979 was
only 0.6 inches. If the cracks have not expanded to greater widths, this potential
would not exist. However, ifthe have expanded to the range ofwidths present at the
Vineyard FRS, the central filter-drain aggregate would be susceptible to erosion into
downstream cracks.
Foundation was Pre-Wetted. The foundation soils were pre-wetted to minimize
collapse potential. The pre-wetting was performed over the area extending from the
crest to the downstream toe. This may have positively affected the number and
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Key findings / differences related to failure mode development - "flooding,
overtopping, spillway discharges."

spacing oflongitudinal cracks. It may have been why more cracking is being
observed at Vineyard than at Rittenhouse. However it is believed that no pre-wetting
was done at Powerline.

• Not As Much Foundation Excavation. Not as much foundation over-excavation was
performed at Rittenhouse as was done for Vineyard FRS. However, more foundation
overexcavation was done in field than called for in design.

• Small Outlet Principal Outlet Pipe. The 33-inch RCP that serves as the principal
spillway for the Rittenhouse FRS is smaller that the 36-inch principal spillway pipe at
the Powerline FRS and the 56-inch principal spillway pipe at the Vineyard FRS. This
results in a drawdown time of 30 days as compared to drawdown times of 10 days for
the Vineyard FRS and Powerline FRS. The smaller diameter pipe at Rittenhouse
increases drawdown time and potential for plugging.

• Dam has been Tested. Rittenhouse FRS has experienced a significant impoundment,
possibly to the emergency spillway crest elevation based on October 1972 flood
photographs on file with the District. This is important to note that the dam has
experienced at least one significant impoundment. (NOTE: The shrinkage cracks
were in their early stages ofdevelopment in Oct. 1972).

• Central Filter is More Broadly Graded. The Rittenhouse central filter is more broadly
graded and has a larger maximum particle size than the Vineyard FRS filter. Thus,
this filter is more susceptible to segregation and internal instability due to broader
gradation and larger maximum particle sizes. There was one recorded incident of
filter material rejection by an inspector during construction.

•

•

Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

• Overtopping ofRittenhouse FRS. The FMCA team observed that a previous
hydrologic and dambreak study for Rittenhouse FRS concluded that the dam would
be overtopped during a full PMPIPMF event. However, the depth ofovertopping is
low (approximately 0.5-ft) and the duration of overtopping is short. This finding
however is based on design elevations and the assumption of a level crest and is thus
dependent on what the actual crest elevation of the dam is and what the current
reservoir capacity is (effect of regional subsidence versus dam settlement)

• Settlement Survey Data. The survey data completed in the past for the dam
monuments crest shows wide variations in crest elevations. Thus the data for the
crest and downstream toe monuments needs to be comprehensively reviewed and
verified. Surveyed elevations of the monuments located near the crest do not reflect
top ofdam elevations. Questions were raised as to the benchmarks and reference
datums used in previous settlement surveys and aerial topographic mapping of the
dam. True elevations of dam features (crest of dam, emergency spillway crest,
principal spillway, etc.) need to be established. Elevation data for sections of dam
next to emergency spillway need to be acquired and elevations marked on trash rack
ofprincipal spillway and elevations should be shown in tenths on the upper 3 feet of
the staff gage. The survey data for the adjacent section ofthe CAP Aqueduct needs to
be integrated package of survey information for risk assessment.
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Potential Failure ofRittenhouse FRS into Vineyard Road FRS. A failure ofthe north
abutment ofRittenhouse FRS will discharge floodwaters into Vineyard Road FRS.
Further investigation of this consequence should be undertaken since the structures
are on adjacent watersheds.
Lowered Abutment Sections. The abutments are 1 foot lower than the dam crest
elevations in the original design according to the construction as-built drawings. This
may be a "fuse plug" type design feature.
Confirmation of Inflows to Reservoir.·Hydrological analysis should be performed to
confirm the hydrographs of the PMF, ~ PMF, 100-year and other appropriate events,
determine the frequency of occurrence of incipient overtopping and define the
downstream areas of inundation and other consequences of the various floods.
Alluvial fan avulsion and deposit processes may need to be considered in this
analysis.
Erosion ofDam Embankment (Left Abutment) due to Emergency Spillway
Discharges. There are high flow velocities for large spillway discharges from the
spillway at Rittenhouse (estimated flow velocities at 10 - 12 feet per second). These
are higher flow velocities than at Vineyard FRS spillways and there is a potential for
spillway flows to impinge on the dam due to the narrowing of the spillway channel
and because the training walls terminate before the end ofthe dam. (NOTE: The SCS
test pits suggest that cemented soils are present at spillway grade along portions ofthe
spillway alignment. These soils are probably highly resistant to erosion, but the SCS
logs do not conclusively demonstrate the characteristics of these materials. The dam
break analysis performed by Montgomery in 1989 showed a very severe spillway
erosion event with the peak ofthe outflow hydrograph being essentially the same as
the dam breach case. The peak discharge was about 1.33 times the peak ofthe PMF
inflow·hYdrograph. More study is needed to confirm that there is no risk of a serious
spillway erosion failure mode).

Consequence Evaluation

•

•

•

Dambreach Characteristics. Owing to the stiff, unsaturated embankment soils, it is
anticipated the rate of breach formation at Rittenhouse FRS would be relatively slow.
The weight of evidence indicates that the embankment material has a relatively high
resistance to erosion.. It is expected that breaches for both the overtopping and
internal seepage erosion failure modes would be narrow and take a relatively long
time to form. Relevant case histories ofbreaches of low homogeneous dams
involving similar embankment materials include the Church Rock tailings dam near
Gallup, New Mexico and the Clear Creek dam near Winslow, Arizona.
Importance of Good Consequence Scenarios. In order to get a good understanding of
the consequences of large spillway discharges, a potential overtopping failure or a
potential seepage erosion breach there is a need to develop an understanding of the
importance of the buffer zone between the dam and the CAP canal (and flows into the
wasteways). At Rittenhouse there is a large buffer zone downstream ofthe dam
between the dam and the CAP canal. This buffer zone would receive the breach
flows from the dam and from there flows would discharge into the Queen Creek
wasteway and if great enough they would enter the CAP canal. Thus the actual peak
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discharge flows affecting downstream areas may well be controlled by the breach
parameters of the CAP canal or of the wasteway.

• Importance of Incremental Damage Analysis. It will be important to route floods of
different frequencies (peak and volume) through reservoir and spillway to estimate
the recurrence interval at incipientovertopping. The studies should include
comparison of inundation limits from spillway flows with inundation from combined
overtopping and spillway flows and the incremental damage created by overtopping.
Differences may be small so that the results of this study may provide the basis for
determination of whether raising of the dam is needed (for larger events).

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Action Items - Risk Reduction or Investigations

• Risk Reduction Measures. The FMCA team recommends several measures for risk
reduction and management that may be taken by the District in the immediate future.
These measures include: (1) Keep the crest of the dam level at the design elevation;
(2) Monitor the impoundment levels during storm events (this includes both remote
and as well as on-site monitoring); (3) Provide training to O&M crews regarding
identification of earth fissure development and other key observational parameters
such as indications of seepage erosion; (4) Operation of irrigation outlets - close
gates except as needed.

• Confirm Utility Crossing. The details ofthe telephone utility crossing ofdam at
Station 141+00 should be confirmed. Document on dam as-built drawings.

• Lack ofMaterial Testing on Key Parameters. The FMCA team has found that there is
relatively few grain size analysis and Atterberg limits test available for the
embankment fill and borrow. Thus the characteristics ofthe embankment material is
uncertain.

• Lack of Stability Analyses. The FMCA team recommends that slope stability
analyses for the embankment and the central filter be documented. A record of a
stability analysis for the original design or the modifications has not been found.

General Findings That Are Informational And I Or Generally Similar For All Three
Dams (Powerline, Vineyard Road, and Rittenhouse FRSs)

• Potential For Uniform Subsidence Induced by Ground Water Declines. Information
summarized by AMEC in their "Investigation of Ground Subsidence and Earth
Fissures" indicates that the dam is underlain by thick deposits of alluvial sediments
over 1200 feet in depth which contain a relatively thick interval of clayey lakebed
deposits. Substantial groundwater declines and moderate ground subsidence in the
area of the Rittenhouse FRS are probable in the future. Survey records for the
adjacent section of the CAP Aqueduct indicate that almost uniform subsidence of
about 1.6 fe~t has occurred along the Rittenhouse FRS since it was constructed in
1968. It is the opinion oftheFMCA team that future subsidence of the dam will be
moderate and relatively uniform and that the risk of earth fissuring is low. There is a
remote possibility that abrupt differential subsidence and fissuring could be induced
in the future by a high rate oflocalized ground water pumping. However, any such
trend would be identified by the crest surveys well before significant risk developed.
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Differential Subsidence is On-Going. Subsidence in the region continues.
New Fissure found Just North and West ofPowerline FRS. AMEC's Phase II
investigations included review ofprevious reported earth fissures in the vicinity of the
Powerline, Vineyard, and Rittenhouse FRSs. AMEC has also reviewed recent aerial
photographs for possible earth fissures. The review of the photogfaphs and
subsequent field visit has discovered a new previously unobserved or unreported
earth fissure near the north end ofPowerline FRS. (Note: The new fissure is well
removed from Rittenhouse and there is a low risk of fissuring as compared to the high
risk at Powerline.
Ability to Understand Fissure Development Potential Rational and the Potential to
Detect and Monitor Development ofFissures. The FMCA team discussed the general
mechanism for potential earth fissure development and concluded that the conditions
exist at the regionally, and at the dam site and the immediate vicinity for earth
fissures to develop. The team recognized that there are early warning indicators that
can be observed in the field that may be linked to the potential formation of an earth
fissure.
Small Floods May" Reveal or Detect" the Presence ofFissures. The FMCA team
realized that water in the form of stormwater as overland flow or flooding is often
associated with development of earth fissures or revealing the existence of already
developed fissures. These floodwaters cause the fissure to manifest itself as surface
expressions. Earth fissure development as the result of surface water flow is not tied
to a storm event frequency. Small floods, which are much more likely to occur than
major floods, which could threaten loss of the dam, may thus provide an early
warning for the detection and subsequent repair of an earth fissure.
Groundwater Supply Wells. The FMCA team determined that new groundwater
supply wells may increase differential subsidence and the risk of earth fissuring.
Further studies are warranted to establish a minimum setback distance that will not
significant increase risks of fissure development. It is AMEC's preliminary estimate
that the radius of influence ofhigh capacity water supply wells is approximately one
mile. Groundwater supply wells are not as important a factor influencing risks related
to subsidence for Rittenhouse FRS as they are for the Powerline FRS and Vineyard
Road FRS.
Broad Based Value ofRisk Assessment. It is the opinion of the FMCA team that the
broad-based risk assessment process was ofparticular value to the District's
Structures Assessment Dam Safety Program. In it's comprehensive review of the
technical and operational issues, it added value to the program well beyond it's
objective of identification of failure modes and quantification of risks. The process
better defined priorities for the next stages of the program, and, with the broad
experience of the team, provided peer review of areas of technical study critical to the
program. It is believed that the Risk Analysis process will lead to more efficient
allocation of resources in Phase I and II engineering and optimization of the
emergency action plans, dam inspection procedures and design of remedial measures.
Impact ofVineyard Road FRS Test Cells. A long time was taken to fill the test cells
at Vineyard Road FRS with water (22 hours for Cell 2 and 44.5 hours for Cell 3)
this could have resulted in swelling of the clay soils and thus avoided a rapid flow
through a crack capable of seepage erosion. The number of tests run relative to the
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length of the dam was statistically not adequate for Vineyard FRS. (Note the filter at
Rittenhouse FRS does extend for the full length of the dam or to the full depth of the
compacted embankment soils. Thus, ponding tests are less relevant to Rittenhouse
than for Vineyard and Powerline).

• Central Arizona Project Canal. The CAP canal should be evaluated relative to its
influence on the effects of various modes ofRittenhouse dam failure and relative to
its response to inflows from the dam. The ability of the CAP canal to handle/store
flows resulting from failure at Powerline seems to be considerably less than at
Vineyard and Rittenhouse. This is especially true due to the canal flow restrictions at
the overchute area and at the bridge just downstream. However both of these
restrictions could be countered to take advantage of the canal in attenuating /
lessening dam failure peak outflow flooding.

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Mari~opaCounty

•

•

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories listed below. Except in special cases only
those potential failure modes in Category I will be considered in the risk analysis phase
of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes of lesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently available

to allow the team to make a judgement on the significance of the failure mode. The
development of additional data and information is warranted. Additional records
research may be justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.

For each ofthe potential failure modes identified, a Failure Mode Description is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the Failure Mode Description. In
addition, any identified potential actions for risk reduction for each potential failure are
then provided.

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Failure From Overtopping OfDam Crest Due To PMF (Category 1).

(Note: This failure mode for Rittenhouse FRS was highlighted in order to emphasize the
importance of taking action relative to obtaining an accurate survey of the elevation of
the crest surface, spillway crest and outlet invert and relative to ensuring that the crest is
maintained reasonably level at the design crest elevation. However, the failure mode will
not be carried into the quantitative analysis because of the remoteness of the floods
necessary to produce the possibility of an overtopping failure)
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Failure Mode Description: Hydrologic studies conducted on behalf ofthe Flood Control'
District for Powerline, Vineyard Road, and Rittenhouse FRS (James M. Montgomery
JMM, June 1985) indicated that there is a potential for Rittenhouse FRS to be overtopped
by the full PMF storm event. The estimated amount of overtopping based on the design
crest elevation was reported in the cited report as a maximum of 0.45 feet with a total
duration of five hours. Overtopping ofRittenhouse FRS would occur at the low point of
the dam crest. Indications from available survey data are that the crest is significantly
below design elevation and quite irregular in elevation with definite low points. Flow
would overtop the dam at that point and as flows increased erosion ofthe crest and
downstream slope would occur potentially leading to a breach of the dam.

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Hydrologic studies for Rittenhouse FRS indicate overtopping to occur for

the full PMF.
(2) Possible deviation in crest elevation from a minimum of 0.5 feet to a

maximum of 1.5 feet.
(3) Reservoir tilting not as evident as on for Rittenhouse FRS as on Vineyard

FRS.
(4) Transverse cracks would enhance erodibility of embankment.
(5) Evidence of erosion from rills on face of embankment from rainfall.
(6) ,Smaller outlet pipe - increased chance ofplugging and greater drawdown

time.
(7) Only one emergency spillway (compared to Vineyard Road FRS - 2).
(8) CAP canal is 30 feet lower than dam (item 8 is not adverse or positive 

just factual - flows would still have to pass into the CAP canal before
causing damages downstream).

Positive Factors:
(1) PMF an extreme event.
(2) A site specific PMF may not be as high as the JMM PMF.
(3) There are high transmission losses in the upstream watershed.
(4) Short duration ofovertopping.
(5) No contribution from anClther reservoir (as on Vineyard Road FRS).
(6) Dam failure breach outflow characteristics would likely be controlled by

CAP canal failure or Queen Creek wash channel failure - which are
smaller structures and would result in lesser peak outflow values.

Potential Actions for Risk Reduction:
(1) Confirm dam crest profile elevation.
(2) Verify capacity ofRittenhouse FRS.
(3) Evaluate the role ofthe CAP canal and the Queen Creek Wash in the

spillway discharge and dam breach scenarios.

Consequences:
(1) Buffer land zone between dam and CAP canal large overlength ofthe

dam.
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Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

• (2)
(3)
(4)
(5)

(6)
(7)

Flood Control District of
Maricopa County

No greater population.
24-hour and/or multiple event may be more critical.
Relatively low level ofpopulation below dam.
District has extensive easement upstream and downstream of dam 
control of development.
Irrigation outlets can be used in extreme events to discharge water.
Flow direction is away from dam for emergency spillway discharges.

•

•

Failure From Seepage Erosion Through Transverse Cracks Causing Breach OfDam
In Association With A Major Flooding Event (Category I).

Failure Mode Description: Potential for impounded water to infiltrate and flow into a
transverse crack(s) existing in embankment prior to the major flooding event or a
transverse crack that develops in association with the flooding. The transverse crack
allows the entry ofa great enough flow of water to initiate seepage erosion and breaching
failure. Two modes were identified for failure: Mode A - Failure through a large (wide)
transverse crack that extends across the central filter, and Mode B - failure through entry
of flow through multiple upstream longitudinal and transverse cracks, water flows to I
through a flaw in the central filter and begins seepage erosion (and loss of central filter
material) through a downstream transverse crack. Generally, the mechanics of the
potential failure need to be linearized such that there is an upstream transverse crack(s) or
inflow zone lined-up with a defect in the central filter, which in turn is lined-up with a
downstream transverse crack(s).

Adverse Factors:
(1) Filter defect allowing passage ofwater to produce seepage erosion could

be caused by segregation of filter material, cementation of the filter
material, internal instability of the filter and/or loss of filter through
downstream crack).

(2) Evidence ofplacement that could produce segregation of central filter
material - found some segregation (removed and replaced with correct
material during construction activities for central filter (this was
documented in NRCS construction records).

(3) Potential for cementation of central filter and sustaining a crack.
(4) Lots of cracks to carry flow to filter.
(5) Presence of transverse settlement cracks.
(6) Presence of upstream longitudinal cracks which could act to be feeders to

transverse cracks.
(7) Transverse cracks may extend below filter depth or go to bottom to

contact.
(8) Downstream crack could be widened by hydraulic fracturing by reservoir

pressure.
(9) Interconnectivity of transverse and longitudinal cracks (evident of other

District structures such as Buckeye FRSs).
(10) Filter does not go to foundation.
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(11) There are sections ofthe dam constructed without filter. Filter not present
in abutments.

(12) Finger drains are generally ineffective unless located at a transverse crack.
(13) Central filter is 2.5 feet wide instead of3.0 feet as in Vineyard Road and

Powerline FRSs.
(14) No large ponding tests as conducted at Vineyard.
(15) Relatively longer drawdown time - 30 days.
(16) Evidence ofwater flow from cracks to downstream toe.

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Positive Factors:
(1) Fonnation of filter cake demonstrated in NRCS test cells as Vineyard

Road FRS.
(2) Coarse filter material placed - harder to erode.
(3) A trench investigation that mapped existing cracks was done for

Rittenhouse and Vineyard Road FRSs.
(4) Time to cause erosion short (time for water in impoundment in less than

10 days).
(5) Need a lot of feeders to initiate seepage mechanism - Mode B.
(6) Foundation soils pre-wetted on downstream halfof dam section.
(7) Filter meets filter criteria.
(8) Filter placed with tremie - minimize segregation.
(9) More clayey zones and less erodible.
(10) Has forty finger drains each three feet wide - 13 drains spaced every 1000

feet and 27 auxiliary drains (located at cracks).
(11) Properties of embankment soils may limit the maximum breach and size

of discharge. Low anticipation oflarge breach outflow. Flows may not be
that different from emergency spillway flows.

Potential Actions for Risk Reduction:
(1) Monitor cracks and develop crack mapping program.
(2) Train O&M crews to on mechanism oftransverse and longitudinal crack

fonnation.

Failure From Seepage Erosion Resulting From A Flow Path Through Foundation
And Along The Dam /Foundation Contact (Category 1).

(Note: This potential failure mode has three potential pathways. Pathways A and B were
rated as Category I potential failure modes. Pathway C was rated as a Category II failure
mode and is located in the section under Category II).
Failure Mode Description: : This potential failure mode is initiated by transverse and
longitudinal cracks carrying water to foundation in contact with Holocene soils. Path A
is initiated by flow into longitudinal and transverse cracks that do not extend through the
central filter but do extend to the foundation materials. Path B is initiated through flow
into differential settlement cracks with an upstream source ofwater (impoundment). Path
C is initiated from flow through remnant upstream borrow areas that potentially have
exposed gravels through which a seepage pathway develops through buried channels into
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the foundation Holocene materials. Generally the potential failure mode mechanism is a
loss of reservoir via the development of a erosional/piping tunnel and a subsequent
breach ofdam via downstream embankment slope collapse.•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Adverse Factors:
(1) Filter does not extend to foundation.
(2) Higher impoundment head.
(3) Have a high degree of cracking.
(4) Some silt and fine sand lenses exist.
(5) Have seen longitudinal cracks on upstream slope and toe.
(6) More intense storm grouping may be more critical - may facilitate

seepage erosion.
(7) For Mode B source ofwater is impoundment in conjunction with

settlement cracks, which may extend to foundation.
(8) Longer impoundment time - 30 day drawdown for any event equaling or

exceeding a 100 year event.

Positive Factors:

•
(1)
(2)

(3)
(4)
(5)
(6)

(7)
(8)
(9)

Ne~d significant storm event. .
No direct evidence ofHolocene soils under Rittenhouse. However,
generally shallower excavation. Drill hole logs similar with Vineyard.
Perhaps shallower excavation in borrow areas.
Central drain interrupts and collects flow.
Need high degree of open fracturing.
Crack has to extend all the way through to foundation and occur in
erodible materials and clear to downstream.
For Mode B settlement cracks may not extend to foundation.
Downstream foundation was pre-wetted during construction.
Possibly less cracking than Vineyard - to supply flow adequate to initiate
failure mode.

Potential Actions for Risk Reduction:
(1) Need to evaluate existence ofHolocene soils in foundation of dam.
(2) Need to prepare and continue crack mapping.
(3) Evaluate finger drains.
(4) Failure mode mainly impacts the lower half ofthe downstream toe

(downstream portion only).

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL)

Failure From Potential Erosion OfLeft Abutment OfThe Dam During Spillway
Discharges (Category II - Considered But Not Highlighted).

Failure Mode Description: Rittenhouse FRS has one emergency spillway - located just to
the left ofthe left abutment of the dam The emergency spillway is a earth-lined limited
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service spillway. A spillway trainirtg wall protects most of the left abutment of the dam..
However, the spillway narrows a bit just before its terminus and the training wall ends
before reaching the main dam / end of the left abutment. Thus it is possible that spillway
flows could deflect towards the comer of the dam Gunction ofthe left sidewall
(abutment) and the main (straight) portion ofthe dam. High velocity flows in the spillway
could potentially erode the training wall and the left abutment / main dam causing loss of
reservoir (see plan view ofDam - Rittenhouse FRS Appendix).

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Training dike does not extend to the main section of the dam as it does for

Vineyard and Powerline.
(2) The abutment is not protected from erosion either from slope erosion from

rills or from high velocity flows in the spillway.
(3) Evidence ofexisting erosion at left abutment and on embankment slopes.
(4) High velocity flows in spillway channel- approximately 10 to 12 feet per

second. for major (design) spillway discharge events.
(5) Training wall is close to dam and abutment.
(6) Spillway section narrows which increases velocity.
(7) Off-road vehicles causing gullying and ruts on abutment slopes

exacerbating the erosion potential .

Positive Factors:
(1) Low velocities around inner bend of spillway approach channel.
(2) A low consequence of erosion occurs at upper end.
(3) Controlled erosion of abutment may act as fuse plug - perhaps as part of

original design.
(4) Training dike protects most of the left abutment.
(5) Spillway forms tailwater for dam abutment at upper end.

Potential Actions for Risk Reduction:
(1) Monitor emergency spillway performance during flood events.
(2) Monitor training dikes and abutments during flood events.
(3) Extend training dike beyond main section ofthe dam.

Failure From Seepage Erosion Through An Earth Fissure(s) Causing A Transverse
Crack Through The Dam Embankment In Association With A Major Flooding Event
(Category II - Considered but not highlighted).

Failure Mode Description: The presence of earth fissures nearby (within a few mile of
Rittenhouse FRS) demonstrates the potential for an earth fissure to manifest itself at the
dam embankment. An earth fissure would cause a structural failure ofthe embankment
by opening a crack through the structure. A fissure could also potentially undermine the
dam embankment by t abruptly causing separation of structure from the foundation with
the dam bridging the fissure. If the fissure occurred in association with a large flood the
structural failure from the fissure would provide a path for a seepage erosion breach.
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Potentially there will not be a high level ofwater impounded during fissure expression..
In such a case there would be a minimal loss of water.•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Moderate to low-risk zone of subsidence at Rittenhouse.
(2) Settlement is continuing at the structure. But appears to be relatively

uniform.
(3) Good documentation of fissures and subsidence in the area.
(4) Likely existence of Holocene soils under dam foundation.
(5) Localized groundwater pumping (deep high capacity wells).
(6) Recent (1984) and very recent (2000) evidence of earth fissures in vicinity

ofPowerline FRS.
(7) Fissure not likely not to be seen until flooding occurs.
(8) Potentially more groundwater wells from possible development especially

at south end of structure.
(9) Development tends to mask potential fissures.
(10) Flood not frequency related.

Positive Factors:
(1) Awareness of existing fissures and fissure development. Can be

.monitored. District has large easements around structure.
(2) Requires flood to initiate fissuring / potential breach sequence. Small

floods may cause fissure to express as surface manifestation without
failure.

(3) Central Arizona Project canal helps to identify fissure on downstream side
of dam. Can be used as a "warning" flag.

(4) Probability of fissure developing concurrent with a large impoundment is
low.

(5) Effect ofcentral filter - reduce impacts ofwater loss from impoundment.
(6) Fissure takes a lot ofwater but also could be plugged.
(7) Flow direction uncertain.
(8) Where dam is on resistant soilless potential for erosion.
(9) No evidence of strain accumulation.
(10) Farther away from bedrock highs. Less potential based on geology.
(11) Large land area in front of dam between dam and CAP canal. Area can be

monitored for fissure potential.
(12) Low potential even if groundwater pumping in area ofdam.
(13) Location ofknown fissures toward Powerline FRS. Five miles to located

"new" fissure.

Potential Actions for Risk Reduction:
(1) Recommend a joint agency fissure/subsidence-monitoring program.
(2) Segment dam into smaller dams.
(3) Training O&M crews to know signs of fissure development.
(4) Inspections after rain events to include not only dam but impoundment

area and downstream areas ofdam.
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Structures Assessment Program - Phase 1
Rittenhouse FRS Failure Mode and Consequences Report

• (5)
(6)
(7)
(8)
(9)

Flood Control District of
Maricopa County

Adjust easement further out to control development.
Recharge instead ofpumping.
Can be monitored if discovered.
CAP canal is a good indicator of visualization of existing fissure.
Small floods may provide warning.

•

•

Failure From Seepage Erosion And Erosion Tunnel Developing Around Gated
Irrigation Outlets (Two 24 Inch Gated Outlets) (Category II - Considered But Not
Highlighted).

Failure Mode Description: Infiltration of water into embankment material around pipe
and soil is carried away due to seepage erosion along the culvert or piping leading to
development of an erosion tunnel followed by caving and formation of a breach. Note
that a transverse crack could form at the compaction boundary as discussed for the outlet
pipe - such a failure process is part of transverse crack failure mode.

Adverse Factors:
(1) Cutoff collars difficult to compact embankment materials around RCP

pIpe.
(2) Loose materials beneath pipes.
(3) Possibility of differential settlement/collapsible soils.
(4) P.I. 's may be somewhat lower at Rittenhouse than at Vineyard.
(5) Shrinkage at the compaction boundary.
(6) No filter around outlet pipes.
(7) Presence of inlet and outlet structures.
(8) Smaller diameter pipes- 24 inch RCPs.
(9) Long time for drawdown than at Vineyard FRS - 30 days.
(10) Pipes have not been inspected.
(11) Can not detect sediment transport due to operation pattern.
(12) Gates are present on inlet structures.

Positive Factors:
(1) Short duration ofhead against the pipe
(2) Phreatic surface not developed.
(3) Not pressurized.
(4) Likely good compaction around pipe.
(5) No known open joints, little head to cause settlement.
(6) The irrigation outlets were tested several times (from stormwater

impoundment) with good performance. Had full head in 1972 - no
problems observed with these outlets.

(7) Reinforced concrete pipe material- good performance with RCP, meets
regulations.

(8) RCP pipe and not CMP.

Potential Actions for Risk Reduction:
(1) Video interior of irrigation pipes.
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Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

• (2)

(3)

Flood Control District of
Maricopa County

Monitor irrigation outlets and inspect during regular inspections and
during flood events.
Close the gates under nonnal operations. Open onlywhen District decides
to provide water to downstream (this would prevent development of
precursor seepage paths developing from leakage out of the culvert
flowing along the sides of the outlet).

•

•

Failure From Potential Embankment Slope Instability (Category II - Considered But
Not Highlighted).

Failure Mode Description: Potential embankment slope failure due to internal pressure in
the central filter.

Adverse Factors:
(1) Small slip occurrences in area of gated outlets.
(2) Lack ofrecord stability analysis from previous studies.
(3) Presence of existing longitudinal and transverse cracks.
(4) No consideration ofpresence of central filter.

. (5) Potential ofhydrostatic head in longitudinal crack.
(6) Downstream slope has small slope ratio.
(7) Shallower upstream cutoff (than Vineyard Road FRS).

Positive Factors:
(1) No significant evidence ofpast slope instability - no evidence of slope

slumping.
(2) Central filter could potentially allow long duration head and development

of a phreatic surface (pore pressures) within the downstream slope,
however unlike Vineyard and Powerline the presence of finger drains in
Rittenhouse pennits relief of any pressure buildup in central filter.

(3) Low driving head.
(4) Low internal pore pressure.
(5) Less longitudinal cracks than compared with Vineyard Road FRS.
(6) Some impoundment has occurred.
(7) Some settlement has taken place.
(8) FRS has an upstream cutoff trench

Potential Actions for Risk Reduction:
(1) Conduct stability analyses.
(2) Watch for slope distortion - integrate monument data.
(3) Confinn design slope by survey.

Failure From Seepage Erosion Or Piping Due To A Flow Path Developing Through
The Foundation (Category II - Considered but not highlighted).

(Note: This potential failure mode has three potential flow paths. The Failure Mode
associated with flow paths A and B were rated as Category I potential failure modes and
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were presented above. The potential for the Failure Mode associated with flow path C
was rated as a Category II failure mode and is presented as follows).
Failure Mode Description: The Failure Mode from pathway C is initiated through
remnant upstream borrow areas that potentially have exposed coarse materials (e.g.,
sands and gravels) in contact with reservoir water which provides a seepage pathway
through buried channels to Holocene materials in the dam foundation. Generally the
potential failure mode mechanism is a loss ofreservoir via the development of a seepage
erosion or piping tunnel and a subsequent breach of the dam via downstream
embankment slope collapse into the erosion tunnel.

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Potential ofburied stream channels - pathway from borrow area to

downstream toe.
(2) Time for impoundment longer - 30 days.
(3) Have a relatively high degree of cracking.
(4) Some silt and fine sand lenses exist.
(5) Have seen longitudinal cracks on upstream slope and toe.
(6) More intense storm grouping may be more critical- may facilitate

seepage erosion.

Positive Factors:
(1) Need significant storm event.
(2) Presence of erodible materials in foundation not verified as on Vineyard

FRS.
(3) Erodible materials only in some locations - buried stream channels.
(4) Need a free exit on the downstream toe or downstream ofdam for failure

mechanism.
(5) No direct evidence ofHolocene soils under Rittenhouse. However,

generally shallower excavation. Drill hole logs similar with Vineyard.

Potential Actions for Risk Reduction:
(1) Need to evaluate existence of Holocene soils in foundation of dam.
(2) Need to prepare crack mapping.
(3) Remedial measure is to add drain to filter.
(4) Failure mode mainly impacts the lower halfof the downstream toe

(downstream portion only).

Failure From Seepage Erosion Due To Flow/Seepage Erosion Through Animal
Burrows (Category II - Considered but not highlighted).

Failure Mode Description: Small animal burrows have been documented in previous
inspections and field visits to the dam. The burrows are primarily due to ground squirrels
and/or kangaroo rats. The potential failure mode is water impounded on the upstream
face of the dam would infiltrate into the animal burrows. The infiltrated water would
initiate seepage erosion ultimately leading to an expanded erosion tunnel, collapse of
material from above the tunnel and breach on the dam.
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•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Longitudinal and transverse cracks appear to be target zones for

burrowing animals due to the open work.
(2) Length and depth of cracks potentially great enough to go through

dam.

Positive Factors:
(1) Impounded water is available only for a short time at high

elevations in reservoir.
(2) District has a rodent abatement and rodent repair program.
(3) Observation of animal burrows do not typically go through filter.

Potential Actions for Risk Reduction:
(1) Continue animal abatement and repair program.

CATEGORY III- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS

No Category III potential failure modes were identified by the FMCA team for
Rittenhouse FRS at this time.

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE

Failure From Seepage Erosion Around Principal Spillway (33 Inch Reinforced
Concrete Pipe) (Category IV).

(Note: This potential failure mode, as stated above, was evaluated as a Category IV
failure mode. However the FMCA team recognized that with a slight modification of the
above failure mode statement, namely "Failure from seepage erosion through a
transverse crackforming at the special compaction boundary adjacent to the Principal
Spillway" that this modification to this failure mode becomes a Category I for further
evaluation due to the potential linkage of the failure mode with a transverse crack and no
central filter around pipe. This mode can be treated as part ofthe Category I "Transverse
Crack Failure Mode" described above. The comments below for the most part relate to
the failure mode condition immediately adjacent to the outlet pipe.
Failure Mode Description: Infiltration of water into embankment material around pipe
and is carried away due to seepage erosion along the pipe or piping leading to formation
of an erosional tunnel, caving and formation of a breach.

Adverse Factors:
(1) Cutoff collars difficult to compact embankment materials around RCP

pIpe.
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Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

• (2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Loose materials beneath pipes.
Possibility of differential settlement/collapsible soils.
P.L's relatively lower.
Shrinkage/linkage at the compaction boundary.
No filter around outlet pipe.
Presence of inlet and outlet structures.
Smaller diameter pipe - 33 inch RCP.
Longer time for drawdown than at Vineyard- 30 days.

Flood Control District of
Maricopa County

•

•

Positive Factors:
(1) The principal spillway pipe is located on concrete cradle.
(2) Collars interrupt potential shrinkage cracks.
(3) The outlet is ungated - less time for piping to develop.
(4) The outlet has been tested several times (from stonnwater impoundment)

with good performance. Had full head in 1972 - no issues observed /
reported with outlet.

(5) Reinforced concrete pipe materia1- good performance with RCP, meets
regulations.

(6) RCP pipe and not CMP.

Potential Actions for Risk Reduction:
(1) Video interior of spillway pipe.
(2) Monitor spillway outlet and inspect during regular inspections and during

flood events.
(3) Upsize diameter of outlet pipe.
(4) Place filter material around pipe.

Failure From Potential Erosion OfEmergency Spillway During Spillway Discharges
(Category IV).

Failure Mode Description: The emergency spillway is a limited service earth-lined
spillway. Spillway discharges from extreme events could potentially damage the
spillway floor and/or initiate headcut erosion into reservoir causing loss of reservoir.
There would be little adverse consequences from this erosion- the main potential adverse
consequence is relative to reduced flow capacity - this may increase overtopping potential
- this seems extremely unlikely to be a significant factor.

Adverse Factors:
(1) The discharge velocity from the PMF event is estimated at 10 to 12 feet

per second.
(2) No control sills to interrupt potential head cut.
(3) Damage to spillway basin and training walls at higher flows.
(4) No erosion protection for end of either left abutment.

Positive Factors:
(1) No drop at end of spillway to initiate headcut erosion.
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Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

• (2)
(3)

(4)
(5)

Flood Control District of
Maricopa County

No principal outlet.
This is not really relevant to the damage effect and the discharge is not
really directed toward or away from dam.
Relatively short duration of flows in spillway.
Spillway ends with gentle sloping area all the way to the CAP canal.

•

•

Potential Actions for Risk Reduction:
(1) Monitor emergency spillway performance during flood events.
(2) Monitor training dikes and left abutment during flood events.
(3) Run SITES model by NRCS to evaluate spillway performance.

Failure From Potential Seismic Activity Impacting Structure (Category IV).

Failure Mode Description: A seismic event occurs that impacts structure by opening or
expanding existing transverse cracks (this then leads to the earlier described transverse
crack failure mode).

Adverse Factors:
(1) Natural variations amplify to cause localized higher acceleration values.
(2) Brittle nature of dam embankment. .

Positive Factors:
(1) Theoretical analysis for small strain- no signs of effects.
(2) Dam is already segmented and broken up.
(3) Flood event with earthquake is very rare event for consideration.
(4) Opportunity to view in advance.
(5) No shallow groundwater - therefore no liquefaction potentia1.

Potential Actions for Risk Reduction:
(1) Examine and inspect dam and outlets and surrounding ground after

earthquake (greater than a minimum ofO.05g) and high potential fissure
areas.

4.0 SUMMARY AND CONCLUSIONS

Rittenhouse FRS was constructed pursuant to a relatively modem dam design.
Construction appears to have been without any particular issues. Except for considerable
cracking ofthe structure during and after its first major impoundment in 1972, which
necessitated investigations and construction of a central filter repair the dam has
performed normally and satisfactorily for 33 years. The structure is satisfactorily
maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page 22 of23 FCD Contract 2001CO14
RittenhouseFMCArevjan2002.doc



identifies physically possible conditions or processes (generally with a remote but still
credible chance ofoccurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

•
Structures Assessment Program - Phase I
Rittenhouse FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Three potential Category I failure modes were identified by the FMCA team. One of the
Category I failure modes, overtopping due to a flood event approaching the PMF, will not
be carried into the quantitative analysis portion of the risk assessments at this time as it is
considered to be a very remote possibility. The Category I potential failure modes
identified that were considered most significant and appropriate for consideration in the
risk assessment were failure due to seepage erosion through transverse crack(s) causing a
breach (including a transverse crack in association with the principal outlet), and failure
from seepage erosion through Holocene soils left in the foundation. The likelihood of
these failure modes, however, is dependent on the presence or rapid development of a
seepage erosion path at the time of major flooding from a transverse crack through the
central filter (or a flaw in the filter), or from a tunnel through the Holocene foundation
deposits. The length oftime for any of these failure mechanisms to develop is considered
to be long compared to the time that water is impounded in the reservoir (less than 30
days). The length oftime for these failure mechanisms to develop is considered long
compared to the time that water is impounded in the reservoir during the 100-year event
(a maximum of 30 days) but they are all physically possible.

Awareness, monitoring, understanding transverse crack development, and training
(classroom training) of operation and maintenance teams of the possibility of the
potential for the identified failure modes before, during, and after inspections/flood
events are key risk reduction actions that appear warranted. There are not a large number
of people and structures at risk in the flood path in the event of a spillway discharge or
dam failure by breach. There could be a likely chance that casualties could occur due to a
dambreak or spillway discharge. A very significant consequence ofdam failure would be
the adverse impact on the Central Arizona Project canal. Conversely, depending on the
magnitude ofthe dam failure outflow, the canal and or the Queen Creek Wash could
mitigate the adverse consequences ofdam failure. This appears to be particularly true for
any seepage erosion or piping type failure It is highly recommended that an individual
emergency action plan be developed for Rittenhouse FRS.

RITTENHOUSE FRS APPENDIX - FMCA REFERENCE MATERIALS

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page 23 of23 FCD Contract 2001CO14
RittenhouseFMCArevJan2002.doc



S
tructures

A
ssessm

ent
P

rogram
-

P
hase

[
R

ittenhouse
FR

S
F

ailure
M

ode
and

C
onsequences

R
eport

F
lood

C
ontrol

D
istricto

f
M

aricopa
C

ounty

•
R

ittenhouse
F

R
S

south
end

looking
north.

P
hoto

date:
O

ctober
2001

P
hotograph

C
opyright

K
im

ley-H
orn

and
A

ssociates,
Inc.



Rittenhouse FRS Stage vs. Drawt. _.,m Curve
Curve assumes flow through ungated outlet only, inflow =0, and no clogging of the outlet

Gage Height Discharge Volume Incremental Incremental Cummulative Cummulative
(ft) (cfs) (cu.ftlhr) (ac-ftlhr) (ac-ft) Volume Drawdown Drawdown Drawdown

(hours) (hours) (days)
0.00 0 0 0.0 0 0.0 0.0 0 0.0
0.10 1 3600 0.1 0 0.0 0.0 0 0.0
1.00 6 21600 0.5 0 0.0 0.0 0 0.0
2.00 21 75600 1.7 1 1.0 0.6 1 0.0
4.00 55 198000 4.5 11 10.0 2.2 3 0.1
6.00 79 284400 6.5 69 58.0 8.9 12 0.5
8.00 93 334800 7.7 187 118.0 15.4 27 1.1

10.00 106 381600 8.8 387 200.0 22.8 50 2.1
12.00 117 421200 9.7 685 298.0 30.8 81 3.4
14.00 126 453600 10.4 1133 448.0 43.0 124 5.2
16.00 135 486000 11.2 1765 632.0 56.6 180 7.5
18.00 143 514800 11.8 2600 835.0 70.7 251 10.5
19.00 147 529200 12.1 3095 495.0 40.7 292 12.2
19.69 150 540000 12.4 3475 380.0 30.7 322 13.4
20.00 278 1000800 23.0 3651 176.0 7.7 330 13.8
20.30 402 1447200 33.2 3829 178.0 5.4 335 14.0
20.54 653 2350800 54.0 3952 123.0 2.3 338 14.1
20.88 1155 4158000 95.5 4198 246.0 2.6 340 14.2
21.00 1395 5022000 115.3 4266 68.0 0.6 341 14.2
21.38 2157 7765200 178.3 4527 261:0 1.5 342 14.3
21.77 3159 11372400 261.1 4794 267.0 1.0 343 14.3
22.00 3836 13809600 317.0 4934 140.0 0.4 344 14.3... 22.11 4160 14976000 343.8 5000 66.0 0.2 344 14.3

c~. 22.41 5160 18576000 426.4 5216 216.0 0.5 344 14.4
23.00 7560 27216000 624.8 5657 441.0 0.7 345 14.4
23.64 10160 36576000 839.7 6117 460.0 0.5 346 14.4
24.00 11960 43056000 988.4 6436 319.0 0.3 346 14.4
24.40 13960 50256000 1153.7 6762 326.0 0.3 346 14.4..

Rittenhouse FRS Stage vs Drawdown Time

25.00

20.00 IJ
Z' --~Cll

~ 15.00 -~.. .....-.c
~Cl

l.A--'ij
:x: ---Cll 10.00
Cl VIII
(!)

~5.00 ,
0.00 .-, 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0

Drawdown Time (days)

Prepared by Ted Lehman June 3, 1998
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Rittenhouse FRS Drain, Arizona pee, lcatlon lmlts

FIELD SAMPLE NO. OE:PTH IGEOLOGIC ORIGIN

TYPt: OF SAMPLE TESTED AT IAPPROVED BY IDATE

SYMBOL DESCRIPTION Drain Fill
,

I
II ..

~
... .....

~
0 0 f 0 0 0 0 2 g 0 . c:J.. .. to .. or .. Z w

I I
000- 0 31

l..~ , .21 C700Il i= t::

! ... I ~ ~
u '" II ... CJOC2 • 0- ..J 5

I § 1;£~1 .9
U. 0

I 0001 W fitm

I I-- (19t) S
a::
::3

i
I- ...

llIo;) ~
. II:

~
~ (J) :;)

I

jI S ~

I U'I'l
OOP CIt

;
I r.t ,

Z is

i
CIlX ::3 2

I~ 1"12I J ;;:r:
iW ~ J: I~ I

ooz

I I 113 "" ""~ I ~ ....
a!

ILl') I

IQ~
,I I I

I
~II J

i"- t I 0'01 ~-

~~
z:::E

I-- ~""
ii:::J

too.
::J::

I I-- ClI.t" ' •• 00; U)

~too. .... ~ IaJ .,.
Iz; I

..J(J)

O'll §b

~~
llIOI a. fit 5~
IOl1Zl 01. 0';£ fj'

.
(J)(J)

I~ 0

..
: ....

(611) 91,
2

I ~ I I
1\ - 0'1 :.i

lIMa Ol,
..J >-

l~kJ~
! II:

I! I
Q i:,

.0 lz (l;6!;a Oi:. , ~
z-

Iw I~
...

I - . so >
1O~ 0...

.... 0

1 ~ s' I'
M) N

• (J) Q U61a cx:,
(i)

(J) ..
!~I I

m ..
o;~a 09. ! I-

1'O a:: 2
C)

..J
16"'01 001,e>
so~ I'

>-

0.',
e> ! Ii:

"0 a: II:

~
- l..oa 012.

! lIJ ::(

1\ I' wO
ma:
lIJ ..

I I II :: I- ..
I, l-

I ~ It!

I
:;)

§
I~

,wo
~

N~
... ~N

E
in 100

... ~
.! > .'

..J

'"
..

c:J' in
z 0

Q:)(I'O

Z II:
l&I « l'OOO

I,.
D. 0 1».

~
0 Z £00'0

0
~

:! u~ ••II>
I--- III en lIllOO LL>- !

I in =' (31- -lIJ-
Q.~ '"

(J)

8 a i 2 S $1 i Sl 0 g 0
1000 (J)Q: :lie.. 0,

~

;j
lHfll3M ...~ .1.9 ~3NI.:I .LN~3cl •• :E

, :i:
l.IJ
a::

..t~U ,r.s ","""~'\L' ..... t ••

I

I
I
I
I

I
Ie

I
I

-.
I
I
I
I
I

I

I
II
~.

I



(en fru / P;Ilev-

100

, ""( vn II'/\-
.11 to 0.82 mm

101

Dc .<--. ~,

Dr- ,~ - C1 Dc.
-/' I u DiJ!r ;/, - "', -~ ~

d I. JI~ 'i, , . /,8 '-'t=
L, ." I D'l f.'\ I - 4-LO '?1'/D r::= m =s, :;;

f' DfP o/D ",.5l- ; (, 3
#-I~ 10

,I( Jf I Tc?e~u; v-c r() C ,;l.A

Dc _ .... ,-
'Dr- - L 'c>
E '5.5 e.,..1 h'O (1--( 0 (~

0.1

---

FlmTRE 1
Gradation of Embankment Soils & Central Drain Aggregate

-'- ---

0.01

.... ....

I
I
I
I
\
\ ,

o I I ~I I: I
0.001

20 -/ ;/

80 I I ",' , I /
/

/

Embcjnkment Material
/ r1lesign Band

10

90 I I I -:/-

100 1'---...,....----II I '. ' . rz\ TIC"'\ HCft;\"Se
~I ZJJ1jf·J~tI:~:8b,3\f. 1'/1

_~ , if~ In 1 $' !C~((I!.\n IIr/6.11 /l d- A/) I r /•. {.U :: ~-:::.(U \/ "ZJ. V/

<f.~:;:i "9 CJ, (/,
:/- ---it-- I II j"", _~, 1'!'1i/? !JIO;:::::: O,I!

-- t, ,,, .: G, • " Hoy: D q() F.::;-?f2
( no--uJd h el,2-0
~-~

70
....
~

O'l
'Q)

603:
>-
~

Cl
>-
.0 50
~

Q)
c:
u:....
c: 40 -Q)
0
~

Q)

Il.

30

Grain Size (mm)



• • e
FIGURE 3

Percent Compaction -vs- Elevation, Rittenhouse FRS Embankment
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FIGURE 4

Variation of Field Moisture Content from Optimum Moisture Content,
Rittenhouse FRS Embankment
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e •FIGURE 5
Degree of Saturation -vs- Depth, Rittenhouse FRS Embankment
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• •FIGURE 6
Moisture Content -vs- Depth, Rittenhouse FRS Embankment & Foundation
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•Flood Control District of Maricopa County
Structures Assessment Phase II
Investigation of Seismic Hazard
FCD Contract No. 2000C006
Assignment 2 - Vineyard FRS
AMEC Job No. 0-117-001122
9 July 2001

• arne

COMPARISON OF PROBABILISTIC AND DETERMINISTIC
PEAK HORIZONTAL ACCELERATION

USGS Acceleration Values for
Exceedance Probabilities in

Flood Retarding 50 Years (g)

Structure (FRS) 2% 5% 10% SEA 99 Campbell A&S

Spook Hill FRS 0.11 0.07 0.05 0.04-0.05 0.12-0.15 0.10-0.12

Signal Butte FRS 0.12 0.07 0.05 0.04 0.14 0.11-0.12

Apache Junction FRS 0.12 0.07 0.05 0.04 0.14-0.15 0.11-0.12

Powerline FRS 0.11-0.12 0.07 0.05 0.03 0.10-0.11 0.09

Vineyard FRS 0.12 0.07 0.05 0.03 0.08-0.1 0.07-0.09

Rittenhouse FRS 0.12 0.07 0.05 0.02-0.03 0.07-0.08 0.07-0.08



•
Flood Control District of Maricopa County
Structures Assessment Phase II
Investigation of Seismic Hazard
FCD Contract No. 2000C006
Assignment 2 - Vineyard FRS
AMEC Job No. 0-117-001122
9 July 2001

• arne

ANALYSIS RESULTS FOR DETERMINATION OF
BACKGROUND MEAN PEAK HORIZONTAL ACCELERATION

Mean Peak Horizontal

Magnitude with 10-4 Equivalent
Acceleration (g)

Activity Model A & 5 withAnnual Frequency Radius (km)
A&S Hanging-Wall

Effect

AEIC + NOAA 150-Mile Boundary 6.7 17.8 0.20 0.29

AEIC + NOAA 150-Mile Boundary 6.2 12.0 0.22 0.32

AEIC + NOAA 150-Mile Boundary 6.0 10.0 0.22 0.32

AEIC + NOAA 150-Mile Boundary 5.4 6.0 0.19 0.23

AEIC + USGS 100-Mile Boundary 5.1 17.8 0.05 0.07

AEIC + USGS 100-Mile Boundary 4.9 15.0 0.05 0.07
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

SPOOK HILL FLOOD RETARDING STRUCTURE•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 00175

July 19 2001

1.0 INTRODUCTION

General Description
Spook Hill FRS is located within the City ofMesa. The FRS parallels the Central
Arizona Project canal and begins 1/2 mile north ofMcDowell Road (at Power Road) and
ends at 1/4 mile south ofBrown Road and 1/4 mile east ofHawes Road. The FRS is
about 22 miles east ofdowntown Phoenix and approximately eight miles west of the City
of Apache Junction. The project consists of the FRS structure, principal spillway, and an
emergency spillway. The project is part of the Natural Resources Conservation Service
Buckhorn Mesa Watershed Protection and Flood Prevention Project, which includes the
Signal Butte and Apache Junction flood retarding structures

Spook Hill FRS is classified as a high hazard, small dam. The reservoir behind the FRS
is 232 acres with a capacity of900 acre-feet. Construction of the Spook Hill FRS was
accomplished under contract to Mardian Construction Company. The completion date of
the construction ofthe dam and landscape treatment was April 10, 1980.

The dam has performed satisfactorily to date.

Dam Data
Dam type: Zoned earthfill
Dam height: 23.0-ft
Dam length: 21,712-ft
Dam crest: width 14-ft; elevation 1591.0-ft
Spillways: Principal- 7-ft 6-in x 7-ft RCB; inlet elev. 1574.5-ft; Top of Sediment pool
also = 1574.5 Emergency spillway - 260-ft wide RC drop spillway; crest elev. 1582.0-ft
Freeboard: 6.3-ft
Reservoir Surface: 232 ac at spillway crest
Storage: 1,217-af at spillway crest
Hazard Classification: High

Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:
• Identify potential site-specific failure modes for the dam.
• Discuss non-quantitatively the likelihood of the identified failure modes.
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• Determine whether or not and how important failure mechanisms are being monitored
• Examine the consequences of failure and the adverse consequences of successful

operation (e.g. -large spillway releases) .
• Identify possible risk reduction actions that may be taken to reduce the likelihood of

failure or to mitigate adverse consequences
• Determine what information, investigations or analyses may be needed to resolve

uncertainties relative to potential failure modes.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the·
estimate of the magnitude ofthe "consequences" for each significant failure
mode will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam.· At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Hom and Associates, Inc., Project Manager
Jim Scott, URS Corporation, Principal .
Ken Euge~ Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Hom and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

The following is a summary of the major findings and understandings for Spook Hill
Flood Retarding Structure as a result ofthe Failure Mode and Consequence Analysis
(FMCA). The findings and major understandings are organized below in relation to the
major topics considered in the FMCA discussions. First, as with Signal Butte Dam the
greatest apparent risk at this dam relates to spillway discharges. The second topic of
major interest is the design and construction ofthe dam related to the potential for
development of failure modes (including the lack of a central filter as a crack stopper).
Thirdly, are factors related to the impacts of the planned construction of the Red
Mountain Freeway on / adjacent to the upstream slope ofthe dam. The consequences of
adverse discharges from the dam and the actions that were identified to be taken for
information gathering or risk reduction are the last two topics under which findings are
given.

Findings and Understandings Related to Flood/Spillway Discharges

• . Geometry. As currently configured any appreciable emergency spillway discharge
will pass directly over a modified section of CAP canal just downstream ofthe
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emergency spillway. Both CAP canal banks (east bank and west bank), which form
the freeboard for the canal, have been constructed as dip sections at the Spook Hill
FRS emergency spillway channel in the modified section such that any spillway flow
will pass directly over the canal and flood the residential area immediately
downstream. The canal bank at this location would be immediate in jeopardy of
failing by overtopping erosion. The converse of this statement is that any small
emergency spillway discharges will outlet into the CAP canal and potentially avoid
discharging into the downstream urbanized inundation areas.
The Irregular Shape of the Dam Crest and the Existing Roadway Crossings Have In
Effect Sectioned the Dam. The existing roadway crossings (e.g. McKellips,
McDowell Roads) have sectioned the dam (into several shorter length dams) with
regard to potential consequences of failure, however, since the outflows from any
dam failure would empty first into the CAP canal, the canal bank lowering directly
across from the emergency spillway puts the impacts of any failure downstream of
the spillway (downstream homes would be inundated). The exception to this would
be if a dam failure at some other location along the dam would cause failure of the
canal at that adjacent location. (Questions to be investigated include: How
compartmentalized is the dam? What is the grade ofMcDowell Road and the other
streets compared to the spillway and dam crest elevations? The degree of
compartmentalization depends, in part , on the capacity ofthe culverts under the
street embankments)
Alternatives. Additional low level outlets could provide more capacity for discharge
from the reservoir by directly passing flows into the CAP canal.
Potential for use of CAP Canal to Accept Spillway or Breach Discharges. The CAP
canal in this reach generally has approximately 9.0-ft of freeboard that could be used
for accepting discharges and volume. However, this capacity is not currently
available due to the lowering of the canal across from the Spook Hill Emergency
Spillway. It was noted by the FMCA team that diversion of floodwaters into the CAP
under large flood events is part of the CAP Reach 11 dikes design (see CAP
Aqueduct plan sheet in Spook Hill FRS Appendix). Canal freeboard is consistently
high over full structure length. Utilization of this capacity would change the
threshold ofpotential damage downstream appreciably and could also serve to
capture and control perhaps the entire outflow from any potential seepage
erosion/piping related failure mode.
Principal Spillway Trash Rack. The trash rack is a vertical corrugated metal pipe with
orifice holes that appears to have a relatively high potential for plugging. However,
when the reservoir stage reaches 11.5 ft. [El. 1577.5] it appears that flow will spill
over into the 7 ft. by 14 ft. box structure. The current trash rack has a high potential
for plugging and also would appear to restrict capacity. Risk reduction could be
achieved by changing the trash rack design.
Emergency Spillway. The emergency spillway has a zone ofcompacted earth on the
upstream side ofthe sill crest; erosion damage is likely due to discharges. May
consider grout or concrete lining to minimize maintenance at this location.
No Overtopping. Hydrology studies indicate that the PMF does not overtop the dam
(amount ofestimated freeboard is 0.17 feet). Thus overtopping by the PMF is not a
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credible failure mode. Based on available survey data the dam crest is at or near the
design level.

• Increase Principal Spillway Capacity. Risk reduction by increasing the principal
spillway outlet capacity has obvious benefits at low cost (large outlet capacity
between elevations 1566-ft and 1574.5-ft is not currently being utilized). These
benefits include lowering the threshold of damage flood and provision of greater
freeboard under the PMF. Downstream impacts and requirements would need to be
evaluated if the outlet capacity is increased.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
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Findings Related to Design and Construction of the Dam and the Associated
Potential for Failure Mode Development

•

•

•

•

No Central Filter. Spook Hill FRS was not designed or constructed with a central
filter by the NRCS. The FMCA team notes that the character of the zoning and
materials with which the dam was designed and constructed are markedly different
than those for some ofthe other FRS dams in the region (more coarse materials, some
caliche fill, different zones ofmaterial). Thus, use of a central filter to cutoff seepage
from drying shrinkage cracks was not then and is not now an apparent need. The
team's finding is that at the present there is no strong evidence based on the design of
the dam and the performance of the dam that a central filter is needed at this time.
For confirmation a limited amount ofwork is appropriate (e.g., shallow trenching,
borings and a few SA's & PI's, moisture contents and calcium carbonate contents).
Transverse and Longitudinal Cracks. Transverse and longitudinal cracks are more
likely on upstream than downstream slope due to properties of the materials placed in
these zones. The Spook Hill FRS apparently has a lower potential for shrinkage
cracking than the Powerline FRS, Rittenhouse FRS and, Vineyard FRS. The limited
available testing indicates that the predominately granular soils with nonplastic or low
plasticity fines were used in construction. Thus it appears the embankment has a low
potential for shrinkage cracking. Moreover, unlike the other five Buckhorn
Mesa/Pinal County dams, the Spook Hill FRS was constructed primarily of strongly
cemented calcareous soils (caliche) from the CAP canal excavation and the
impoundment. Because of exchange of calcium ions and other factors, the cemented
soils probably have a lower potential for drying shrinkage than similar uncemented
soils embankment. Few transverse or longitudinal cracks of significance have been
observed but due to the absence ofa filter, special attention should be given to cracks
in the dam constructions. As a risk reduction measure, shallow trenching should be
performed at selected locations to better characterize the intensity and nature of
diagonal and transverse cracks and their potential for seepage-induced erosion.
Borings should also be made at selected locations and grain-size analysis, Atterberg
limits, moisture content and calcium carbonate tests performed to better define the
shrinkage properties of the embankment. Spook Hill has a lower potential for
continuous transverse cracks across the section than for most ofthe other structures
examined in this series ofFMCA studies (Powerline, Rittenhouse, Vineyard) due to
the nature and variability ofmaterials used in the cross section of the embankment.
(See Typical Embankment Section plan sheet in Spook Hill FRS Appendix). Risk
reduction action relative to the possibility ofpotential failure due to transverse cracks
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is to continue inspections to identify cracks if they appear and then investigate to
verify if the crack(s) is/are significant.

• Foundation CutoffTrench. Foundation cutoff trench depth in relation to the contact of
strongly cemented soils is well documented by the "as-built" plans and ADWR
inspection reports. The documentation indicates that the cutoff trench extends
through the thin layer of collapsing Holocene soils to strongly cemented Late
Pleistocene deposits (Caliche) throughout the dam. Thus, the available evidence
indicates no potential for significant settlements due to seepage into the foundation
and the development of differential settlement cracks. Foundation cutoff excavation
was reviewed, approved and documented well by ADWR allowing good confidence
by the FMCA team that loose, more erodible, more compressible Holocene soils were
removed.

• Low Fissure And Subsidence Risk. The dam appears to be underlain by shallow
bedrock throughout. Thus,· there does not appear to be a risk of land subsidence due
to groundwater withdrawal and the formation of earth fissures. Apparent low fissure
and subsidence risk due to local geology.

• Coarse Material Was Placed Near The Center OfThe Dam. Coarse Zone 5 material
was raked out of the zone 4 toward the central section of the dam (below original
ground grade according to the design drawings). Thus the potential exists for piping
of the upstream materials (Zone 2) into coarse material placed near the centerline of
the dam foundation. However, no clear free exit for the materials is evident (other
than into the rock itself) ifpiping into the Zone 5 did occur. (NOTE: The zoning
seemed strange to the FMCA team and far more complex than needed, but no internal
erosion riskwas perceived. Construction photos and tests indicate that for practical
purposes, the embankment is homogeneous and of high quality.

• Hydraulic Gradient. The relatively low emergency spillway crest and 5-day
drawdown time from crest of the emergency spillway to the principal spillway invert
(top of sediment pool) makes for low hydraulic gradients across the section - greatly
reducing the chance for a "static" reservoir type seepage erosion or piping type
failure. The "active" pool- from emergency spillway crest to top ofsediment pool is
only 7.5 feet.

• Landscape Soil Layer. The presence of the landscape layer on the slopes of the dam
tends to mask the location of any cracks that may develop and makes identification of
cracks difficult.

• Landscape Layer Is A Sacrificial Zone With Regard To Erosion. Removal of this
material is not a threat to stability of the dam. However, repair ofthe eroded area is
still required as it may result in channeling flow and eroding actual embankment fill
below it.

• Presence of Caliche in Foundation. The Holocene soils were removed from beneath
the entire dam so that the caliche (strongly cemented calcareous soils) form the
foundation. The caliche is a strong essentially incompressible material with few
fractures. It sometimes has compaction problems due to breakdown. (Note: The
construction photos showed the caliche was properly broken down on grade. There
may not be evidence of a problem with improper breakdown, although the FMCA
team discussed the subject at some length.)

•

•

•
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• Dam Is Designed Inside Out And Outside In. As a general observation, as a part of
the environmental design used at Spook Hill Dam, finer materials were placed on the
outside slopes and coarser materials inside the dam. This is the reverse to the typical
zoning of dams, which places more erosion resistant materials on the outside slopes to
support the more impermeable and more erodible interior materials. However, the
tests and photos indicate an essentially homogeneous embankment ofhigh quality.

• Low Potential Failure Mode Associate with Principal Outlet. There is no significant
risk of a seepage erosion failure along the principal spillway even though there is no
filter diaphragm. The short duration ofhigh reservoir stage and the four anti-seep
collars reduce the probability of such a failure mode.

• Irrigation System on Dam. The irrigation system, which was placed on the dam for
environmental reasons also, had a potential side benefit ofkeeping the dam moist and
thus combat drying shrinkage. However when the system was taken out of service, it
was determined by the NRCS that the irrigation was not needed for avoiding
transverse cracks. Justification for this decision was documented by the NRCS (see
memorandums in Spook Hill FRS Appendix). The FMCA team concurs with the
NRCS judgment based on the material properties of the fill and the nature of the cross
section as discussed above.

• Slope Stability. Slope failure is judged not to be a significant failure mode However,
because no record of stability analysis was found, it is recommended that analysis be
conducted for the record.

• Seismic Risk. Earthquakes are not a significant risk to dam safety. A Seismic
Exposure Evaluation being conducted by AMEC indicates that the peak horizontal
ground acceleration (PHA) that could potentially be created by the maximum credible
earthquake (MCE) is about G.13g. This is well below the threshold of significant
deformation of the embankment. Seismic instability is not considered to be a failure
mode.

• Wings Walls At Emergency Spillway. Development of a transverse crack at
emergency spillway/embankment contact is not a potential failure mode because of
the presence of extensive wing walls extending into the fill both upstream and
downstream.

• Slope Erosion
1. Identified potential failure mechanism is loss of crest.
2. Treatable by repair guide and procedures.
3. Low failure potential due to sequence of events/intervention.

• Low Potential Of Occurrence OfFailure Mode Associated With Piping OfMaterial
Through The Lower Portion OfThe Dam Where The Foundation Material Was
Replaced With Coarse Fill Up To The Original Ground Line. This failure mode has a
low potential due to time considerations - there is inadequate time for a flow path and
piping to be established. A seepage-induce erosion failure along the foundation
embankment interface or within the foundation is not a significant risk. The highly
erodible Holocene soils were removed from the foundation; the caliche foundation
and embankment are both highly resistance to erosion. The foundation does not have
fractures or other discontinuities that could provide pathways for seepage erosion,

•

•

•
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Findings Related to the Proposed Construction of Red Mountain Freeway
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Arizona Department of Transportation Actions. In the planning and design of the
Red Mountain Freeway (Loop 202), ADOT should assure that the modified dam, as a
minimum, provides the same level of flood protection as the existing dam and meets
all of the present geotechnical and hydrological criteria including those incorporated
into the "Rules and Regulations Pertaining to Dam Safety Procedures" promulgated
by ADWR on June 12, 2000. This should include evaluation ofthe impacts ofdam
modifications on the inundation area of emergency spillway discharges and the
reservoir pool inundation area.
In the course ofproject planning and design, ADOT should perform risk analysis of
the modified dam following the methodology of the present analysis. Reference letter
from the District to ADOT dated July 2,2001, which outlines these and other
requirements. ADOT should perform a risk analysis and address potential risks
relative to the impacts of the freeway construction on Spook Hill FRS, including
reservoir impoundments, downstream consequences, etc.
Red Mountain Freeway (Loop 202) Benefits. The freeway will effectively widen the
embankment of the dam, lower global hydraulic gradients, increase the length of
seepage paths and the factor of safety against seepage erosion and increase the margin
of safety for slope failure. ..
Characterization ofRisk Issues Related to Proposed Red Mountain Highway
Construction. If the Red Mountain Highway is constructed integral with Spook Hill
FRS it is believed that the ADWR will require the dam to be raised to meet the PMF
plus 3 feet of freeboard (Option A). To avoid this construction, one ofthe potential
options is to eliminate the dam (make the dam non-jurisdictional). If the dam is
eliminated, the required lOO-year protection from flow off ofthe Spook Hill
watershed would be provided through the outlet works to the Salt River (Option B).
Option A and B are geared to meeting legal requirements and appear to bracket the
exposure to risk situation applicable to downstream residents.

Option A - provides maximum protection against potential overtopping. However,
under Option A, other potential dam failure risks still exist and risks related to
spillway discharges are equal to the current conditions. These include floods equal
to, or exceeding the frequency flood that would result in spillway discharge with
damage potential (Dspc) up to the damage at PMF level discharge (DSPPMF)'

Option B - Provides protection up to 100-year flood. Flow would be directed to one
low point and then discharged. Discharges exceeding this would ostensibly pass
through the current spillway location, over the canal, and into the neighborhood.

. Dam failure risks would be eliminated (or at dambreak locations at major crossroads
and the effect (consequences) is approximately the same as for discharges from the
emergency spillway - the flows would most likely result in inundation ofthe same
downstream areas).

From the FMCA, it was evident that the risk costs (damage cost times the likelihood
ofoccurrence) from dam failure are small compared to the risk costs from emergency
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spillway discharges. Thus, the optimum risk reduction alternative appears to be what
is reasonable, possible, and cost effective with respect to containing and controlling
spillway discharges, rather than either Option A or B, which do not really address
discharges into the community. It was clear from the FMCA that the greatest
opportunity for risk reduction is to control non-dam failure discharges and this is just
as true ifthere is no dam (non-jurisdictional alternative/situation).

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report
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•

Several possibilities for risk reduction exist for both the dam and non-dam
alternatives that may be able to reduce the risk to levels well below either Option A or
B. These potential risk reduction measures combine all or part ofthe following
actions:

• Use the excess capacity of the CAP canal to receive spillway discharges.
• Use an overflow floodway that would be constructed in association with the

highway corridor (See Kimley-Horn and Associates report "Alternatives
Analysis Report for Spook Hill FRS, Signal Butte FRS, and Apache Junction
FRS - August 2001).

• Use an expanded principal outlet capacity and Spook Hill floodway capacity.
• Provide overtopping protection at various (one or more) locations along the

CAP Canal to prevent canal breaching in the event flood flows discharged
from Spook Hill into the Spook Hill floodway and CAP exceed those carrying
capacities. By providing such features additional flood protection would be
provided to the residential areas below the dam and canal and the flow depths,
in the event of any canal overtopping would be minimized.

• Direct discharge from contributory basins directly into canal by use of
secondary principal outlets rather than crossing highway boundaries (See
Kimley-Horn and Associates report "Alternatives Analysis Report for Spook
Hill FRS, Signal Butte FRS, and Apache Junction FRS - August 2001).

The FMCA team discussions indicated that effective combinations of these options
could be formulated to achieve lowest cost and lower risk than the "legal" Options A
and B cited above. It is also possible (but not yet verified) that implementation of
some of the options, alone or in combination could allow the existing dam to pass the
PMF with the "required" freeboard because more flow would be passed earlier.

Findings Related to Potential Consequences of Dam Failure or Spillway Discharges

•

•

•

Urbanization. Rapid urbanization continues upstream and downstream. This is
expected to increase the consequences of emergency spillway discharges and dam
breaches due to seepage-erosion failure modes and the importance of the upstream
evacuation plan.
Flood Volumes and Flows. Research record to determine if inflow hydrographs have

been developed for various frequency flood events. Determine capability of CAP to
accept flood flows from Spook Hill FRS (flow rate and volume). If these records
cannot be located or have not been prepared, then initiate a study to calculate volumes
and flows for the various floods and determine flow capacity in CAP canal (for
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accepting spillway discharges or dam failure flows from the dam). (Note: Incipient
flood frequency and threshold overtopping of CAP canal should be determined.
Various design storms could be investigated including multiple winter storms)

• Upstream Easements. District has upstream easement to PMF line, which is only a
short distance from the top of spillway line. Home construction appears to be
abutting the PMF line over a considerable portion ofthe reservoir. The District
should verify the easements.

• No Individual EAP. An individual Emergency Action Plan for Spook Hill FRS needs
to be developed according to ADWR guidelines and FEMA 64 criteria.

•
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Actions To Be Taken With Respect To Risk Reduction Or Information Gathering

• Buried Stream Channels under Dam. Relatively deep excavation ofthe Holocene
soils was done at four buried stream channels to reach the strongly cemented deposits.
These excavations were about 25 feet at Station 222+00, 15 feet at Station 242+00,
15 feet at Station 266+00 and 30 feet at Station 280+00. The SCS quality control
testing from the original construction indicates that the fill was compacted to a mean
of 98.7 percent ofASTM D698 maximum dry density and mean moisture content of
1.3 percent below the optimum moisture content. The fill appears to be of high
quality and not susceptible to significant settlements and cracking when wetted.
However special observation and review ofmonitoring data should be done in the
areas of deep localized sub-excavation to confirm that that there are no significant
differential settlements or cracks.

• Utility Crossings. The details and locations of utility crossings should be added to the
as-built plans of the dam.

• Right-of-Way Permit Process. There is a need to improve right-of-way process to
ensure the dam is not inappropriately "invaded". The FMCA team identified a need
to improve right-of-way permit process pertaining to as-builts for modifications by
others such as utilities.

• Clear Zones Upstream and Downstream Toes. The FMCA team identified a need for
clear zones at upstream and downstream toes for emergency response and
maintenance.

• Animal Burrows. It was concluded that animal burrows at this site is not a dam
safety issue due to shallow depths ofpenetrations and primarily located on talus at
toes and landscape soil layer. In addition the District O&M Division conducts an
ongoing animal control program and animal borrow repair program.

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories listed below. Except in special cases only
those potential failure modes in Category I will be considered in the risk analysis phase
of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes oflesser significance (but not inconsequential).
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• Category III - Failure modes for which insufficient information is presently available
to allow the team to make a judgement on the significance of the failure mode. The
development of additional data and information is warranted. Additional records
research may be justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.
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For each ofthe potential failure modes identified, a Failure Mode Description is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the Failure Mode Description. In
addition, any identified potential actions for investigation or risk reduction for each
potential failure are then provided.

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Adverse Consequences Resulting From Emergency Spillway Discharges During Major
Rainfall Events (Category 1)

Failure Mode Description: The Spook Hill FRS emergency spillway is a 260 foot wide
reinforced concrete drop spillway. Normal flood discharges from the spillway are
directed into the CAP canal and directly into a subdivision within the City ofMesa. This
potential "failure mode" does not "fail" the dam or emergency spillway. However any
appreciable flows from the spillway would likely.cause an overtopping breach of the
CAP canal. This potential failure mode was rated as a Category I failure mode because
normal "successful" operation of the emergency spillway can produce discharges that
could have significant adverse consequences and the likelihood ofoccurrence of these
adverse consequences appears to be much greater than any mode involving dam failure.
Most of the floodwater will pass through the emergency spillway. From that point, the
water will flow over the CAP canal where it will immediately flow into a large
downstream housing development. The CAP canal would also be eroded at this same
location adding to the discharge into the community.

Adverse Factors:
(1) Spillway flows are directed into the City ofMesa for flow greater than 100

year event in upstream watershed. Downstream populations at risk potentially
around 10,000 people.

(2) No dedicated downstream easements from spillway.
(3) Time to peak for PMF is 4.3 hours.
(4) No individual emergency action plan.
(5) No regulation (development, density, land use) on downstream spillway

discharge areas.
(6) The CAP canal bank is cut down at the emergency spillway (removing its

normal freeboard) facilitating flows passing through canal to downstream
housing.

(7) 72-hour or 24-hour PMF may be more critical.·
(8) Proposed Red Mountain Freeway changes downstream consequences.
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(9) Land use is changing in upstream watershed. More highly urbanized.

Positive Factors:
(1) Dam is instrumented as part of the District Alert System. Would provide

warning.
(2) Spillway discharge exit is normal operation and straight forward.
(3) Short spillway discharge duration for PMF.
(4) The CAP canal is located downstream from dam - picks up a minor amount of

spillway flow (but could pick up much more).
(5) Reinforced concrete drop block spillway - good erosion control.
(6) Canal bank is relatively high - providing potential capacity if low spot at

spillway is restored to design level on most downstream bank.
(7) Likelihood of spillway flows maybe low.
(8) Precedent to use canal to receive discharges from the dam (CAP Reach 11

dikes).

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

Potential Actions for Risk Reduction:
(1) Prepare emergency action plan according to minimum standards in FEMA 64

and ADWR rules and regulations.
(2) Increase outlet capacity to Spook Hill floodway.
(3) Restore canal bank on opposite bank to full height.
(4) Add other outlets to discharge to canal.

Failure Due To Seepage Erosion Along A Transverse Crack Through Embankment In
Association With A Major Flooding Event (Category I).

Failure Mode Description: Potential for impounded water to infiltrate and flow into a
transverse crack(s) existing in the embankment prior to the major flooding event or a
transverse crack that develops in association with the flooding. The transverse crack
allows the entry of a great enough flow ofwater to initiate seepage erosion and breaching
failure. Two modes were identified for the failure: Mode A - Failure through a major,
large, wide transverse crack extending from upstream to downstream. Flow through the
crack initiates seepage erosion which spreads lateral till a breach failure is formed; Mode
B - failure through a number of upstream transverse cracks carrying water to a
downstream transverse cracks initiating an erosional failure as described above.

Adverse Factors:
(1) Ability to recognize transverse cracks is difficult due to landscaping and deep

erosion rills.
(2) Wind and traffic may mask transverse cracks.
(3) Three locations of deep excavation to remove SM sand in foundation - may

cause differential settlement and thus·form·a potential location with a
tendency for development of a transverse crack.

(4) No central filter/crack stopper.
(5) Minor transverse cracking documented since original construction.

• (6) No significant impoundment history- dam not tested - (6.74 feet in 1993).

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

• (7)
(8)

Flood Control District of
Maricopa County

Some longitudinal cracking documented.
Abandoned irrigation system - potential pathway for seepage and erosion
Issues.

•

Positive Factors:
(1) Any crack to be a concern would show at crest.
(2) Can identify cracking by paving top ofdam. Cracks promulgate through

pavement.
(3) Only minor number of documented transverse cracks.
(4) Highly calcareous nature of soils - stiffer less erodible, less potential for

drying shrinkage.
(5) No significant impoundment history.
(6) Short time of impoundment -less than 4.6 days - affects saturation and

possibility of failure mode development.
(7) Variable materials in cross-section - less potential for cracks and greater

chance ofplugging.
(8) Low hydraulic gradient.
(9) Landscape topsoil protects embankment for drying.
(10) Irrigation system not really needed.
(11) ADWR records indicate foundation as "acceptable" (September 1, 1978

construction inspection report).
(12) Downstream dam section is essentially a crack stopper due to its gradation.
(13) Cracking more likely to occur on upstream side - borrow tests show low

plasticity.
(14) Transverse cracking less likely compared to Pinal County dams.

Potential Actions for Risk Reduction:
(1) Monitor cracks and develop crack mapping program.
(2) Train O&M crews to on mechanism oftransverse and longitudinal crack

formation.
(3) Repair any significant cracks upon their development.
(4) Increase outlet capacity to reduce impoundment time even more.
(5) Evaluate need for central filter.

CATEGORY II - FAILURE MODES OF LESSER (BUT NOT
INCONSEQUENTIAL) SIGNIFICANCE

Failure From Overtopping OfSpook Hill FRS (Category II - Considered but not
highlighted).

Failure Mode Description: New draft hydrologic studies conducted on behalf of ADOT
for the Red Mountain Freeway for Spook Hill FRS indicate that there is a potential for
Spook Hill FRS to be overtopped. Overtopping of Spook Hill FRS would occur at the
low point ofthe dam crest (assuming that the crest is not level). Flow would overtop the
dam at that point and as flows increased erosion of the crest and downstream slope

• potentially could occur leading to an eventual breach ofthe dam.

Kimley-Hom and Associates, Inc.
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Adverse Factors:
(1) New draft hydrologic studies for Spook Hill FRS indicates overtopping to

occur.
(2) A higher PMF is possible for this structure based on HMR 49.
(3) Land use changes and density of urbanization increased since construction of

dam.
(4) Only 0.17 feet of freeboard underHMR-49 PMP.
(5) Multiple upstream reservoirs.

•
Structures Assessment Program - Phase I
Spook HilI FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

Positive Factors:
(1) Old hydrologic studies indicate no overtopping.
(2) The crest surveys shows a fairly level crest.
(3) Only 2 to 3 locations less than 1591.5 feet elevation.

Potential Actions for Risk Reduction:
(1) Confirm crest profile elevation.
(2) Verify capacity of Spook Hill FRS.
(3) Verify hydrology for PMF.
(4) Increase capacity ofprincipal spillway outlet.

Consequences:
(1) Less buffer zone between dam and CAP canal but still exists over most ofthe

dam.
(2) Large downstream population.
(3) 24-hour and/or multiple event may be more critical.
(4) Incremental damage assessment should be conducted.
(5) District has extensive easement upstream of dam to PMF- control of

development.
(6) Upstream development will continue.

Failure From Seepage Erosion Or Piping Around Principal Spillway Outlet (7.5 Ft By
7.0 Ft Reinforced Concrete Box) (Category II-Considered but not highlighted).

Failure Mode Description: Infiltration ofwater into embankment material around outlet is
carried away due to seepage erosion along the pipe or due to piping leading to formation
of an erosional tunnel, caving and formation of a breach failure.

Adverse Factors:
(1) Seepage cutoffcollars make it difficult to compact embankment materials

around RCP box.
(2) Potential for loose materials beneath box.
(3) Possibility ofdifferential settlement/collapsible soils.
(4) Shrinkage/linkage at the compaction boundary.
(5) No diaphragm filter around outlet box/pipe.

• (6) Presence of inlet and outlet structures.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Positive Factors:
(1) Four concrete seepage collars help intersect any shrinkage cracks that would

develop near the structure.
(2) Firm caliche foundation - built on caliche.
(3) Collars interrupt potential shrinkage cracks.
(4) The outlet has been tested (from minor storm water impoundments) with good

performance.
(5) Reinforced concrete material - good performance with RCP, meets

regulations.
(6) Short impoundment time - less time for development ofpiping.
(7) Box joints appear tight from visual inspection.
(8) No clear exit for potentially eroded material.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Potential Actions for Risk Reduction:
(1) Inspect for seepage outside ofbox area on downstream.
(2) Place elevation staff gage at inlet.

Failure From Slope Erosion Leading To Dam Breach In Association With Major
Flooding Event And Rain At The Dam (Category II - Considered but not highlighted).

Failure Mode Description: Severe slope erosion gullies on downstream slope would
progress to the dam crest level, then across the crest potentially leading to breach of dam
during heavy rain at the dam and high impoundment level.

Adverse Factors:
(1) Existence oflandscape soil layer materials on the slopes of the dam (Non

compacted topsoil).
(2) Fined grained materialswere placed put on the outside zones of dam (behind

the surface layer of landscape material) - this is adverse with respect to
erosion potential.

(3) Over-steepened topsoil benches lead to and induce erosion.
(4) One-foot thick topsoil layer over slopes -loosely placed - initiates rills and

gullies.
(5) Ten-foot width ofZone 1 material upstream slope, 10-foot width ofZone 2 on

downstream slope.
(6) Landscape layer makes transverse crack identification difficult.

Positive Factors:
(1) Readily observable if crest was to be impacted.
(2) Vegetation stabilizes slopes.
(3) Dam is rehttively level.
(4) Time: going to take time for the process. May take successive events.
(5) Upstream erosion may not lead to failure.
(6) Erosion zone is a sacrificial zone - repair after Zone 2 material is impacted or

crest is reached.

Kimley-Hom and Associates, Inc.
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Potential Actions for Risk Reduction:
(1) Set limits for repair of slopes - develop slope repair guidelines.
(2) Continue seeding of slopes.
(3) Keep Crest Level.
(4) Consider rock mulch at groins.
(5) As long as gully does not invade crest performance should be fine.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Failure From Piping Along Base Of The Dam (Lower Portion Between Original
Ground And Foundation) (Category II - Considered but not highlighted).

Failure Mode Description: Flow path develops through Zone 2 into Zone 5 rock materials
in the center of the dam. Removal of Zone 2 materials into voids ofbig rocks in cutoff
trench. Caving occurs leading to a breach or a pipe is formed through downstream
materials leading to caving and a breach.

Adverse Factors:
(1) Coarse material from rock raking ofZone (type) 4 materials into cutofftrench

as documented in construction photographs. Coarse material most likely
located in downstream edge ofcutoff trench. Probably over full length of
dam.

(2) Difficult to get compaction around large coarse materials in cutofftrench.
(3) 'Compaction problem for caliche - may have created layer of horizontal

permeability.
(4) Likely that Zone 2 material can be piped into Zone 5 if a flow path develops.

Positive Factors:
(1) Large rock size likely to be part of total matrix - not isolated. (Refer to

ADWR photo dated Sept 8 1978 from ADWR inspection report).
(2) Caliche may break down over time.
(3) Not enough time for the process to complete.
(4) No clear exit evident for eroded material.

Potential Actions for Risk Reduction:
(1) Monitor and observe downstream slope and toe during regular inspections and

during flood events.

Failure From Seepage Erosion Along Buried Utilities (Category II - Considered but
not highlighted).

Failure Mode Description: There are ten documented buried utility crossings of Spook
Hill FRS. The general potential failure mechanism is water would seep along outside of
the buried utility and erode embankment materials and! or embankment/foundation
materials. The erosion will cause a erosional tunnel to form leading to caving and a
breach of the dam.

Kimley-Hom and Associates, Inc.
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•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Adverse Factors:
(1) Buried utilities form a potential path for seepage.
(2) Do not have as-builts for all buried utilities.
(3) Pressure utilities could create a problem due to leakage.
(4) It is likely that none of the utilities have filter diaphragms.

Flood Control District of
Maricopa County

•

Positive Factors:
(1) Documented buried utilities have been through approval process.
(2) Pressure losses show the problem of leakage.
(3) Could be identified as a problem in smaller storms.
(4) Resisitivity tests indicate low potential for corrosion.

Potential Actions for Risk Reduction:
(1) Identify and locate (including depth) of all buried utilities. Put on as-builts of

dam.
(2) Improve right-of-way process.
(3) See KHA report "Policy and Program Report" and recommendations

regarding utility crossings.

CATEGORY 111- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS

No Category III potential failure modes were identified by the FMCA team for Spook
Hill FRS at this time.

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE

Other Considerations: These issues were discussed but a potential failure mode was not
identified for evaluation (and descriptions of adverse and positive factors were not
developed).

(1) Emergency Spillway: The behavior of flows across the CAP canal is not known
and should be investigated/evaluated especially for a raised CAP canal bank on the
opposite (west) side. Inspect concrete chute/floor. Narrow point in dam crest
occurs just beyond wing wall, then the dam section widens due to a road - this is a
potential location for transverse crack to develop.

(2) Seismic: good foundation conditions, dry dam, no liquefaction concern, thirty
miles from Sugarloaf fault. No failure mode identified.

(3) Fissures and Differential Settlement: Foundation is granitic pediment. Geology
not conducive to fissuring and no evidence of fissures or existing fissures in area.
No compressible sediments.

(4) AnimallVegetation: Brought about by landscaped zone materials; loosely
compacted materials. Depth observed not to be a problem at this time. District
has animal abatement program. Considerable effort applied by District in

• vegetation control. Impoundment drawdown is rather quick and rapid. Not a dam

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006

Page 16 of 18 FCD Contract Z001C014
Spook Hill FMCArevJanZOOZ.doc



safety issue. AnimalNegetation control is good dam safety practice. Remove
trees from toe of slopes - maintain clear zone for emergency action measures.

(5) Settlement/Erosion of Holocene Soils: small thickness ofmaterial; excellent
foundation inspection by ADWR. No failure mode identified.

(6) Slope Stability: No real documentation of stability analysis for dam embankment
(Factor of safety for steady state 1.24). Without phreatic surface FS = 1.66. No
shear strength data. Do record stability study.

(7) ADOT Freeway: Low level cyclic loading. Berm due to highway has no
recognized adverse impacts. Successful routing oflow flow to principal spillway
and emergency spillway identified. Could result in lowering elevation/frequency
relation.

(8) Dam is sectioned: with respect to consequences. Intersecting roadways
(McKellips, McDowell) segment the dam into smaller dams.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

4.0 POTENTIAL RISK REDUCTION MEASURES

A. Restore Canal Bank at Emergency Spillway.
1. Discharge FRS flows into canal at designated location(s)
2. Discharge flow from emergency spillway into downstream fl06dway in/with

ADOT corridor. .
3. Canal could temporarily store floodwaters - approximately 9.2 feet freeboard.

B. Build an enhanced CAP section (e.g. RCC over DIS bank) to take overtopping
.flows without breaching the canal.

C. Direct flows at ends.
D. Increase outflow early by increasing the principal outlet capacity and expanding

the floodway to the Salt River.
E. Add other principal outlets along dam to discharge to canal.
F. Run hydrology for 100-yr, IS0-yr, 200-yr, and 2S0-yr events.

1. Then add increased outlet capacity with and without added outlet.
2. Use new models under ADMP.

G. Have ADOT determine impacts of freeway to downstream inundation area.
H. Have ADOT build a floodway to pass canal overtopping/emergency spillway

discharge flows. Build floodway in ADOT corridor then branch to Salt River.

5.0 SUMMARY AND CONCLUSIONS

Spook Hill FRS was constructed pursuant to a modem dam design. Construction appears
to have been without any particular issues. The dam has performed normally and
satisfactorily for 21 years. The structure is satisfactorily maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification of a
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it

.identifies physically possible conditions or processes (generally with a remote but still
• credible chance ofoccurrence) that persons associated with owning, inspecting, analyzing
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and operating the dam should be aware. Some ofthe potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

•
Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Two potential Category I failure modes were identified by the FMCA team. The first
failure mode is not really a failure mode but rather adverse consequences associated with
emergency spillway operations. The spillway discharges flows over the CAP canal and
then into the City ofMesa and. There are a large number ofpeople and structures at risk
in the flood path in the event of a spillway discharge. There is a reasonable chance that
casualties could occur due to spillway discharge. An immediate risk reduction measure is
to develop an individual emergency action plan for the Spook Hill FRS.

The second Category I potential failure mode is seepage erosion along a transverse crack.
The dam is over 20 years old and has very few documented transverse cracks associated
with it. The landscape layer potentially masks the existence of any transverse cracks. A
risk reduction measure is to repair transverse cracks and the slope erosion gullies on both
the downstream and upstream slopes. Another measure is to remove impounded water as
quickly and safely as possible by increasing the principal outlet capacity.

SPOOK HILL FRS APPENDIX - FMCA REFERENCE MATERIALS
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•

•

•

Structures Assessment Program - Phase I
Spook Hill FRS Failure Mode and Consequences RepoI1

Spook Hill FRS north end looking south (emergency spillway and CAP canal).
Photo date: October 2001 Photograph Copyright Kimley-Horn and Associates, Inc.

Flood Control District of
Maricopa County
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lrJ JAN 8 1988 W
ENGINEERING DIV.

201 E. Indianola Ave.
Suite 200 .
Phoenix. AI. 85012

January 6, 1987

Dan Sagramoso, P.E.
Chief Engineer and General Manager
Flood Control'Di stri ct of Mari copa County
3335 W. Durango Street
Phoenix,AZ 85009

Dear Dan:

•

We have evaluated your 9-10-87 to discontinue the permanent
irrigation system for th Spookhill RS, Buckhorn-Mesa WPP.We agree with
your assessment that the da a compiled supports discontinuance of irrigation
as an appropriate solution for the prevention of detrimental cracking at this
site. A desirable desert landscape should persist without irrigation. Cactus
and bursage will tend to increase while other plants such as saltbush and
quailbush will tend to decrease.

The maintenance requirements for the irrigation system included as item 4 of
the O&M agreement dated August 1. 1977 for the Spookhill structure are hereby
cancelled and are to be deleted from the agreement.

Thank you for your understanding and patience in seeing this issue resolved.

ez ~.~~
DMK D=( D1::;\ ---.:..-

AHa _ r=:'~l _ CDC _

•

Sincerely.

cJ..~
Verne M.Bathurst
StateConservat ionist

cc: Stanley N. Hobson. Director. WNTC
W.R. Evans. Head, Engineering Staff. WNTC
Joe Knisley. AC, Tucson
Larry Martinez. DC. Chandler

~r~an'~ilawrence~DWR!{~~'

FlU
- ·NMP_ -
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MEWORANDUM

'TO:
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DATE:

File

R.M. Hussain ~_._._d_.,-.:----

August 6, 1986

SUBJECT:

•

•

Spook Hill FRS Dam (07.50)
Abandoning of Sprinkling System

, During the Guadalupe design review meeting today, Bob Payette
and Nick Karan of the FCDMC discussed the present status of the
testing and studies done to determine whether sprinkling system
at the dam's slopes shall be abandoned.

According to the original design, the sprinkling system was
installed to reg~spray the slopes so that the internal mois
ture (in-place w~thin the embankment remains intact. This was
thought to be the most effective way of deterring the cracks
developing in the embankment. Cracking of earthern embankments
in the arid climate is the typical and constant problem at the
dams owned by the Flood Control District of Maricopa County. In
addition to the constant operational difficulties of various
components of the system, the FCDMC was finding the O&M and water
costs to be excessive. They want to abandon the system. The
SCS' position has been that since it will amount to deviation
from the original design, the FCDMC should assume responsibility
and the associated liabilities in case the dam develops craqks
and/or fails •. TheFCD didn't like this condition. They started
making field testing to compare moisture profiles of the sprin
kled and unsprinkled portions of the slopes. The latest study
done by WTI was recently completed. The FCD will send us the
report in the near future.

Nick Karan stated that in his op~n~on the findings of the
latest study byWTI are no different from their earlier conclu
sions. They are:

1. The present moisture content in the embankment is
roughly 3 to 4 percent below in the sprinkled portion
and 6 to 7 percent below in the unsprinkled portion



• 2.

3.

of the embankment as compared to the as-constructed
moisture content.

In all the samples tested from the sprinkled and
unsprinkled portions of the embankment, the present
moisture content is below the shrinkage limit.
(Hence no further shrinkage can occur).

Observations indicate that the sprinkled portion of
the embankment has 30% rill erosion, whereas the
unsprinkled portion has only 2%.

•

•

After the WTI report has been received and reviewed by the
scs and ADWR, Ralph suggested that we Should perform a joint
physical inspection of the dam and decide whether the sprinkling
system shall be contin~ed or abandoned. No date for the inspec
tion was fixed.
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Maricopa County Flood Control District

3335 West Durango Street

Phoenix, Arizona 85009 Lab./lnvoice No.

LETTER OF
TRANSMITTAL

Dale 8/1/86

2125J296lob "'\1.

3737 East Broadway Road
P.O. Box 21387
Phoenix, Aril.olla 85mb
(002) 437-37:\7

WESTERh
TECHNOLOGIES
INC.

To•
Attn. Mr • Nick Karan, P.E.; Chief Engineering Division

Project/Subject Shrinkage Testing

Spookhill Flood Retention Structure

Maricopa County,'Arizona

Please be informed that we are: X Enclosing

Forwarding Separately

Per Your R~uest

3 No. of Copies

X Other

laboratory Reports

Field Reports

Propos.lls

More fully described as follows: Shrinkage limits tests data sheets for remolded samples.

• On these sheets a negative volumetric change, % signifies an increase

in volume.

Material forwarded by:

For your:

AtlG 4'86
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, , ....
.... 4,-

./ .1
;' .

~<."> ( (

InfontlCllion

RECE1VED
IX\) G0 61986
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Action

Other

Express Mall

Air Priority

United Parcel Service '

Motor Freight

Air Freight

City Delivery

By

X Use

Approval

Fifes

Our Messenger

Your Messenger

X First Class Mail

Priority Mail

Certified Mail

Special Delivery

Other

F':..- 1
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t ell ENG HYDRO
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Copies

•
Frank Costello



•
SHRINKAGE LIMITS

Samp 1e I D. :!.!?l,E-~oO {(p,t, - 7.,,)

1ni tial /"Ieasurements. i n.
Height Width

Placement Density,pcf
Placement Moisture.%

Present Densitv.gm/cc
Present Moisture~%

Soil Sp.Gr. ,gm/cc

Max. Dry Density,gm/cc
Minimum Volume,cu.ft.
Wt. of Solids,lbs.

Initial Volume,cu.ft.
Int. Dry Density,gm/cc

Final Volume,cu.ft.
Final Dry Density,gm/cc

.Shrinkage Limit,!.
Volumetric Shrinkage,!.
Linear Shrinkage,,;,~

Volumetric Change,!.
Wt. After Drying,Lbs.

1 ''"Ie:"
oI::'W

7.4

1..802
7.4

2.666

1. 743
1.1496
4.02

(). i)333
1.802

0.0342
1.743

19.88
-2.7

-2.7
3.72

4.642
4.601
4.612
J~.632

4.622
Avg.

Fi nal
Height
4.691
4.694
4.655
4.653

4.673
Avg.

UncJi stw-bed
F:emol ded

3.971

3.975
:3.989
3.979
3.984

3.981
Avg.

l"1easurements,in.
Width
4.011
4.009
4.010
4.013
4.021
4.016

4. ()1:;::
Avg.

.lE-

__ .N•••• _ •••__._. • • • ._._._~ .,__ • • ._._._ ••__ • ••• _. __

•



•
SHH I I\IKA13E L I 1"1 I T8

Samo I e I D. ~I1}_~~+OO("'2..-10, z..) Job No . ._.."?l ?:.~-d..?:?r,

Placement Densitv,pcf
Placement Moi5ture~%

Present Density.gm/cc
Present Moisture.1.
Soil Sp.Gr. ,gm/cc

Max. Dry Density,gm/cc
Minimum Volume,cu.ft.
Wt. of Solids.lbs.

Initial Volume.cu.ft.
Int. Dry Density.gm/cc

Final Volume,cu.ft.
Final Dry Density,gm/cc

~hrinkaQe Limit.%
Volumetrit Shrinkage,X
Linear Shrinkage~%

Volumetric Change,/.
Wt. After Drving,Lbs.

8 c-
• ..J

1.926
(3.5

1. 931
1.0185
4.12

Q.0:316
1.926

0.0320
1.931

14.66
-1.4

-1.4
:::;.• 86

Initic\l
Height
4.496
4.476
4.500
4.506

4.495
Avg.

Final
Height
4.458
4.459
4. ·454
4.452

4.456
Avq •

Undi ~~tt.tr"bec:!

. Remolded '*

t-1eaSLtl"·ements::.. in.
~~i dth

:::;'.9:27

3. c,26
:3.936

?iva.

Measurements.in.
Width

:::;:.9'7'4
:::;:.979
3.978
3.981
3. Cj'7l:J

AVCl·

.._ : ~_ ._•. ,_",_,~ .-:. ~ ._ _'~ ' __'._."M'''''''' __ _~_ .._._ _ • •__ . ••_ __ __ ,"n" '._ _ _ .

•



•
4~o...> l.'-c; rot)

S.:1mp 1 e I D .1l!'_.:.l.-._:l&:.Z

Placement Density~pcf

Placement Moisture.%

3HRINKAGE LIt'II TS

121.9
B.O

Undi stLtr'bed
F:emolded •...*.._...

Present Densitv~gm/cc

Present Moisture,%
Soil Sc.Gr •• gm/cc

Max. Dry Density~om/cc

Minimum Volume.cu.ft.
Wt. of Solids.lbs.

Initial Volume.cu.ft.
Int. Drv Densitv,gm/cc

Fihal Vclume!cu~ft.

Final Drv Density,gm/cc

Shrinkage Limit./.

•

VO. lumetric Shrinkage,/:
inear Shri.nkage,/.

Volumetric Change./.
Wt. After Drying,Lbs.

•

1.938
S.O

:2.?1()

1.956
0.9990

.col. 2

:L • 938

() q ()32()

1.956

14.24
0.4

0.4
3.91

Initial
Height
4.469
4.466
4.471
.'t.466

if.. 4&J8
f:l',(g.

Final
Height
4.412
4.475
4.414
4.470

4.44:3
Avg •

Measurements. in.
t.<Ji d tr1

:3. c.t82
:311 t'=i"77

:~:;. 979

3.980
Avg.

Measurements. in.
Width
3.984·
:3.982
:3.987
3.982
:3;. ,.,80
3.986

3.984
Avg.



•
SHF< I NKP\GE L I l"I I TS

Sample ID.~m_~~s.:TOO(JB.3-ZO.3.)

Placement Density~pc+

Placement Moisture~%

Present Density~gm/cc

Present Moisture,%
Soil Sp.Gr •• gm/c~

Max. Drv Density,gm/cc
Minimum Vclume~cu.ft.

Wt. of Solids,lbs.

Initial Volume,cu.ft.
Int. Dry Densitv,gm/cc

Final Volu~e,cu.ft.

Final Dry Density,gm/cc

~hrinkaCie Limit.!.
~olumet~ic Shrinkage,%

Linear Shrinkage,%

Volumetric Change,%
Wt. After Drving,Lbs.

•

12E=J. 9
9.6

1 • 8~53

,2.679

·i.i359
1. 1112

4.1'-i

(;. ()3:31
J.. 85::::~

O. ():329
1.859

16.47
0.4

0.4
3.82

Initi<'''Il
Hai gl,-t
4.608
':j.. 6(l"J'

4.592
iI-.5f.34

4. ~598
Avg.

Final
Hei9ht
4. 60~5
4.600
4.571
4.602

4.594
Avg.

Unc:ll ~;;t.Ut-bE?d

F:!:~mol ded

Measurements, in.
IrJi dth
::::; .. 9T7

~.::~ 11966
:3;. (.'i75
3. '189

3.978
Avg.

Measurements~in.

io'Ji dth
3.962
3·967
:;.~. 976
3.971
3.975
:::;;.977'

3. ci71
r::::lvg •



• SHRINKAGE LIMITS
Samole ID. $m....~~.,.OO (u;.'z.. -U.c..)

Placement Density!pcf
Placement Moisture!/.

Present Densitv,qmicc
Present Moisture.%
Soil Sp.Gr. ,gm/cc

Max. Dry Density,qm/cc
Minimum Volums!cu.ft.
Wt. of Solids.IbS.

Initi~l Vclume,cu.ft.
Int. Drv Densitv,qm/cc

Final Vclume,cu.ft.
Final Drv Density!gm/cc

Shrink4ge Limit.%
Volumetric Shrinkage,%
Linear Shrinkage!/.

• Vol u~etr i c .. Chi.mge., i"~
Wt. After Drvlng,Lbs.

8.4

1.995
8.4

2.716

.1.• 988
O.9El97

4. 11

0.0::::;06
1 • el88

13.4·7
-0.5

_ .. () N ~i

Initial
Height

4.2667

4.277
4.2'73

4. :;::69
~IVg •

Final
Height
4.266
4.241
4.252
4. :;::87

4.262
fivg.

Undi stut-bed
F;:emcl}. ded

t1e ..'\sur~ement.s, in.
Widt.h
:~. 9~i'7

~S ... -'":.:.i {.~) ()

3. {:.i65

f~vq •

Measurements. in.
Width

:3.969
3.983
:3.9T7
3.974
~5. ';80

:3.976
?ivg.

•



• SHHI!'W':"OE 1-11"11T5

SC":lIna 1 e I D. 2.7Y1.....'?~+-ao (-s-,.; - (p,~)

'lacement Density,pcf
Placement Moisture.%

Present Density.gm/cc
Present Moisture.'/.
Soil Sp.Gr. ,gm/cc

MaK. Dry Density,gm!cc
Minimum Volume,cu.ft.
Wt. of Solids,lbs.

Initial Volume,cu.ft.
Int. Drv Density,gm/cc

Final Volume.cu.ft.
Final Drv Density,gm/cc

Shrinkage Limit,'/.
Volumetric Shrinkage,'/.
Linear Shrinkage,%

.olumetric Change,'/.
Wt. After Drying,Lbs.

12::-::'.8
8.6

1.894
!i=J. ~i

2.695

1.898
j,.0452
:3.99

0.0311
1.894

(). ()321
1.898

15.58
-:;". ()

-:3. ()
3.8

Initial
Hei clht
.1I... 43'7
4.4:::;;
4. i~:26

4.426

4.4:30
':'~vg •

Finid
Height
4.442
4.471
4.443
4.447

4.451
{oivg •

Undi !:;turbed
Remolded

Measurements,in.
Wi c::i t I''',
:3.9:::::·it
~$". 93~:i

3.92'7

3.927
~.3. 937

:;;:.9:;; j,
Avg.

1'1easur'ement 5, in.
Width
3.981
3.982
3.981
3.981
3.990
3.979

3.982
?~yg.

..._ -.- ~ _ _ _._ __ _ _---- __ .__ .._.._.- _ _ _ _.._ __ _--- .._----_.. - .. ----_.__ __ .-

•



•
SHRINKAGE LI,..lITS

Sa.mpl e ID .$.J:J1:....~~fOO (/Z,O-13.0)

Placement Density,pcf
Placement Moisture./.

Present Density.gm/cc
Present Moisture,%
Soil Sp.Gr. ,gm/cc

Max. Dry DensitY,9m/ cc
Minimum Volume,cu.ft.
Wt. of Solids,lbs.

Initial Volume,cu.ft.
Int. Dry Density,gm/cc

Final Volume,cu.ft.
Final Dry Density,gm/cc

.hrinkage Limit,%
Volumetric Shrinkage,/.
Linear Shrinkage,/.

Volumetric Change,/.
wt. After Drying,Lbs.

118.3
10. 1

2.007
10. 1
2.643

1.997
O. <1>496

4.03

(). (,292
2.007

0.0294
1.997

12.25
-0.5

-0.5
3.66

Initial
Height
4. 108
4. 111
4.206
4.217

4. 161
Avg.

Final
Height
4.154
4.146
4.231
4.233

4. 191
Avg •

Undi stLtr"bed
Remol eled

Measurements,in.
~'Ji dth
3.932

3 .. 936
~5. 926
3.929
3.926

3.932
Avg.

Measurements,in.
Width
:3.926
::;::.924
3.928
3.921
3.9:31

3.927
{~vg.

*

.__ .__._----------------~---_._-------------_. __ .~-_ .._._------------_._----~--~

•



•
SHFUI\IK'~GE LHIITS

S..:tmp 1e I D• .?..!?Lk.~.e i-OO (Jb,O -/8.0)

PlaCEment Density~pcf

Placement Moisture,%

Present Densitv~gm/cc

,Pr~sent Moisture~%

Soil So.Gr; ,gm/cc

Max. Dry Density~gm/cc

Minimum Volume~cu.ft.

wt. of Solids.lbs.

Initial Volume~cu.ft.

Int~ Drv Densitv.gm/c~

Final Volume~cu.ft.

Final Dry Densitv.gmicc

•
Ch . I l' . t .,_, r- 1 n I:: age _1 m1 - • I.

Volumetric Shrinkage.%
Linear Shrinkage!%

Volumetric Change~%

Wt. AftEr Drying,Lbs.

120.5
9.7

:L • 9:,21
("0 ••,
'f. /

2. '717

. 1. ''124
1. (H):36
L~. 36

1.921

(),. ()3::::;2

1..924

15.17
-().2

-(>.2
3.99

Initial
Height
.Li·.582
4.618
4.622
4.600

4.606
Avg.

Final
Height
4.612
4.619
4.607
4.617

4.614
Avq.

Undi st.urbed
Hemolded

Measurements,ln.
~\Ji dth
:~;. 98::j
:3.982

:::;;.980
{WOO

Measurements~in.

I;Ii dth
:;',.981
:::;;.981

3 .. 983
3. (,780
3.9BO

~$. "-:;81
f:~vq •

*

•••• M H"_~ .~__.~._ __• ~_. M'" _ _ .. _' .._ ~ _ ..__ ._ _ _ ..- _. -- - --_.---._.- _ •• _. _ _ __•• _ ..

•



•
i:3HRINKAGE LII"'IITS

Saml::> leI D. -.2r1.J;:'!!'??'f"0o (lfJ,O - ZOo 0)

Placement Densitv,pcf
Placement Moisture~X

Present Densitv.gm/cc
Present Moisture,/.
Soil So. Gr. ,gm/cc

Max. Dry Density,gm/cc
Minimum Volume.cu.ft.
Wt. of Solids.lbs.

Initial Volume.cu.ft.
Int., Dry Densitv,gm/cc

Final Volume,cu.ft.
Final Dry Densitv,gm/cc

.hrinkage Limit,/.
Volumetric Shrinkaqe,%
Linear Sh~inkage!/.

Volumetric Change,/.
Wt. After Drying,Lbs.

1 ~;~O. "7
J.1.0

1.911
11. 1

1.924
1. OO:i 1

().()326

1.911

0.0327
1.924

:1.4.86
-0.4

-0.4
::.~" 93

Initial
Height
4.5./.1-5
4.542
.£~. 547'
4.500

4.534·
Avg.

Final
Height
4.57:1.
4.572
4.548
4.501

4.548
Avg.

Undi !::>turbed
'Remolded

Measurements. in.
Width
3.97'1'
::'.97''7'

3.978
:3:.972
3.980
3.982

Avg.

Measurements~in.

Width
3.980
3.982
~5. 978
::-~~. 978
3.981
3.975

:::;;.979
f':)VCI •

'il:'

__ .__ H M._. • M_. .._. . .__ ~.. .__ _..~__._..__, __ .~

•



•
SHRINKAGE LIMITS

Samp 1 e I D • .!?.1J!I....!:.6!?rOO (ZO. 5;-Z:Z..5)

•

Placement Density.pcf
Placement Moisture,%

Present Densitv.gm/cc
Present Mcisture,%
Soil Se.Gr. ,gm/cc

Max. Dry Density,am!cc
Minimum Volume,cu.ft.
Wt. of Solids,lbs.

Initial Volume.cu.ft.
Int. Dry Densitv.gm/cc

Final Volume,cu.ft.
Final Drv Density.qm/cc

Shrinkage Limit~%

Volumetric Shrinkage,%
Linear:$hrinkage,%

Volumetric Change,%
Wt. After Drving.Lbs.

J.20.7
11.0

1 • S:'8t)
11.0

1. '?64
0.9850

4.16

1.980

0.0305
1.964

1:::'~. 75
-(i.6

-0.6
~5. 74

Initi::.'.\l
Height.
4.21:::::
1+. :28:2

4.214

4.2:3:4
{~vg •

Final
Height
4.206
41123

4.289

4.244
14V9·

Undi ~:;-I::.ur·bed

. I:~emol ded

Measurements.in.
l-'Ji dth
:~~n 976
:::;:.976

3.972
:::L 966
3.965
::::'.969

3.97'1
Avg.

Measurements.in.
Width
3.974
3.976
3.976
3.98
:3.980
:3.981

3. ~t78
Avel.

",.

•

.._._M . .__•._•. ·~. __~-----~-·-·-----·----·-----------..----.-•.----.-.---~---.-----..-----~--.-.- ••. -.~



Trip Notes Arizona, September 6-9, 1971, S. Schauman

1. Spook Bill FRS

The final design included a permanent irrigation system to be used
tetnporarily to establish plant material. They have nov decided tOo
use this system to prevent desiccation. Obviously the amount, of__
water needed to prevent desiccation 18 not the same as the water
needs for desert shrubs. Nor is the sustained need for desiccation
comparable with that to temporarily establish desert· ve$etation.

Recommendation , 1

, The engineering and landscape architecture situation be carefully
monitored to determine the problems and beDef~ts occuring through
uae of irrigation to prevent desiccation. The monitoring data should
include:

1. Check of the saquaro cacti root growth and general survivability.

2. Identification of the shrubs that result from the sown seed and
check of their root growth.

3. Identification of voluntary plants and check, of their root
growth. '

Recommendation 12

The desiccation and planting design probl.1II8 au all future struc
turae be solved concurrently to achieve the beat overall engineering!
landscape architecture solution. (See recommendation 3 & 4 belov.)

2. Queen Creek FRS
, I

The present planning of thia structure ellls for a vapor barrier
of .GP and SP blanket, at 2 1/2:1 slope rmg1ng between 3' and 9'
deep. 'l'he plasmer. (State agency) haft been advised by BCS that
vegetation C8DJ1Ot be installed OD this blanat la,.er. It i.
difficult for me to accept thia judgment without field investiga
tion supportug evidence. The aite is rural and vill DOt have
high public viaibility but acme planting should be attempted.

RecO'IIIIIIeDclation , 3

All f.uibla planting technique. (e. g. hydroaeeding. fiber coated
with seeds. chaDS. ill gradation of the blanket part1c1... others) .
should be inwatigated ~ds01le technique to e.tablish 1DdiSl!!toua
ahruba should be deftloped. _

,:'4., ,



We believe the irrigation, plantings and cracking problems may be inter
related. Since ~ have no clear answers, we recommend that test situations
of the different conditions be installed and'monitored on this structure.
We recommend that these be considered pilot tests and monitored yearly for
at least the next five years. The plantings and irrigation could ei-ther
reduce or aggrevate the cracking conditions •

a. Same as 2-a above.

Attachment

2

..
'.

•

Thomas G. 'Rockenbaugh

3. Option' 3 - Use of a temporary (portable or water hauled) irrigation
system for' plant -establishment.

,

NE F BOGNER
rector

Engineering Division

. A yearly report could give us the needed insight to the ongoing condit,ion
so that we can developl technical guidance on future structures. We would
be pleased to advise your staff on the factors that should be monitore!i,•
.We are returning the bid schedule but are keeping .the· plans.

cc:
Kenneth L Williams, Director, TSe,. ses, Portland, O;regon
Paul O. ~ilker, Head, EWP Unit, ses, Portland,. Oregon
.Robert Ma.cLauch1a.n, Plant Materials Specialist, SC~, WO



We have reviewed your proposed plans for the installation of subsidence
monuments on the Spook Hill F .R. S. as submitted by letter to our office
on June 18, 1979. The District agrees with the plans with one exception. 
We feel the monument spacing of one, half mile center to center will not
provide us with sufficient information and control. For this reason
the District prefers the spacing be 1000 feet center to center. Perhaps
our sta£f metDbers can discuss this further and establish criteria that
can be a standard for all flood retard~ng structures.

Herbert P. Donald. Chief Engineer and General Manager

;:

'fa - 5"""- 0

of
Maricopa County

." . . bf ~ r-.?/f
FLOOD CONTROL DISTRICl ----- / &:1ue//o til

r--:--

3335 West Durango Street. Phoenix. Arizona 85009

Telephone (602) 262-1501

Spook Hill Project, Subsidence Monuments

Should further discussion be required, please contact Sid Brase of my

staff.

Dear Mr •. Rockenbaugh:

Re:

Mr. Thomas G. Rockenbaugh
State Conservationist
Soil Conservation Service
230 North 1st Avenue
Phoenix, Arizona 85025

July 2, 1979

~"'-..

l

-
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I
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The proposed instrumentation for the Spook Hill, Dam has been reviewed.
Our comments are given in the order of your request.

1. Instrumentation is always desirable in an earth ,embankment.
However, instrumentation should be s.elected and designed to assess or
monitor the likely phy.sical conditions that'will exist' during the
service life of the structure. In our opinion, the two major potential
sources of problems for the Spook Hill Dam are: (l) cracking with
desiccation, and (2) cracking associated with subsidence caused by ground
water withdrawal. It is our understanding that geologic analysis has
fairly well established that this structure is close enough to the bedrock
control that the likelihood of adverse effects of ground water removal
caused subsidence is remote. We also understand that the irrigation
system will be used regularly to maintain the designed vegetation. This
irrigation, if properly done, will maintain the soil moisture level
sufficiently to assure that desiccation cracking is unlikely.

With these thoughts in mind, we believe it would take a very special
type of instrumentation to be of any value.

2. The strain gages proposed in the attachments to your letter, are
not applicable to the special needs of this project. Their principal
capability is to register differential movements and would not likely
pick up the subtile movements associated with desiccation cracking.
Their value mainly lies in monitoring movements in areas of predictable
differential stress.

3. Other types of differential movement gages have the same basic
limitations as do the propo$ed gages.

, . 4. We feel that meaningful data could be obtained from a series of
moisture tension gages to' monitor capillary stresses and assess the need
for irrigation. With water applied, cracking should' not occur. However,
if readings are ignored, the dam will crack.

We agree that monuments should be established on the completed embankment.
These monuments Should be established with highly accurate horizontal and
vertical control. '

UNITED STATES DEPARTMENT OF AGRICUL.TURE

SOIL CONSERVATION SERVICE

West Technical Service Center~ 511 N.W. Broadway,

ENG - Design - Buckhorn41esa WPP,
Arizona. - Spook. Hill FRS

Thomas G. Rotkenbaugh, State Conservationist
SCS, Phoenix, Arizona

~~~-~~
Richard M. Matthews
Acting Head, E&WP Unit

- - l-<'A u::t::L: ~

e/~ - ~--:"'~ '/ ~_

Rm. 510, Portland, OR 97209

DATE: September 30, 1977



.0 STATE OF ARIZONA
OFFICE OF STATE WATER ENGINEER

SUPERVISION OF DAM SAFETY

INSPECTION OF DM1 CONSTRUCTION

PROJECT _...=:S~p~oo:::::..:k:=.......::H=i:.=:l:.:::l_D~a:::::m~. ....l=(...1...7_-.t.,.50:=.,.)'--- -- SHEET 1 OF ....1_·__

CONTACTS Jim Mittleton and Don Riddle - SCS

IMPORTANT ACTIONS TAKEN:

Mittleton informed me that he had been instructed to permit the place
ment of Type 3 material in the entire downstream section of the dam
except for the 10 feet of Type 2 at the downs tream face. He s ai d
this had been agreed ,to at the meeting yesterday between SCS, Mardian,
Flood Control District, and AWC. This is a change in the specifications
as shown on Sheet 13 of the drawings and should be documented in writing
by SCS.

D~RIPTION OF WORK:

Contractor excavating foundation between Sta. 265-270. Buried channel
at approximate Sta. 269 appears to have been excavated down to firm
material and is about 20 ft. deep, but loose material has not been
cleaned off. Most of the unconsolidated material has been cleaned off
of the foundation b.etween Sta. 265-268 except downstream of the centerline. 0

Contractor requested and SCS agreed to' stake cutoff trench before the
rest of the foundation is cleaned off so that the excavated material
could be placed directly in the downstream section of the embankment.
Contractor was not quite ready ·to place this fill so work on the founda-
tion between Sta. 265·-270 was suspended for today.. '

Contractor working fill between Sta.275-290 but mostlyoetween Sta.·
275-280 where Types 2, 4, & 5 was being placed. .

Culvert pipe for floodway under McDowell 'Road did not meet specifica
tion and rejected by sese

• Jlj)t
INSPECTED BY _G...........D_......C_°..,...x ON _6_-.....2_3_-_7_8 , PHOTOS No---
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IMPORTANT ACTIONS TAKEN:

Made preliminary inspection of foundation Sta. 249-260 after contractor
finished excavating cutoff trench and noted several discrepancies.
However, I was not able to discuss .these with Jayo today and plan on
having a joint inspection with SCS tomorrow morning.

~CRIPTION .OF WORK:

Contractor excavated cutoff trench Sta. 249-256. Placed Type 2, 4, and
5 materials below grade Sta. 260-265. Working and placing fill from
approximate Sta. 265-290~

Most of fill being placed today is coming from pre-wetted borrow areas
and .very little watering is being done on the embankment. Some of the
pre-wetted borrow materi.al is too wet and has to be worked quite a .

. bit.

Jim Mittleton informed me that he and the other SCS inspector, Albert
Rutledge, no longer permit caliche in any form, cemented or uncemented
(powder /silt/sand) to be placed in the Type 1 material zone. They do
this on the basis that the caliche will not pass the 5% PI requirement.
He also said that they do not now permit uncemented caliche to be
placed in the Type 2 material below existing ground level upstream of
the centerline of the dam. This is another example of the changing,
and largely undocumented, use of caliche in this dam.

New pipe for the floodway under McDowell Road has been delivered to
the job and is being placed in the trench today. This pipe now
apparently meets specifications but fitting the pipe together is
proving to be difficult •

• NO work is being done on the principal or emergency spillways.

)}f)~
INSPECTED BY . G. D. Cox ON July 18, 1978 . ,PHOTOS __N:;.;o~_
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IMPORTANT ACTIONS TAKEN:

•

•

Tom Jayo, Aubrey Sanders (Ses geologist) and I looked at foundation
between approximate Sta. 236-249, and specifically at the excavation in
the area of Sta •. 244 where a buried channel filled with uncement.ed,
sandy material crosses the foundation. This .channel has sort of an
elongated "SII shape with the long part of the "S"'parallel to, and about
.the same position as, the cutoff trench. All of. the sand had not been
excavated and after some discussion it was decided that the best way to
proceed would be to excavate the cutoff trench to caliche and then
excavate the adjacent foundation a$ required •

We also looked at the rest of the foundation briefly, and although it
looked pretty good ·except for a.couple o~ questionable sandy areas,
there was still.a lot of loose material on the foundation. I told Jayo
the loose material should be cleaned up some and the foundation rechecked
before the ,cutoff trench was staked and excavated.

Jayo requested ·that someone from the AWe· be at he site first thing
'tomorrow morning to' inspec·t the foUndation as the sandy material from
the channel was:excavated, and also. to recheck the rest of the founda
tion prior to staking the cutoff trench:

.j/{}t
INSPECTED BY __G_,_D_._C_ox of·; A~u__g=u...;..,st_l_J,,~1_<_9"_78 _ PHOTOS ..=..;...;jf-8--



STATE OF ARIZONA
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SUPERVISION OF DAM SAFETY

• INSPECTION OF DAM CONSTRUCTION

PROJECT Spook Hill (7-50) SHEET 1 OF l~_

CONTACTS Jayo, Riddle - SCS

IMPORTANT ACTIONS ~AKEN:

With Jayo, made preliminary inspection of foundation from approximately
Sta. 200-210. Most of foundation to acceptable materials (i.e."siltstone";
dirty, dense sands; small amount of caliche) but two channels of loose sand
were encountered at Sta.·202+30 and 208. Dozer excavations showed sand
depth of not more than 2 ft. additional •. Jayo agreed that the sand should
be removed.

~~IPTION OF.WORI(:

· -Placing Types 1, 2, 3, 'and 4 fill between St~.· 212--228. Type 2 material
being borrowed .from the foundation excavation just south of McKellips Road.

Placing fill in the emergency spillway outlet channel. Finish grading of
· McDowell Road ramp subgrade in progress. "

Jayo believes that more unacceptable Type 2 material will have to be .. removed
from Sta.228-Z48. No work in this area today.

- Surveyors will stake key. trench from Sta. 200-2io today. This section
should be ready for final· approval Tuesday, September 5.

. ,

Quality control tests (moisture/density determinations in particular) are
normally scheduled at approximately 3000 c.y . . intervals, and are used
primarily for documentation. However, as this job has progressed, ses
has had 'to do more. and more tests to confirm-opinions of its inspectors.

· Almost all recent tests have been made to resolve controversies between
ses and Mardian.

Jay() reported that additional inspectors could not be re.crui ted from
neighboring states bec'ause none were available. 8CS intends to hire
temporary employees as needed, and as available •

• i
I

I

I UJc.,'i9
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STATE OF ARIZONA
ARIZONA WATER COMMISSION
SUPERVISION OF DAM SAFETY

• FLOOD ESTIMATE AND SPILLWAY ANALYSIS ..

Name of Dam Spook Hill Type of Dam Zoned earthfiJl (ro]]ted Dam No.2=.:
homogenous)

County Maricopa Hydrologic Class III - High hazard potential, medi
S1.ze.

Located on Tributary to Salt River

- t See. 6, 8, 16 Twp. 1 north Range 7 east B &:
USGS Quadrangle Buckhorn 00, 15' (Circle One)

I. DRAINAGE BASIN II. DAM AND RESERVOIR

1. Drainage Area - Sq. Mi. 16.38 1. Reservoir Area @S/W. Ac. 305'
Varies - sub-

2. Cha:nnel Reach Length, Ft ~.watersheds2. Res. Capac. to S/W-A.F. 992

3· Maximum Elevation 2673 3. Surcharge Storage-A.F. 2570

4-. Minimum Elevation 1567 4. Spi1lw9-Y Crest Elevation 15'82.0 ft.

~~ Average Watershed Slope, %. - 5. Dam Crest Elevation 1591.0 ft.

6. Cover Density, %.
,

- 6. Total Freeboard 9.0 ft.

7~ Cover Type, Desert brush 7. Max. Storage Level 1589.55

8. Soil Group - 8. Gated or Ungated ungated

Runoff Curve
Varies

9. Number 75 - 79 9. Max. Spillway Q,-cfs 20040·'
@Max. W.S.

10. Impaired? No
!

Sketch of Spillway Attached, as perSheets 8 & 10 of Drawing 7-E-23797Date' 12-76

Remarks, Special Conditions, Etc. Q!Jtlet (principal spiJ lway) fJ m,,r at maximum

water level is 1060 cfs.

:a.a.ted by W.C.J. from SCS.TR-20 Data Date April 1977

hecked by Date

..



Page Two

FLOOD HYDROLOGY
8CB Class

1. Flood Type C FERZ. Storm Precip-In. 13·0

3. Precipe Dur. -Hr. 6

4. Peak Intensity -InfHr. -
Varies

5. Time of Concentration -Hr. subwatersb I9ds

6. Peak Inflow -ds 48500

7. Peak Inflow -csm -

8. Runoff -A. F. 6887

9. Runoff -In.
9.5

Varies
10. Runoff Coeff. 7'1 - 79

11. Routed? Yes

1Z. Peak Outflow -ds 2210013. Peak Outflow -csm - .'

14. Max. Water Surface Elev. 11)89.1)1)

15. Residual Freeboard 1.45

16. Diverted Inflow, ds 2200

i.7. Check Adopted Flood V

Remarks:

•
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MEMORANDUM

REVIEW OF GEOLOGIC CONDITIONS

SPOOK HILL FLOODWATER RETARDING STRUCTURE (7-50)

By : G. D. Cox .$Ipt-
April 29, 1977

Application for approval to construct the Spook Hill Floodwater
Retarding Structure has been filed with the Arizona Water CommissIDn.
A review of geologic conditions and construction materials has been
made, and this memorandum summarizes the results and conclusions
reached.

The site of the proposed dam is about 10 miles northeast of Mesa in
Section 31, T2N, R7E, and Sections 6, 7, 8, 16 and 17, T1N, R7E.
The maximum height of the dam is about 23 feet and it is 21,575 feet
long. The dam is a zoned earthfill structure that will function as
a runoff retarding dike; there will be no permanent storage of
water. The proposed Central Arizona Project (CAP) canal alignment
parallels the toe of the dike and will be protected by it.

The geologic review consisted of a review of available geologic data
and plans and specifications for the dam, as well as a site inspec
tion. One geologic report was submitted with the application:

Report of Geologic Investigation, Buckhorn-Mesa Watershed,
Spook Hill Damsi te; U. S. Soil Conservation Service ; undated ..

REGIONAL GEOLOGY

The proposed dam site is located on the edge of an alluvial basin
within the Basin and Range physiographic province. The ranges
are fault-block mountains composed mostly of intrusive igneous and
metamorphic rocks together with some volcanic and sedimentary
rocks. The basins are broad alluvial plains formed by erosion of
the ranges and are often several thousand feet thick.

DAM SITE GEOLOGY

The site is lOcated on a pediment along the southwest side of
the Usery Mountains. The sedimentary veneer covering the granite .
bedrock is composed of a mixture of silt, sand;, g:ravel and some clay.
This thin mantle of. alluvial deposits is unconsolidated or is ,
weakly to strongly pemented with calcareous cement forming wide
spread caliche beds. Streams have cut channels in the bedrock and
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the cemented deposits and have subsequently backfilled them with
relatively loose alluvial material. Scattered hills of weathered,
coarsely crystaline granite protrude through the alluvium. Faults
occur in the Usery Mountains, but any that might be in the vicinity
of the dam< site are covered by alluvium. Ground water is not known
to occur in the thin alluvium at the site. Ground water is present
in the underlying granite bedrock but depth to water is 400 to 600 -
feet. The alluvial deposits thicken considerably a~out one mile
west of the dam site and ground water occurs there at a depth of
500 to 600 feet. -

ENGINEERING GEOLOGY

Foundation Exploration
Sixteen holes were drilled and 22 backhoe pits were dug along
the centerline of the dam to investigate-foundation conditions.
Disturbed samples were taken for classification and dissolved
solids testing, but no undisturbed samples were obtained.



•

•

•

-3-

Eight holes were also drilled for standard penetration testing
in order to evaluate soil density and potential consolidation.

Foundation Conditions
The dam site is underlain entirely by alluvial deposits.
Surficial soils consist mostly of gravelly silty sand with some
clayey sand from the southern end of the dike (Sta. 88+00)
north to about Sta. 200+00. From about Sta.200+00 to the
northern end of the dike (Sta. 304+75) the surficial soils
are gravelly sandy silt and gravelly silty sand. Depth of
the surficial soils range from 0-5.5 feet but averages
about 3 feet in thickness. These soils have a low density
and are considered by SCS to have potential for consolidation.

From the south end of the dam north to about Sta. 230+00 the
surficial soils are underlain by fine-to-coarse grained
gravelly silty sand and clayey sand. These soils are more
dense than the overlying soils as indicated by blow counts.
Beneath these soils there is weakly cemented gravelly silt
stone from Sta. 88+00 to about Sta. 165+00. The siltstone
interfingers with caliche and some sand ,between approximate
Sta. 165+00 to Sta. 230+00. From Sta. 230+00 to the north
end of the dam only variably cemented gravelly caliche is
present beneath the compressible surficial soils.

Bearing capacity of the foundation materials beneath the sur
ficial soils should be adequate for the 'structure as designed.

Foundation Seepage
Five open-hole infiltration tests were made in three drill
holes along the present dam alignment. From these tests,
the estimated permeability was 7.6 and 87.8 ft/day in the
surficial soils, 62.1 ft/day in the upper zone of the silt
stone, and 9.3 and 3.3 ft/day in the caliche. These estimates
seem quite high, especially for the caliche. It is possible
that the casing was not sealed at the bottom of the hole
allowing water to get up and around the outside of the casing,
thus resulting in a higher water loss and estimated permea
bilities than expected.

The dam is designed with a cut-off trench that will extend
through the more permeable surficial soils. It is unlikely
that the actual permeability of the siltstone and caliche will
be high enough to pose a problem to a retarding dam.

Foundation Stripping
The SCS geology report recommended stripping material con
sidered to have consolidation potential from the foundation;
this recommendation has been followed in the specification
draWings except at Sta. 280+00 Where' silt ove~lying the :
caliche should be removed. The geology report also recom
mends that the cutoff trench be excavated about one foot
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into indurated caliche or siltstone. This will require about
a 25-feet excavation in the vicinity of Sta. 233+00 where a
buried stream channel was found. Another buried stream
channel may occur in the vicinity of Sta. 180+00, and others
may be discovered during foundation excavation.

Outlet Structure (Principal Spillway)
The proposed outlet structure is located at th~ north end of
the dam and discharges into a floodway leading to the Salt
River. No exploration holes or pits were dug along the axis
of the outlet at its final design location. However, several
rotary holes in the area indicate that a thin (1-4 feet) mantle
of soil overlies firm caliche. Standard penetration blow
counts were high in the caliche and no consolidation problems
with the outlet structure are expected.

Spillway (Emergency Spillway)
The proposed spillway is located very near the north end of
the dam. It is designed to be constructed through the embank
ment and will discharge into the CAP canal. Over a dozen
holes were drilled to investigate a spillway site around the
north end of the dam, but only four holes were drilled and
one baokhoe pit dug in the area of the final design spillway
location. These indicated that a mantle of unconsolidated
gravelly sandy silt 2-5 feet thick overlying earthy to firm
gravelly caliche will be encountered in the excavation for
the spillway.

The upper 1.5 feet of caliche was somewhat soft but below
this upper zone standard penetration blow counts were relatively
high, less than 0.5 ft. per 50 blows. The caliche below the
upper soft zone should have sufficient bearing capacity for the
concrete control structure. The spillway channel will be unlined
except .for a concrete spillway outlet channel protection apron
at the downstream end of the channel. This should provide .
sufficient erosion protection for the infrequent spills expected.

Reservoir Area
The reservoir area is underlain by alluvial deposits similar
to those in the dam foundation. No particular difficulty is
expected with the reservoir; however, siltation of the princi
pal spillway inlet channel could be a maintenance problem.

Construction Materials

The proposed principal borrow area is along the CAP canal
alignment parallel to the downstream toe of the dam. Additional
borrow will be available from required excavation and from the
reservoir area. Forty-seven,backhoe pits, 3-15.5 feet deep,
were dug for borrow exploration; 22 of these pits were located
along the CAP canal alignment.

I -

i
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Embankment: Type 1 - Type 1 materials will be placed
as an upstream blanket-zone about four feet in thickness.
The material consists of a mixture of silt, sand, gravel
and clay, with gravelly silty sand and clayey sand being
the probable dominant soil types. Seven tests were run
on the low plastic clayey sand; the fine content ranged .
from 14.9 to 43.5%, the liquid limit from 23 to 33, the
plasticity index from 7 to 16, compacted density from .'
122.2 to 130.6 pcf, and optimum moisture from 8.9 to.
10.9%. Two direct shear tests on the clayey sand gave 0
angles of 32 and 32.25 degrees; no permeabilities were
obtained. The specifications require only that Type 1
materials have at least 15% fines and a maximum size of
6 inches. A general borrow location for Type 1 mate
rials is given in the specifications, and a sufficient

"quantity of material should be available to meet require
ments.

Embankment: Type 2 - Type 2 materials will comprise the
upstream half of the embankment along with Type 1, and
will also be used as a downstream blanket-zone. These
materials are similar to Type 1 soils except that Type 2
s011s are dominantly nonplastic. Six tests were run on
nonplastic soils; the fine content ranged from 22.8 to
43.1%, compacted density from 119.6 to 129.2 pef, and
optimum moisture from 8.5 to 13.0%. Two direct shear
tests on silty sand gave 0 angles of 33.5 and 35 degrees.
As with Type 1, Type 2 materials must have at least
15% fines and a maximum size of no more than 6 inches.
A sufficient quantity of material should be available
from the designated borrow areas to meet requirements.

Embankment: Type 3 - Type 3 materials will be placed
in the center of the dam downstream of the centerline.'"
These materials consist of excavated siltstone and
caliche which reportedly will break down to a mix of
silt, sand and gravel. One sample of caliche was tested
which broke down to a silty sandy gravel. The fine con
tent was 14.1%, compacted density was 109.5 pcf, and
optimum moisture was 17.9%. There are no specifications
for this material. except the maximum size can be no
larger than 6 inches. A sufficient quantity of this
material will be available to meet requirements.

Embankment: Type 4 - Type 4 material will be placed in
the downstream part of the embankment between Types 2
and 3, and will replace excavated surficial soils down
stream of the centerline of the dam. The material
will consist of sahd,.gravel, and excavated weathered,
fractured granite. No testing was done on this .
material. The specifications require only that Type 4
material have a maximum of 15% fines and a maximum
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size of no larger than 6 inches. Materials classification
testing indicate most of the designated borrow soils have
more than 15% fines so excavated granite will probably
have to form a large part of the Type 4 material.

Embankment: Type 5 _ Type 5 is an optional material that
can be used in place of Type 4 as backfill for excavated·
surficial soils. Type 5 material will co:p.sist of oversize·
Type 4; no other requirements are given in the spec~atIDns.

Drain - A small amount of drain material will be required
for the emergency spillway structure. No source for the
drain material was given in the specifications but should
be available from nearby commercial plants.

Riprap - A small amount of riprap is required for the
emergency and principal spillway structures. The specifi
cations propose to use sound granite blocks, 3 to le)
inches in size, excavated from the floodway channel north
of the dam. However, granite from the proposed borrow
area will probably be badly weathe~ed; if sufficient
sound granite is not available from this source suitable
rock should be available from nearby granite outcrops.

CONCLUSIONS

1. The site is suitable for the proposed floodwater retarding
structure.

2. No testing was done on undisturbed samples of foundation
materials. However, based upon descriptions of the founda
tion materials and standard penetration blow counts, the
bearing capacity of the foundation materials beneath the
surficial soils should be adequate for the embankment as
designed.

3. Permeability tests conducted in the foundation materials
are of doubtful validity. However, the cut-off trench
will extend through the more permeable surficial soils,
and it is reasonable to assume that the in-place permea
bility of the underlying siltstone and caliche will not
be high enough to be a problem.

4. A buried stream channel is known to exist in the dam
foundation. Others may be discovered during foundation
excavation.

5. Ground subsidence and earth fissures occur 1-2 miles south
and west of the dam site, however, the dam site should
not be effected by these phenomena.

6. The dam site could experience an expected maximum probable
intensity of VI-VII on the Modifi~d Mercalli·Scale.
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For stability analysis, a seismic coefficient of O.05g
would be acceptable and O.lg should be conservative.

Both the principal and emergency spillways are underlain
by caliche at shallow depth. The upper 1.5 feet or so of
caliche is somewhat soft but caliche below that zone should
be competent enough to support the structures without"
appreciable consolidation.

A suitable quantity of borrow material is available at or
near the dam site. However, Type 4 material must have no
more than 15% fines and it is unlikely that there is very
much soil in the designated borrow area that can meet that
requirement. Therefore, much of the Type 4 material may
have to consist of excavated weathered granite obtained
from floodway borrow areas north of the dam site.

Only a small amount of soil testing was done on borrow
materials, however, the test results are probably fairly
representative of the various soils available •
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Memorandum of Design Review
Spook Hill Dam (7-50)

Damsi te Inspection (r P
By D. R. Lawrence ~K':

An inspection of the proposed damsite was conducted on March 8,1977.
John Sullivan of the S.C.S. accompanied me. During the month of
March, Messrs. B. G. Scott, W. C. Jenkins, and I drove through the
drainage area during the course of other inspections.

Location

The site is located immediately upstream of the proposed Salt-Gila
Aqueduct in eastern Maricopa County, approximately 10 miles east
northeast of Mesa, Arizona. It is in Sections 6, 8, and 16 of TIN,
R7E of the Gila and Salt River Base and Meridian. The north end
of the site is in Section 31, T2N, R7E G&SRB & M. This area is
shown on the Buckhorn, Arizona 7.5 USGS Quadrangle map. The dam
will act as a flood retardation structure for the normally dry
washes of the drainage area.

Proposed Dam

The proposed homogeneous earthfill dam will be a maximum of
15 feet high and approximately 4 miles long. The freeboard will
be 9 feet. The borrow will come from excavation of the floodway,
the principal spillway inlet channel, and the Salt-Gila Aqueduct.
In an attempt to take greatest advantage of those borrow materials,
the design calls for routing the borrow as follows: (1) Silt and
clayey sand and silts to the upstream half of the embankment, .
(2) caliches downstream of the centerline and (3) sands, decom
posed granite and granites to the downstream toe of the embankment.
Both the upstream and downstream slopes will be at 2.5:1. This
routing may present contractor-engineer conflicts.

The emergency spillway will be a reinforced concrete drop struc
ture, 260 feet wide and 12 feet high, located near the right
abutment. It will be founded on caliche and granite.

The outlet or principal spillway is located just north of the
emergency spillway at the right abutment and will consist of a
7 foot by 7.5 foot concrete box conduit with a drop inlet and an
SAF outlet. The outlet will be founded on caliche.
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Drainage Area

The 16.38 square mile drainage area is gradually sloping desert
land. Approximately 2 square miles of the area have been developed
for residential purposes. The upper end of the drainage is in the
south end of the Usery Mountains. The USGS 7t 1 Orthophoto Quad.;
Buckhorn, Arizona has been beneficial in our study of the drainage
area. The upper elevation of the watershed is 2673 feet in the
Usery Mountains. The elevation at the damsite is approximately
1567. A study of the Orthophoto Quad. indicates that flow from
the emergency spillway would be directed into two washes which
flow to the Salt River.

Site

The site is located within the Desert Region of the Basin and
Range Physiographic Province. It lies primarily upon unconsolidated
and semi-consolidated regolith composed primarily of alluvial fan
deposition derived from the Usery Mountains and associated igneous
activity. The regolith overlies granitic rock.

The S,C,S'. Report of Geologic Investigation of the damsite (summary
attached) provides study of the site and the construction materials.
Mr. G. D. Cox will make a review of this report and of the damsite
including seismicity and proximity to ground subsidence due to
ground water withdrawal.

Local utility pipelines presently cross the axis of the dam. Some
will be abandoned. Those remaining will be encased in concrete
under the cutoff trench. Plans are now being finalized.

Construction Materials

As mentioned above, borrow will come from the floodway excavation,
principal spillway inlet channel excavation and the excavation for
the Salt-Gila Aqueduct. The soil is silty sand (SM) and sandy
silt (ML). The sand is fine to course grained. The fines are
nonplastic silts. These soils are susceptible to cracking when
compacted dry of optimum and upon dessication. Similar desert
soils have been used to construct other flood control structures
within Maricopa County. Nearly everyone of these structures
exhibit problems of transverse and longitudinal cracking. Clayey
sand (SC) soils are available between Stations 88 and 200. It has
been suggested that the foundation extend to a medium density
clayey sand in this area. The specifications call for, 12.a (2)
(a) llsiripping the foundation to a depth of approximately 1.0 foot
of topsoil, roots • • . (b) removal of the remaining unconsoli
dated materials to depths varying from zero (0) to six (6) feet
below existing ground. Approximate depths are shown on the
drawings. Final depths will be determined by the Engineer after
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examination of the materials encountered." We should receive a
statement from the engineer regarding the criteria which he will
use to determine final depths of excavation.

A buried stream channel filled with highly permeable silty
crosses the dam centerline in the vicinity of Station 223.
such channels could be revealed by foundation preparation.
would require additional foundation excavation. .

Conclusions and Recommendations

sand (SM)
Other
This

1.

2.

3.

4.

• 5.

6.

The site appears to be ~cceptable for a dam of this type.

The silty sand and sandy silt soils are the soil types most
susceptible to erosion and to cracking upon dessication.

One buried stream channel (Sta. 223) has been detected. Others
may be found as foundation excavation progresses.

The emergency spillway will be founded on caliche and granite.

Flows from the emergency spillway (from storms in excess of
1/100 frequency) will be into the Salt-Gila Aqueduct and,
should it be overtopped, into channels which drain to the
Salt River.

The outlet will be founded on caliche and will flow into a
floodway designed to carry flows to the Salt River.
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

SIGNAL BUTTE FLOOD RETARDING STRUCTURE•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 200205

July 20 2001

1.0 INTRODUCTION

General Description
Signal Butte FRS is located within the City ofMesa. The FRS begins west ofMeridian
Road and north ofBrown Road. The FRS is about 28 miles east ofdowntown Phoenix
and approximately 3 miles west of the town ofApache Junction. The projectconsists of
the FRS structure, principal spillway and an emergency spillway. The project is part of
the Buckhorn Mesa Watershed Protection and Flood Prevention Project, which includes
the Spook Hill and Apache Junction flood retarding structures. The Flood Prevention
Project was prepared, designed, and constructed by the U.S. Department ofAgriculture,
Natural Resources Conservation Service (NRCS).

Signal Butte FRS is classified as a high hazard, small dam. The reservoir behind the FRS
is 140 acres with a capacity of 1540 acre-feet. Construction ofthe Signal Butte FRS was
accomplished under contract to Pulice Construction Company. The completion date of
the construction of the dam and landscape treatment is January 1987.

The dam has performed satisfactorily to date.

Dam Data
Dam type: Rolled earthfill
Dam height: 38.5-ft
Dam length: 7,022-ft
Dam crest: width 18-ft; elevation 1721.0-ft
Spillways: Principal- 36-in RCP; inlet elevation 1701-ft; 1701 = top of sediment pool
Emergency spillway - 140-ft wide RC baffle block spillway; crest elevation 1712.4-ft
Freeboard: 4.8-ft
Reservoir Surface: 140 ac at spillway crest
Storage: 1,540-afat spillway crest
Hazard Classification: High

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Purpose and Scope
In general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•
•
•
•

•

•

Identify potential site-specific failure modes for the dam.
Discuss non-quantitatively the likelihood of the identified failure modes.
Determine whether or not and how important failure mechanisms are being monitored
Examine the consequences of failure and the adverse consequences of successful
operation (e.g. -large spillway releases)
Identify possible risk reduction actions that may be taken to reduce the likelihood of
failure or to mitigate adverse consequences
Determine what information, investigations or analyses may be needed to resolve
uncertainties relative to potential failure modes.

•

•

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate of the magnitude of the "consequences" for each significant failure mode
will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Hom and Associates, Inc., Project Manager
Jim Scott, URS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Hom and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS

The following is a summary of the major findings and understandings for Signal Butte
Flood Retarding Structure as a result ofthe Failure Mode and Consequence Analysis
(FMCA). Only one major adverse consequence was highlighted and that was discharges
from the emergency spillway due to major flooding up to the PMF. However, the other
potential failure mode, considered to great extent on this and the other related structures
in the region was a seepage erosion failure due to cracking from drying shrinkage or other
causes. In the case of Signal Butte, the presence ofthe HDPE central liner was a key
aspect of the discussions. Thus these major findings and understandings are organized
first according to these two issues and then according to other failure modes considered,
consequence aspects (not already mentioned) and riskreduction or investigative or
preparatory actions to be taken.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Flood Related Findings and Understandings

Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

••

•

•

•

•

•

•

•

•

•

Flood Control District of
Maricopa County

The PMF Does Not Overtop The Dam. The FMCA team considered that because
there are no major factors identified in the region which are changing current flood
estimations (e.g., land use, density) that there is no strong need to reevaluate the PMF
at this time. The available surveys for the dam show that the dam crest is relatively
level except the dam is I-foot higher in the vicinity of the principal outlet. The stage
of the PMF pool is 1720-feet and the top ofdam crest is 1722-feet (freeboard of2
feet).
Only One Highlighted "Failure Mode". Emergency spillway discharges resulting
from large rainfall events is the only highlighted failure mode (resulting in adverse
consequence). It appears that by far the greatest risk (product of likelihood of
occurrence with magnitude of consequence) lies in ''Normal (no dam failure)
Spillway Discharge Operations".
Possibility ofExpanding Outlet Capacity. By opening the T-riser at its base the outlet
capacity can be increased and the drawdown can begin sooner during a flood event to
the reservoir. This could be done inexpensively and is feasible. There would be a
need to consider downstream impacts and requirements would need to be evaluated if
the outlet capacity is increased. By creating an opening at the base of the outlet a gain
ofapproximately 11-ft in head is achieved. The reservoir impoundment could be
evacuated in shorter duration that existing conditions. (The invert of the outlet pipe is
at elevation 1690 feet while the current inlet to this pipe is at elevation 1701 feet.)
Contributing Flow to the Signal Butte Reservoir is from Two Basins. The PMF
design flood comes from 2 different contributing watershed basins.
SedimentPool Not Used In Routings. The available storage in the sediment pool was
apparently not used in any hydrologic routings. By accounting for the sediment pool
and by increasing the outlet capacity as noted above the routings should indicate that
the threshold of damage flood has a greater frequency and that the PMF has greater
freeboard. Note that this is true of Spook Hill FRS and the other dams as well.
Upstream Easements To PMF - The District has easements upstream of the dam that
includes the impoundment area for the full PMF facilitating management of the risks
associated with filling of the reservoir. The upstream easements should be verified. It
is also anticipated that development will occur slowly above the reservoir. Future
land use upstream of dam will likely be the same as existing development because of
the regional park.
The Critical Flooding Events For These Detention Dams Are More Likely To Be A
Result OfMultiple Winter Storms Than A Single Very Large Flood (i.e., PMF).
However, the reservoir at this site can be emptied in less than 5 days making the
multiple stomi less critical for Signal Butte FRS than for other dam sites (e.g.,
Rittenhouse FRS is designed for a 30 day drawdown). The length of time of
significant reservoir impoundment is an important factor in evaluating the probability
ofmost failure modes. Multiple winter storms may result in longer reservoir loading
times. A series ofwinter storms in close sequence would probably result in
impoundment ofwater in the reservoir for a longer duration than a single storm
approaching thePMF. Thus, a scenario ofmultiple storms is an important

Kimley-Horn and.Associates, Inc.
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consideration in evaluation whether seepage erosion processes could advance to the
point of initiation ofa dam breach.•

Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Findings Related to Drying Shrinkage Crack Induced Failure Mode and HDPE

•

•

•

•

•

•

Favorable Embankment Properties. With regard to shrinkage and cracking the soil
tests on the materials in the Signal Butte FRS borrow showed it to be more granular,
with significantly less fines and less plasticity than the previous Flood Retention
Structures reviewed in this series ofFMCAs. Thus this soil should be much less
likely to experience significant drying shrinkage cracks. However, the pervious
nature of the granular fill allows infiltration from surface moisture and thus could
likely undergo cementation. Available tests indicate that the dam is constructed
primarily with sands with non-plastic to low plasticity fines. The embankment appears
to have a low potential for drying shrinkage and is likely cemented with calcium
carbonate. The field density tests performed by the SCS for quality control during the
original construction indicate a mean compaction of the embankment of 101.1 percent
ofASTM D698 maximum, dry density and a mean compaction moisture content of
0.02 percent below the optimum moisture content. Statistical analysis indicated
standard deviations of3.6 for percent compaction and 1.6 for variation from the
optimum moisture content. This is indicative of a relatively high quality embankment.
Transverse and Longitudinal Cracking. No significant cracking has been observed in
the Phase I Structures Assessment or documented in any of the inspection reports or
documents. However, subsequent to this report, a hairline longitudinal crack near the
centerline of the dam crest was found between Stations 255+39 to 256+24 during an
inspection on December 3, 2001.
There Are Really Two Lines OfDefense Against Desiccation Cracking Related
Failure At Signal Butte FRS. I) Owing to the low shrinkage potential ofthe
embankment soils and the essentially incompressible foundation, the risk of
significant cracking of the embankment appears to be low. 2) The HDPE hydraulic
barrier provides a defensive design against flow through cracks and seepage-erosion.
Given these two lines ofdefense, the probability of a seepage erosion failure through
the embankment is very low.
HDPE To Full Depth OfDam/Cutoff. A High-Density Polyethylene (HDPE)
geomembrane extends from below the crest of the dam to the full depth of the cutoff
trench and is connected to a concrete anchor block, which rests on the strongly
cemented calcareous soil (caliche). Brainstorming ofpotential or expected
performance characteristics of the HDPE led to the following points:

1. The technical literature indicates that HDPE will not significantly deteriorate for
200 -300 years in most environments. This should be verified.

2. The need to do periodic testing of HDPE to confirm that no deterioration has
occurred should be evaluated.

3. HDPE has a high degree of integrity and capacity to withstandlarge deformations.
4. HDPE behaves elastically to a yield point at about 10 percent tensile strain.

Special tests done for the McMicken Dam Restoration and the Combustion Waste
Disposal Ponds at the Apache Generating Station at Cochise, Arizona indicated

Kimley-Hom and Associates, Inc.
KHAProjectNo.091131006
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that HDPE will safely bridge cracks up to about 3 inches for height of dam
involved.

5. The thickness of the HDPE (100 mil) is conservative for the height ofthe dam,
relatively difficult to construct a hydraulic barrier with this stiffmaterial, and adds
no support to dam, but does reduce chance for a puncture or a tear in the material.

6. If leakage develops, remediation could be a toe drain (drain at downstream toe
would act as third line ofdefense).

7. No viable failure mode was identified for the dam involving malfunction ofthe
HDPE material as a cutoff for flow through potential cracks in the dam.

8. Extremely low probability of a transverse crack lining up with a defect in the
HDPE hydraulic barrier and creating significant seepage.

• Presence ofHDPE Membrane. Despite concerns about the use of geomembrane
material as internal hydraulic barriers in dams, it is judged that the Signal Butte FRS
has the lowest risk of failure of any of the seven dams under assessment. This is due
to the HDPE geomembrane extending to the caliche foundation. If the other six dams
had this feature, it would have greatly reduced the estimated risks of failure.

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Findings related to all other Potential Failure Modes Considered

•

•

•

•

•

•

•

•

•

Excavation of Cutoff. The cutoff excavation extended through the collapsing
Holocene surface layer to the strongly cemented soils. This is well documented by the
as-built plans, ADWR inspection reports and construction photos. ADWR performed
inspection and approval ofeach portion of the foundation.
Dam Geometry. Dam crest appears to be at design grade and top width is greater than
NRCS standard design. Therefore an alternative to reduce downstream risks
associated with emergency spillway discharges by raising the emergency spillway
crest elevation and raising the dam crest elevation (by addition ofmaterial to the crest
of the exiting dam) may be feasible. .
Piping along outside ofPrincipal Outlet is a Low Potential Failure Mode. Principal
outlet has filter diaphragm therefore, a seepage erosion failure along the outlet pipe is
not a credible failure mode.
Seismic Issues Not A Concern. Earthquakes are not a significant risk. A Seismic
Exposure Evaluation by AMEC, which is in progress, indicates that the peak
horizontal acceleration (PHA) created by the MCE is only about 0.12g
Failure Mode Potential along Foundation Reduced. Removal ofthe highly erodible
surface layer ofHolocene soils beneath the embankment effectively eliminates the
risk of a seepage erosion failure along embankment foundation interface. Cutoff to
the strongly cemented soils was approved and documented by ADWR
Emergency Spillway Erosion is a Low Potential Failure Mode. Caliche (strongly
cemented calcareous soils) are exposed on the sides and bottom ofthe emergency
spillway. Therefore, erosion of the spillway wasjudged not to be a credible. The
spillway is a baffle block dissipator.
Utilities. No documented utilities through the structure. No utilities through the dam.
The FMCA team recommends that a District policy be established that does not allow
utilities to be constructed through the dam.

Kim1ey-Hom and.Associates, Inc.
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• Lack ofEvidence of Subsidence and Fissures. The dam appears to be underlain by
shallow bedrock throughout. Thus, the weight ofevidence indicates that there is not a
significant risk of land subsidence and earth fissuring and is not considered a failure
mode.

• Reservoir Drawdown Time is Short. The time water is within the pool is small. The
drawdown times are 4.8 days from emergency spillway crest to principal spillway
inlet and just a few hours from maximum water level to the emergency spillway crest.
Thus there is an extremely small likelihood of the reservoir being higher than spillway
crest for any "static or seepage through the dam" related failure mode to develop
(reduces that probability of seepage erosion failure modes). Also the reservoir will be
emptied quickly in the event of a follow up stonn, thus reducing the risk from
multiple stonn events.

• Transverse Cracking at the Contact between the Dam and Spillway. Available
evidence indicates that the embankment is composed of sand and fine gravel with
non-plastic or slightly plastic fines and rests on essentially incompressible strongly
cemented calcareous soils (caliche). The risk of subsidence and earth fissuring is very
low. Thus, the potential for transverse cracks in the dam and foundation is judged
low. Transverse cracks developing at spillway wall is not a failure mode due to the
extensive wing wall protection that extends 27-feet into the embankment fill.

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Actions to be taken for Risk Reduction or Investigation for Risk Assessment

•

•

•

•

•
•

•

•

•

No Individual EAP. An individual Emergency Action Plan needs to be developed
according to ADWR and FEMA 64 criteria.
As-Builts Needed For Cutoff Wall Below Emergency Spillway. Documentation
states that during construction a cutoffwallwas constructed below the emergency
spillway. This documentation is in the ADWR construction inspection reports.
However, the cutoffwall is not reflected on the As-built Plans.
Action: Need construction Quality Assurance test results on HDPE lining.
Crack Monitoring. Monitor for development of longitudinal cracks and be aware of
future cracks. (Note: the as-built drawings show that the Holocene soils were
removed from beneath the cutoff trench over the entire length of the dam. However,
longitudinal cracks could develop due to collapsing Holocene soils beneath the
upstream slope. Cracking is not mentioned in any of the Annual Inspection Reports in
the Data Book which date back to 1990)
Slope Stability. Slope stability analysis needs to be conducted for record conditions
(slope stability not identified as a failure mode).
Field Inspections. Locations for special inspection for settlement cracks should be
identified. These are the areas of localized deep sub-excavation of the Holocene soils
to the contact ofthe strongly cemented calcareous soils.
Staff Gage. It was observed by the FMCA team that the principal outlet does not
have a staff gage, but the gated outlet does.

Kimley-Horn and,Associates, Inc.
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• Emergency Spillway Discharge Downstream Inundation Area. Downstream
inundation area is highly developed with a seasonally variable population. The high
rate of urban development and variable population downstream because of influx of
seasonal residents in the late fall, winter and spring effect the consequences of
downstream inundation.

• Central Arizona Project Canal. CAP canal and overchutes have the capacity to handle
approximately up to 4500-cfs of discharge from a dam breach. It was noted by the
FMCA that diversion of floodwaters into the CAP under large flood events is part of
the CAP Reach 11 dikes design. .

• The existence of a higher dam at Signal Butte results in a significantly greater
estimated discharge due to potential dam failure than computed for the other flood
retention dams in this series. Interestingly, no highlighted failure mode was identified
so the likelihood of a dam failure appears less.

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Findings related to Potential Consequences

Flood Control District of
Maricopa County

•

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by the FMCA team are presented below. The failure
modes were placed into one of four categories listed below. Except under special
circumstances only those potential failure modes in Category I will be considered in the
risk analysis phase of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes of lesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently available

to allow the team to make a judgement on the significance of the failure mode. The
development ofadditional data and information is warranted. Additional records
research from sponsoring agencies may be justified.

• Category IV - Failure modes which are not physically possible or which are clearly
not credible.

For each ofthe potential failure modes identified, a Failure Mode Description is briefly
described and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur at listed following the Failure Mode. In addition, any
identified actions for risk reduction or investigation for the potential failure modes are
also provided.

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Adverse Consequences Resulting From Emergency Spillway Discharges During Major
Rainfall Events (Category I).

Failure Mode Description: The Signal Butte FRS emergency spillway is a 140 foot wide
baffle-block reinforced concrete spillway. Flood discharges from the spillway are directed
into the City of Apache Junction. This potential "failure mode" does not "fail" the dam

• or emergency spillway.
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This potential failure mode was rated as a Category I failure mode because normal
"successful" operations ofthe emergency spillway can produce discharges that could
have significant adverse consequences· and the likelihood ofoccurrence of these adverse
consequences appears to be much greater than any mode involving dam failure. Most of
the floodwater will pass through the emergency spillway. From that point, the water will
travel through developed neighborhoods until it reaches the CAP canal where it will
either pond against, flow into and be carried by the canal or overtop the canal into another
housing development.

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

Adverse Factors:
(1) Spillway flows are directed into the City ofApache Junction. Downstream

population at risk potentially around 10,000 people.
(2) No dedicated downstream easements from spillway.
(3) Time to peak for PMF is 11.4 hours (see Signal Butte FRS Appendix).
(4) No individual emergency action plan.
(5) No regulation on downstream spillway discharge areas.
(6) Emergency spillway channel is not lined.

Positive Factors:

•
(1)

(2)
(3)
(4)

(5)
(6)
(7)

Dam is instrumented as part of the District Alert System. Would provide
warnmg.
Spillway discharge exit is normal operation and straight forward.
Short spillway discharge duration for PMF.
The CAP canal is located well downstream from dam - picks up approximately
4,500 cfs of flow (see Signal Butte FRS Appendix - "Effect of CAP canal on
Emergency Spillway and Breach Hydrograph).
Reinforced concrete baffle block spillway - good erosion control.
Caliche near surface in spillway channel.
Lower flow velocities (velocity/depth product appears lower).

Potential Actions for Risk Reduction
(1) Prepare emergency action plan according to minimum standards in FEMA 64

and ADWR rules and regulations.
(2) Use lower level outlets at Signal Butte.
(3) Increase outlet capacity to Spook Hill FRS.

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL)

Failure Due To Seepage Erosion Along A Transverse Crack Through Embankment
Which Ruptures Or Encounters A Defect In The HDPE Liner Leading To Failure)
(Category II - Considered but not highlighted).

(Note - Although the team classified this failure mode as Category II it will be included
in the Quantitative Risk Analysis if time allows to allow comparison with the other dams

• tha:t do not have an HDPE liner.)
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Failure Mode Description: Potential for impounded water to infiltrate and flow into a
relatively wide transverse crack(s) in embankment causing seepage erosion and breach
development through lateral erosion of the side walls. (Note this is the same process as
breach widening after initial breach development in an overtopping type failure). Two
modes were identified for failure: Mode A - The flow path for seepage erosion is through
a major large wide transverse crack carrying water to the upstream face of the high
density polyethylene (HDPE) membrane and then passing through the HDPE via a defect
in the HDPE membrane (caused by rupture or other defect) and continuing seepage
erosion in the downstream portion ofthe crack. If the downstream crack is not directly
aligned then water would be required to flow longitudinally until water finds a
downstream transverse crack initiating seepage erosion and a breach failure; Mode B -As
for Mode A except that the upstream water source is through intense multiple transverse
cracks. The flow path continues via a defect in the HDPE carrying water downstream to
downstream transverse cracks initiating seepage erosion along the crack and a breach
failure. Generally, the mechanics of the potential failure need to be linearized such that
there is an upstream transverse crack(s) lined-up with a defect in the HDPE membrane,
which in turn is lined-up with a downstream transverse crack(s).

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Potential problems with installation ofHDPE membrane - compaction on

either side ofthe membrane and the construction technique of flipping the
membrane as it was built vertically.

(2) No major inundation - There is approximately 11 feet ofhead between the
emergency spillway crest ant the invert of the principal outlet (which is also the
top ofthe sediment pool).

(3) No detailed control ofwelding of seams (documentation not evident).
(4) Finding and repairing HDPE tears or defects difficult.
(5) Penetrations due to vegetation, animals, utilities possible but not likely.

Positive Factors:
(1) No cracks of significance documented.
(2) HDPE properties very elastic (8 -10%) - tests show success with 3-mch crack.
(3) Studies show 200 to 300 year lifespan.
(4) Wider dam crest - foundation conditions are berter.
(5) No significant impoundment history.
(6) Short time of impoundment - affects saturation and failure mode development.
(7) Thickness ofHDPE is very conservative (lOOmm).
(8) Sandy soils is first line of defense, HDPE is second.
(9) Crack(s) would have to line up with rupture or tear in HDPE.
(10) Soils in Signal Burte FRS borrow area less susceptible to shrinkage cracking.
(11) Fewer fines, low P.I.'s,only 22% SC and CL and the inspection records show

that the contractor and design engineer were aware of the need to mix. The
more clayey materials with the more granular if they were encountered so as to
avoid a concentrated location ofmaterials susceptible to drying shrinkage in
the fill.

(12) Seepage path is very long.
I
,
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(13) Dry climate and environment.
(14) Better foundation conditiOlis than Powerline, Vineyard Road, and Rittenhouse

FRSs.•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report
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•

•

Potential Actions for Risk Reduction:
(1) Monitor cracks and develop crack mapping program.
(2) Train O&M crews to on mechanism of transverse and longitudinal crack

formation.
(3) Repair cracks at dam.
(4) Locate seam welding QC results.
(5) Could protect any penetrations into the dam with filter material downstream of

the penetration.
(6) A similar type ofrepair may be acceptable for repairs at other similar dams.

CATEGORY 111- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS

No Category ITI potential failure modes were identified by the FMCA team for
Rittenhouse FRS at this time. .

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE

Failure From Overtopping The Dam From Extreme Flood Events (Category IV).

(Note: This failure mode was not considered because the PMF does not overtop the dam.
The calculated freeboard is 2-feet. The spillway and low level outlets pass flows through
the dam before a significant amount ofwater can built up to overtop the 'dam. The crest
of the dam is fairly wide which would allow the height ofthe dam to be raised ifneeded.)
Failure Mode Description: Dam failure due to flood overtopping the dam crest.

Adverse Factors:
(1) The abutments taper to elevation 1721.0-feet. The top ofdam crest from

Station 211+00 to Station 248+00 is 1722.0-feet.

Positive Factors:
(1) The PMF does not overtop the dam.
(2) 24-hour PMF used in analysis.
(3) Contributing drainage area is from two watersheds.
(4) Sedimentation pool is assumed full of sediment, which it is not.
(5) Time for draining pool is very short so multiple [back to back] storms are not

as critical as for some ofthe other structures.
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•
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Potential Actions for Risk Reduction/Investigation:
(1) Lower outlet opening.
(2) Sediment pool assumed to be full.
(3) Maintenance activities are good.
(4) Evaluate routing with sediment pool available.

Flood Control District of
Maricopa County

Other Category IV Considerations: These issues were discussed by the FMCA team
but a potential failure mode was not identified for evaluation (and descriptions of adverse
and positive factors were not developed).

•

•

•

•

•

•

•

•

•
•

•

Upstream impacts: (potential for development minimal due to national forest and
local park) and District easements to PMF. Little potential for changing hydrology.
Slope stability: Existing studies show a Factor of Safety of 1.5 but the cases run
were not ideal, therefore,.it is recommended to run basic stability studies as has been
recommended for the other dams in this series ofFMCAs. Downstream slope is 2:1,
good foundation conditions, no problems observed or expected)
Settlement, subsidence, and fissuring: Not considered a problem at this site (yet
still needs to be documented and verified). Based on geology (strain data) and no
observations ofproblems.
Excavation for Holocene soils: At Station 212+00 - 200 feet wide and at Station
229+00 for 100 foot wide. Potential for longitudinal cracks due to settlement after
saturation. No failure mode identified.
Potential erosion along foundation contact: Holocene soils cut offby cutoff
trench. Requires transverse crack in foundation material to be a significant failure
mode due to short loading time. Therefore, no failure mode identified. However the
location of the Holocene soils should be noted so that inspections can examine for
any evidence of a developing condition.
Piping around outlet pipes: not identified as a failure mode due to filter diaphragm.
Principal outlet cradled. The vegetation outlet is encased in concrete. Therefore, no
failure mode was identified.
Emergency spillway: Transverse crack at emergency spillway not an issue due to
wing walls. Structural separation on wall- repair if structural integrity is
questionable. Erosion is minimal due to caliche and cutoffwall.
Seismicity: No unique concerns at this site (same as Apache Junction FRS).
Piping Dam Breach: Estimated at 24,000 cfs, however, HDPE liner would have a
retarding effect. Also loss ofreservoir with time ofbreach development would
reduce peak outflow.
Pass Mountain Diversion Dike: Evaluate effect of failure ofdike. Currently it is a
100-year detention facility - same as floodway.

•
4.0 SUMMARY AND CONCLUSIONS

Signal Butte FRS was constructed pursuant to a modem dam design. Construction
appears to have been without any particular issues. The dam has performed normally and
satisfactorily for 14 years. The structure is satisfactorily maintained and monitored.

Kimley-Hom and ,Associates, Inc.
KHA Project No. 091131006

i Page II ofl2 FCD Contract 200lCOl4
SignaIButteFMCArevJan2002.doc



However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification ofa
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance ofoccurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

•
Structures Assessment Program - Phase I
Signal Butte FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

Only one potential Category I failure mode was identified by the FMCA team. This
failure mode is associated with normal emergency spillway operations. The spillway is
directed to discharge flows into the City ofApache Junction. There is a large number of
people and structures at risk in the flood path in the event of a spillway discharge or dam
failure by breach. There could be a likely chance that casualties could occur due to a
dambreak or spillway discharge. An immediate risk reduction measure is to develop an
individual emergency action plan for the Signal Butte FRS.

SIGNAL BUTTE FRS APPENDIX - FMCA REFERENCE MATERIALS

Kimley-Horn and Associates, Inc.
KHA Project No. 091131006

Page 12 of 12 FCD Contract 200lC014
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• FOUNDATION TREATMENT

Discussions with Paul Pedone and Aubrey Sanders, SCS Geologists, familiar with
the Signal Butte FRS foundation, confirm that the "loose material" in the
foundation is made up of coarse soil materials and is shallow, excep~ for one
buried remnant ofa channel. They agree that normal construction operations
would--6e--expected to consolidate these materials. In-place densities recorded
in the geology report are 103.5 and 108.2 pounds per cubic foot inSM .
materials at 2-foot and l-foot depth, respectively. These appear to be the
equivalent of, respectively, 83% and 87% Standard Proctor at those sites and
depths. The design minimum density for the embankment is 112 pounds per cubic
foot, roughly 90% Standard Proctor for most SM materials. These soils average
27% fines and 13% gravel, jUdging from the samples classified in the SML at
lincoln, NE. These facts indicate that materials under the embankment are not
collapse-prone and will be consolidated by the construction operations.
Removal of the foundation beyond the cutoff trench excavation is unnecessary.

EMBANKMENT DESIGN

One of the difficulties anticipated with borrow materials that have variable
amounts of carbonates and other salts in them (caliche) is that moisture
content test results may be misleading. There are a lot of variables involved
in the workability of caliche as far as moisture content is concerned. Some
of the materials hydrate. Therefore, the time between addition of water to
the borrow materials and actual placement in the embankment can be more
important to workability than the actual quantity·of moisture in the soil.
Because of this characateristic of caliche material, the specifications call
for a workable mix, i.e. any moisture that allows for blending of the
embankment soils into a IIhomogenous mass without laminations ll

•

Seventy-eight percent of the soils on the Signal Butte FRS site were
classified SM or SW-SM and fifteen percent SC or SC-SM by the Lincoln Soil
Mechanics Laboratory (SML). The borrow is part of an alluvial fan that has
been cemented by calcium carbonate. In fact, caliche is actually at the
surface of a section of the borrow area. Any cohesive materials are expected
to be mixed by normal operations prior to placement on the fill or during the
compaction procedures because they are very limited in volume and found in
discontinuous lenses.

•

Pass Mountain Outlet will contribute approximately 10U,000 cubic yards of
excavated material to be used in the dam. All of the samples from that site
were classified by the SMLas coarse-grained, and more than 7U% were non
plastic (21% were SC-SM, the most plastic samples tested). Again, there is no
source of plastic materials that would not be mixed with coarser or less
plastic materials before placement in the embankment.

All the caliche tested was classified SM in the laboratory. The compacted dry
density of this material varied from 121.5 pcf (sample 276.1, no longer part
of Signal Butte site) to 108.5 pcf (sample 141.1, borrow area) for 100% S.P.D.
(The Modified Standard Proctor density for sample 141.1 was 116.0 peL)

It is interesting to note that these soils are well-graded and the IIcl ea II
samples would make excellent IIdrainfill ll material.
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A continuous impermeable barrip.r prevents St't.'pdge through the Pdrth
embankment.

cc: Wayne Kill gore
Joe Knisley wlo attachments
Steve Rev1e wlo attachments

RMA:nn

In our opinion the high density polyethylene geomer.trdne will provioe the
required ("rack control and 15 the best alter"Mthc because ot the follow;n\j:

6. Simple weld procedures alluw easy repair of puncturd, tedrs, etc.,
should any occurdur1ng installation.

7. WI? hdvi! shown a fc:ivorl'ble cost comp",ris;on with past in5td11ecl crack
control "me~sures.

" ...
ErlG-S1 gnal Buttc:.r---FR~~-:;·8ud:llorn·Mesa Wpp

1.

2.
' ..::

HOPE has the highest ~xtensibility (~OO~) of any g.~m~mbr~ne we know. \
1t wi 11 ,thert:"'fore, conform to any differenti al movement of the dam or "'.'
its fou~dation. '

3. Tl'le.1"stal1atlQnin thfo! VineYf'rdRoad Crack Study Ydveus ~nopportunity
to observe the mat~rial and we areconf1dent of its installed
propert tes.

4. Contractors intp.rviewed about installation procedures 1ndlcdted that it
could be succ~ssfully 1nstall~d, but would require additional effort.

S. HOPE material is chemically inert, 50 det~rioration or chemical reactlon
to water-bedring substances will not be a factor.

WPo are sUbmitting our' responsfO to the issues raised 1n your memo of Uc.totH'r
l!lih, 1984 for toe Signdl Buttt:: FRS. SUS"""':'" L~ckbdnd nas prepiired th'~

requested cost analysis and description of method of instCl1 Ji:tion. We hitVI.'

delayed the dr4fting of tnu method of inst"llation on the construction
drawinys until your r~vlp.w is compl~ted.

Jdck Stevenson, H~ad En~in~eri"g Stdft, WHTC
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United S~ates

Department of
Agriculture

Soil
Conservation
Service

" ...
~ :. .. '

West National Technical Center
511 N. W. Broadway, Room 514
Portland, Oregon 97209-3489

SUbJe~t.
" .

ENG - Signal
Watershed,

B~tt:::1, Buckhorn-Mesa
Arizona

Oat•• October 19, 1984

To:
Ralph Arrington, State Conservation Engineer,

SCS, Phoenix, Arizona
File COde: e/t:J -13- 2. 2,;....

I
Review of the subject job is in progress.
Payne and noted below, we have identified
cation or further input from your staff.
ing the scheduled review completion date.

As discussed by phone with Bill
several items that require clarifi
An early response will help in meet-

f

I

I

I

I

I.
I

I ~

~. The documentation includes very limited information on geomembranes other
than the designer's thoughts. Several papers from the "International
Conference on Geomembranes" (reference Susanne Leckb~ndl8 letter to you dated
June 26, 1984) appear of interest. We have asked Don Paulus to send copies
and anticipate receiving them this week.~o~

2. The design concept of using high density polyethylene (HOPE) for crack
control has merit. However, a case for use of HOPE over other conventional
methods is not presented in the supporting documentation. As a minimum, we
recommend a cost analysis comparing the proposed design with conventional in
ternal drainage systems. The cost analysis for HDPE must be complete and ac
count for such items as increases or decreases in fill , excavation, haul ing
distances, equipment stand by time, changes in compaction and maximum rock
size allowed in fill materials next to the liner and a support or handling
system for the membrane during construction.

3. The drawings show vertical placement of the HDPE membrane. We are con~

cerned with construction problems that may develop. Also, to provide the cost
data in item 2 above a method of construction will need to be developed. We
recommend a proposed construction method be included in the drawings and spe
cifications with allowance for other methods acceptable to the engineer.
Value engineering using the incentive approach might also be a consideration
since it is an allowable option per FAR clause 52.248-3 and can be included if
considered beneficial as determined by the contracting officer.

4/.C Page 7 of the Design Report includes a paragraph regarding antiseep col
~ars with reference to a request for deviation. We could not find a copy of

this request or response in our files or in the supporting documentation as
indicated. Also TR-60 has been revised (TR Notice 60c, April 6, 1984) chang
ing the requirement for seepage control along conduits from antiseep



Ralph Arrington
October 19, 1984,e
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CQllars- to drain: fiTte-r$~- A- narrative statement regarding the tlmlng of
design 'and criteri~~used would be appropriate in the design report.

If there are any questions on the above,please call Leland Saele.

"'rti~~~
Head, Engineering Staff

cc:
Verne Bathurst, State Conservationist,

SCS, Phoenix, Arizona
Donald E. Wallin, Head, Design Unit, WNTC

2



_e
~

-

Hydr-C)lcglC. ::I.:nves+i30+-iol"\
E:YY1ergenc~ Ac.+ioil Plo..n
SiSr\O-L Buthe.. FRS
fucl<horn - M.e<&:\ WI S

~,
II
'j

~e
~

~



1;-"ri
3.bf ·l.~ 14.2 I 7r~. p. 255.4 !'-2.P3.f,(l 7~.2 14.' 17~fl.~ 2O:;E.1' 53.0If.no 141.4 15.4 ) 7::1. II 257.<; 5~.21f.20 ?~9.:> 16. I- 17fO. O :>60.3 53.11f.4 C 32c;.9 1:;.1 J7tl.~ 2611.7 54.4 • IIf.f.!! 't't~.7 n.2 IH1.l 270.7 55.1 • I".flO 60('.2 £5.5 1 7 OI.? 27P..~ 56.0 • I5.00 7a q .1I ~~.!- liD 1." 2°0 ° !<7.3 · Iv •
~.20100?q' ~9.7 11('I.E 3 011.1 5B.q · I5.4012'13.4 ,lIq.O 1701.° 321. ° 60./1 · J5.6014('0. e E:r. t 17/!:!.3 3'13.~ 63.2 · J5.80173J.2 n. b l10:? 7 3£.9.1' 66.1 · J6.00197"'.0 "5.;:> 17:J t .? ~qlt.~ (;c.3 · !b.20:?3!:'J.7 c.. 10 17J!.7 43?E 73 .2 · I

. ~.;.)
6.'IP2 AQ l.l H3.1 J704." 471>.:c. 77.3 · If>.6C343q.1I I J s. r 17 ~4.:- 5:'''l.f PI.8 · 15.111'4052.1 J:?1.!- 170~.~ '5"'1.7 B7.1 · J

.... " .' ..... , 'l'I"'IIIIIII':lnliilu;r;;lii!lj:ii
7.1l1'461P..4 I~O.Q 11('6.2 6511.? °3.2 · ] 0

1"lr'T"" 'T"TTr':r i :ll: ii llj1'liililii;;r::ipiii/::plp::I;l::!IH:LiI, :.1i. ,id: I: I: :11; I;:: ... , .,'<t ii\i :rF : :: !::: :;i: i: : iii: i:i! dl! {: I I"!: ... :1 1111 .. I '" .\.

7.2(\5?~9.1 1''1.<; 17£'7.1 7311 • (' 1(10.3 I (\j· ....7.4(J6114.{1 ne.3 17GB.1 1126.1 1(lA.2 · J <D7.606897.8 141.9 1709.0 Q31.3 114.13 <t·1.807892.6 111 (,.0 1710.!' 1051.1 122.4 ·e.DG8836.:> 149.7 1711. ] ] 1 86. 0 130.9 ·~.2l.1nfl7'+.1 1~~.f< 171:?? 133n .1 1"11.3 ·8."40 •••••• 'If':;'.f> 1713.3 ] 50(..3 14(. .3 .r8.b~·····*)~7c.G 171'1.~ 1:;Q2.~ 1'>'1.6 · rR.RO·*·.·*·~~64.' 171~.7 11\'3'7.1\ 1f,~.1 · ..
o.Of·····.~AC~.O 17J~.7 21:3:>.&, 170.1 · [
q.2n······~t~7.~ 1117. f. 21°2.) 17(.. ] · rQ.4n'·· ••• ~~PP.4 171P.A 23:'01.° 1 R1 .il · ['9.6~······~&6r.~ 171 0 .:- 24!il.1 1"5.° ·~.no··· ••• ff~41.~ 171<:.f 25 c O.'i 11\'1.7to.OO •••••• n4~4.3

11:'(I.~ U,B.!.' l"'?fl · ~
lO.20* ••••• ~ ••••• 17:?O.'1 27'0.1 lnl:.~ · J:

u
lO.4G •••••••••••• 17;>0.1> 274"1.il 197.~ · ! ..

e~
lO.~~ •• * ••••• * •• * 1 72r.. C' <'71'3.3 ]<lP.. I> · x.IO·.~O •••••••••••• 1720.:; 21l1l5.? 199.2 ~ll· i;11.0&••••••••••••

17 20. '" 2817.R 1°'1.7 · u·
~8

11.26•••••••••••• 17<'0.<) 2R:>2.1'.1°9. Q 0-__

lola:1\.40•••••••••••• 17;>n. d 2R17~1 1°°.7 >:::1· l-I:J11.bO•••••••••••• 1720.<> 21'(13.3 1°°.2 · goO11.r.~92A~.6.' •••• 17:!o.a 271!1.' 1<)1'.3 · odNt:12.008~O6.~.~ ••••
1720.~ 2751.2 1°7.2 ~'\V'- )("· OW

~ f·(J(f
N"

1:>.20793R.C •••••• 1720.4 2715.5 195."1 ·
~

12.lj07278.69fl61.3 1720.? 2671l.C/ 1 Q4.'l ·12.'06j~2.6olj3"l.~ 17:>0.1' 2C31.!:' 1"12.7 · I12~~116273.1~'?°5.0 171 Q • p 251\6.'1 1°1.1 · J13.0 C5e1.\'(1. f. ~ ~!'7.7 HI9.!) 25'l2.4 1(19.4 · ]13.2054e6.1~12f..~ 17I c .? 2498.5 lli.7.7 · I13.405055.97697.1 171Q.O 2454.1> 1 Pf.. 1 · r13.604712.'727lj.~17lP..P 24]].1' IP4.il · I

J)M52.. OuTC V) ,

~O(l.,1~ ¥)5"t~'1 lPMY~
I~~DU ci-e; @ fJ,Y-~



e Effect of CAP Canal on Emergency Spillway

and Breached Hydrographs

Signal Butte FRS, Buckhorn Mesa Watershed

It is~~....~h~a~t difficult to determine the exact effect of the Central Arizona

Project Canal on the emergency spillway and breach hydrographs of the Signal

Butte FRS. The analysis has to be based on certain basic assumptions. For

instance, will the CAP embankments fail (i.e. breach) when and if they are

overtopped? At what location is it most likely to fail? What is the capacity

of the failed section? How much flood storage is available in the CAP

Canal? etc?

In this analysis., the assumptions varied based on the magnitude of the flood

eanalized. For the ESH, it was assumed that the overchutes at Station 427+15,

429+20 and 456+50 would function at an average rate of about 1000 cfs (Note,
1/

total design capacity of these structures is 1400 cis) - for about 12 hours

based on the computed hydrograph at X-Section No.4. This gives a total

volume of: (12 hrs)(1000 cfs)(.08264) = 992 ac-ft. The available storage

capacity in the Canal was estimated at 982 ac-ft. This latter volume was

computed assuming a freeboard depth of 10 feet lJ and an effective canal

length of about nine miles, i.e., the distance between the control gate

located at mile post 197.999 (near University) and the one to the southeast at

milepost 207.214. The total controlled volume then is 1974 acre feet and

e
1/ See attached Table 7-3
2/ See attached Exhibit 7-4

l,



exceeds the total volume (1850 ~c. ft.) of the ESH. Thus it is theorized that

~ with the ESH, the CAP would control the total discharge from the FRS and limit

flows passing downstream of the CAP to overchutes at Stations 427+15,429+20,

456+50, with a maximum discharge of 1400 cfs. Ponding, of course, would occur

upstream of the overchutes causing overtopping of the upstream Canal

embankment in the vicinity of Stations 427+15 and 429+20. This analysis

assumes "non-storm" conditions downstream of the dam.

For the FBH, the conditions would be very similar to that de$cribed above

except the total volume (6514 ac-ft) could neither be stored in the CAP nor

pass through the overchute structures. The flo~ estimated to pass through the

ovechutes was calculated at about 3250 ac-ft based on the,capacities of the

f
!
I"~
i
I
I,
I'
i

•
overchutes located at Stations 427+15, 429+20, 456+50 and 471+03. The total

capacity of these structures is about 2885 cfs (Table 7-3), with a flow

duration of 10 to 12 hours at maximum capacity and continuing several more

hours at a lesser rate. Thus, the CAP would regluate about 4232 acre-feet,

but nearly 2300 acre-feet would overtop the Canal on its south side and

continue downstream. Exactly where the overtopping will occur is hard to

perdict, but the most logical point would be near Station 456+50 since there

is a. major bend in the Canal at this point and ponding will tend to occur

upstream of Canal at this location due to its alignment. This is also the

location where water exited the CAP during the historical flood of July 17-18,

1984 •. Ponded depths near Station 456+50 could be as much as 10 to 12 feet.

The area inundated downstream of the Canal would not be much different than

l_
I
j,.
!

456+50 due to the overtopping, a large volume (at least

be attenduated to some extent due to the available storage in the CAP •

that projected ignoring the effects of the CAP, although the total peak might

• It shouid be recognized, however, should the CAP Canal

-2-

breaFh at Station

I·
858: acre-feet, which



is the storage below normal depth between the two designated control gates)

.COUld be added to the downstream hydrograph. A breach would a.lso tend to

concentrate the flow rather the than it being spread out over a wide area.

With reference to the FRS breach hydrographs, the effect of the CAP on flows

downstream of the Canal is dependent to some extent on the total volume

assumed to be under in the hydrograph; that is conditions assuming flow or no

inflow into the structure. Under the "without" inflow conditions, the tota.l

volume to the top of dam ;is only about 2822 ac-ft. About one-third of this

volume could be stored in the Canal. This could attenduate the peak discharge

to some extent if it was assumed that the downstream canal embankment did not

fail. With a 19000 cfs peak discharge at X-Section No.4, however, I believe

it is more logical to assume that the Canal will be overtopped and breached

.and flow will continue downstream almost unimpeded. The exact location of the

breach is again hard to predict, but Station 456+50 is a logical location.

The breach would cause the volume to increase under the hydrograph,. but its

effect I think would be minimal with reference to depth or area inundated due

to the unconfined conditions of the flow. Thus, under this condition (i.e.

with flow through the overchutes and the projected overtopping) the area

inundated downstream of the Canal would be about the same as that delineated

ignoring the effect of the Canal. Depths immedia.tely downstream of the CAP

breach might be somewhat greater, but these would soon be disipated as the

water spreads out over a wide area. The area of major depths and damages

would be similar to that experienced below the CAP during the July 17-18, 1984

flood •

• Should inflow to the FR~ be assumed with the breach, the only difference in
,
;

the above discription would be to remove any doubt about overtopping and
. i

r

breaching of the CAP Canal. With the larger volume of water, breaching of the

-3-
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CAP would almost be a certainity. Again the area inundated downstream of the

Canal would be about the same as preserttly delineated, although it could be

enlarged due to th~ spreading effect of the CAP. Water could be transported

by the CAP to the southeast and overtop the Canal at a point further

downstream. However, to predict a location is almost impossible, therefore, I

suggest leaving the inundation map as originally delineated.

In conclusion, the CAP Canal definitely will have some effect on any emergency

spillway or breach hydrograph discharge occurring from the Signal Butte FRS.

The effect on the ESR will be to limit discharges downstream of the CAP to

those which will pass through the overchutes structures located at Stations

427+15, 429+20 and 456+50. The total design capacity of ~hese structures is

1400 cfs. Although this is a decrease from the 2369 cfs estimated at X-

Section No.4, the area inundated downstream of the CAP should remain about

the same, although the depths will be decreased to some extent. Since the

maximum capacity at Station 456+50 is only 270 cfs, this flow should be

contain within the channel downstream of the CAP, and not inundate any

additional land. Some minor ponding also will occur upstream of the CAP in

the vicinity of the designated structures under this flow condition.

For the FBR and breach hydrographs, it is assumed that the CAP embankments

will overtop and breach near Station 456+50 and at other possible locations.

Thus, with flow through the overchutes, the area inundated downstream of the

CAP will be almost the same as estimated ignoring the effect of the Canal.

Pending will occur upstream of the CAP to the height of the maintence road
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• TABLE 7...3
CASE III

DISCHARGE HYDROGRAPHS

Case III
Ora ina ge Area •

Area
Designation (S9 mil

Drainage Discharge
Area PeaR volume

(s9 mil (cfs) (ac-ft)

0.40 460 27

i
I
1-..

I
!
I

60

51

870

800

0.82

0.76

Oi schargeu_
Peak voTiiii'ie-
(cfs) (ac-ft)

436 31

887 67

762 58

0.40

0.87

0.76

1A

2A

3A

Structure
No. Station

1 345+30

I 2 374+00
t
~ 3 396+40

10 529+50

1.73 565*)

0.19 -: (

1.67 :; \

2.26 575~
-p,.Li 3LfGQ cFS

11

427+15

429+20

456+50

471+03

479+00

504+25

542+50

4A+4B+4D

lOA

5A

6A

7A

1.88

0.19

1.67

2.28

3.17

530*

286

889

543*

803*

72*

15

128

87*

121 * 3.10 840*

59*

13

113

52*

105*
t.· .. ·

12 552+50

13 563+50

14 574+50

8A

9A

4.06

0.66

778*

401

154*

50

3.99

0.62

760*

400

135*

42

t·-·- .

(1) Reference 7

---* per each structure

7 - 1
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FAILURE MODE AND CONSEQUENCE ANALYSIS
For

APACHE JUNCTION FLOOD RETARDING STRUCTURE

•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

PINAL COUNTY, ARIZONA
NATDAMID AZ 00211

July 17 2001

1.0 INTRODUCTION

General Description
Apache Junction FRS is located within the City of Apache Junction. The FRS begins
1,200 ft west ofApache Trail and ends at 1/4 mile south ofMcKellips Road and 1/4 mile
west of Idaho Road. The FRS is about 30 miles east ofdowntown Phoenix and
approximately one mile north of the City of Apache Junction. The, project consists of the
FRS structure and an emergency spillway. The project is part ofthe Buckhorn Mesa
Watershed Protection and Flood Prevention Project, which includes the Signal Butte and
Spook Hill flood retarding structures. The Flood Prevention Project was prepared,
designed, and constructed by the U.S. Department ofAgriculture, Natural Resources
Conservation Service.

Apache Junction FRS is classified as a high hazard, small dam. The reservoir behind the
FRS is 98 acres with a capacity of635 acre-feet. Construction of the Apache Junction
FRS was accomplished under contract to Ashton Construction Company. The completion
date of the construction of the dam and landscape treatment is December 1988.

The dam has performed satisfactorily to date.

Dam Data
Dam type: Rolled earthfill
Dam height: 22.0-ft
Dam length: 8,764-ft
Dam crest: width 14-ft; elevation 1810.0-ft
Spillways: Principal- 30-in RCP; inlet elevation 1793.5-ft; Emergency spillway - 100-ft
wide RC baffle block spillway; crest elevation 1799.77-ft
Freeboard: 1O.0-ft
Reservoir Surface: 98 ac at spillway crest
Storage: 635-af at spillway crest
Hazard Classification: High

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Purpose and Scope
hi general, the purpose of the Failure Mode and Consequence Analysis (FMCA) exercise
was to:•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

• Identify potential site-specific failure modes for the dam.
• Discuss non-quantitatively the likelihood of the identified failure modes.
• Determine whether or not and how important failure mechanisms are being monitored
• Examine the consequences of failure and the adverse consequences of successful

operation (e.g. - large spillway releases)
• Identify possible risk reduction actions that may be taken to reduce the likelihood of

failure or to mitigate adverse consequences
• Determine what information, investigations or analyses may be needed to resolve

uncertainties relative to potential failure modes.

(Note: In this phase, the FMCA team only examined the general nature of the
"consequences" for the failure modes identified and where appropriate estimated
how they may be different than previously anticipated. Greater detail on the
estimate ofthe magnitude of the "consequences" for each significant failure mode
will be addressed in the quantitative portion or risk analysis part of the risk
assessment for the dam. At this time hopefully more detailed discussion on the
emergency response plan for each structure will also be possible.)

Team Members
Larry Von Thun, Engineering Consultant and FMCA facilitator
Bob Eichinger, Kimley-Hom and Associates, Inc., Project Manager
Jim Scott, DRS Corporation, Principal
Ken Euge, Geological Consultants, Principal
Tom Renckly, Flood Control District ofMaricopa County, Project Manager,
Larry Lambert, Flood Control District ofMaricopa County, Dam Safety Engineer
George Beckwith, Flood Control District ofMaricopa County, Geotechnical Engineer
Justin Beeler, Kimley-Hom and Associates, Inc, Session Recorder
Tim Murphy, Flood Control District ofMaricopa County, Civil Engineer (consequences)

2.0 MAJOR FINDINGS AND UNDERSTANDINGS GAINED

,The following is a summary ofthe major findings and understandings for Apache
Junction Flood Retarding Structure as a result of the Failure Mode and Consequence
Analysis (FMCA). The findings are organized according to:
1. Findings related to factors affecting potential failure mode development.
2. Findings related to consequences ofdam failure or spillway discharges from flood

events.
3. Action items related to risk reduction or investigations.

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Findings Related To Factors Affecting Potential Failure Mode Development

Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

•

•

•

•

•

•

•

•

•

Flood Control District of
Maricopa County

A Central Filter Drain Was Part OfThe Original Design OfThe Dam And It Was
Constructed To The Full Depth OfThe Foundation Excavation: The central filter
extended locally to below the design foundation depth as deeper excavation was made
to improve conditions due to the presence of looser soils at depth. The central filter
extends through the entire embankment to the bottom of the cutoff trench, but does
not fully penetrate the collapsing soil layer between about Stations 44+25 and 52+50.
The Central Filter Is Potentially Susceptible To Supporting A Crack - An internal SCS
report on the general subject ofcracking of dams in Arizona (Leckband, 1984; "A
Barrier to Cracks in Dry Dams") indicates that the central filter ofthe Vineyard Road
FRS stood vertically in temporary excavations that extended for the full height of the
dam. This suggests that the filter may be cemented and thereby susceptible to
cracking in response to shrinkage or settlement. This possibility leads directly to the
postulation of a seepage erosion potential failure mode even where a central filter has
been constructed.
Low Potential for Fissures to Develop. Based on a preliminary review ofthe geology
(owing to the presence of shallow bedrock) land subsidence history and strain
potential the likelihood ofland subsidence and earth fissures developing at this site is
judged to be low. A final evaluation of the infonnation is necessary to verify this
relatively confident preliminary assessment.
Holocene Soils Are Present In The Dam Foundation. Relatively thick collapsing
Holocene soils are present under a portion ofthe dam cutoff trench and central filter
(900-ft ofHolocene soils along foundation which is approximately 10 percent of dam
length). Holocene soils potentially create/contribute to two failure modes - Seepage
erosion along cracking due to differential settlement and internal erosion of the
foundation material itself
A Defense Against The Presence OfThe Silty Sand/Sandy Silt Layer In The
Foundation (Holocene Deposit) Was Not Fully Addressed in Design. Acontinuous
relatively thick deposit ofcollapsing silty sand and sandy silt is present beneath the
cutoff trench and bottom of central filter between Stations 52+50 and 44+25. This
feature has the potential for creating large differential settlements and transverse
cracking through the embankment and upper part of the foundation. This could lead to
seepage erosion modes of failure passing along the embankment -foundation interface
or through embankment cracks and a defect in the central filter (perhaps associated
with cementation of the filter aggregate).
Potential for Shrinkage Cracking: The available geotechnical tests indicate a relatively
low potential for shrinkage cracking, but the test data is limited and inconclusive. A
program oftest borings and laboratory classification tests is recommended to better
characterize the drying shrinkage potential and extent of collapsing soil beneath the
embankment. The dam is only 13 years old, so the drying shrinkage process may not
be complete. Soil properties based on the amount of fines and the clay content of
borrow area materials indicate the potential for shrinkage cracking (generally similar
to the Vineyard Road, Rittenhouse andPowerline soils). How severe the cracking
may become is not known. To date little cracking has been experienced 7"" however,

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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the dam is only 13 years old (little time for drying out) and has not experienced cycles"
of significant reservoir filling and emptying.

• Low Hydraulic Gradient Across the Structure. Because the emergency spillway is
10.23 feet below the dam crest and the maximum height ofdam is only 22 feet, low
global hydraulic gradients driving seepage-erosion processes prevail during storage of
water in the reservoir. This and the time of release of less than ten days reduce the
risk of seepage erosion modes of failure. The amount of head/hydraulic gradient
available to create seepage related or static loading type failure is low for this dam
(only 6.25-ft ofhead from the emergency spillway crest to the principal spillway
invert (also the top ofthe sediment pool». This is a small reservoir loading relative to
dam height.

• The Dam Design Is Modem, Reflects Lessons Learned At Vineyard, Rittenhouse And
Powerline, And Is Well Documented. The design ofApache Junction FRS reflects
lessons learned by observation and evaluation of the performance of the older SCS
dams. This is reflected by the provision of a central filter throughout the
embankment, a diaphragm filter around the principal spillway conduit rather than
anti-seep collars, and over-excavation ofmost of collapsible soils from beneath the
cutoff trench.

• Short rmpoundment/Storage Time. The very short time of storage between top ofdam
and emergency spillway (approximately 10 hours) and the short time ofstorage
between emergency spillway crest and principal spillway (approximately 4.6 days)
reduces the risk of seepage erosion failure modes advancing to the point of initiation
of a dam breach. The top of the emergency spillway is the appropriate reservoir
elevation for consideration of a seepage erosion related failure mode and dam breach.

• No Drain Outlet. There are no drain outlets for the central filter. Ifwork were ever
done on this structure (e.g. - exploration ofthe extent of a transverse crack)
consideration should be given to installing a central filter drain outlet. However, at
this time the situation does not warrant the installation of drains. The hydraulic
conductivity ofthe filter zone material is not high enough to allow effective drainage
for any reasonable spacing of finger drains. The major problem is the potential for a
seepage erosion failure in the highly erodible Holocene soils at the embankment
foundation interface

• Transverse and Longitudinal Cracks. Only one transverse crack has been observed
across the crest. Longitudinal cracking does exist at a few locations on the crest and it
appears to be directly associated with the location of the filter drain. Such a finding is
not really unexpected since the construction procedure (excavation of a trench through
the crest shortly after completion ofthe fill) created the potential for this crack to form
as the dam materials consolidated and spread laterally. The excavation would have
removed natural bonding of the more clayey materials along the centerline of the dam.

• The Filter On The Dam Crest Is Exposed To Infiltration Of Surface Water. Potential
wetting/filling of the central filter due to rainwater infiltration is possible and the
potential development ofcementation of the filter due to the water infiltration and
downward seepage is probable. There is a possibility of cementationofthecentral
filter and propagation of shrinkage or·settlement cracks through the filter.

• Embankment Bulges. Two documented bulges have been identified on the
downstream face ofthe embankment. These are likely to be construction related sinc¢

•

•

•

Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County
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the dam has not undergone any significant loading. This possibility can only be
assumed but it can be easily tested via monitoring by surveys to see if any
change/expansion takes place. The inspection logs indicate that the bulges may be due
to overbuilding in the curved section of the dam and/or erosion of the lower part of
the slope

• Potential Failure Mode at Emergency Spillway and Embankment. The likelihood of a
failure mode involving a transverse crack and seepage erosion at the concrete
emergency spillway and underlying dam embankment is low. The extensive wing
walls at emergency spillway appear to eliminate this failure mode. The spillway was
constructed with extensive (27-foot) wing walls into the embankment fill, which
essentially eliminates the potential failure mode and any concern for a crack along the
side wall/embankment contact.

• No Identified Failure Modes For Principal Spillway And Emergency Spillway.
• Seismic Risk. No credible' seismic-related failure modes were identified although

minor cracking is possible.
• History ofFilling. The Dam has not been "tested" with a significant impoundment.

Thus, the potential for seepage-induced settlement ofthe collapsible soils,
embankment/foundation cracking and related failure modes is not well defined.

• Elevation 1793.5-Ft Top of Sediment Pool. - This relatively high elevation is not a
reality - the pool will actually be filled with flood inflows and this should be
appropriately accounted for in detennining PMF freeboard and threshold frequency
for potentially damaging spillway discharges.

• No overtopping for PMF. Hydrologic analyses conducted for Apache Junction FRS
indicates no overtopping for the probable maximum flood. The estimated freeboard
under thePMF is 5-feet (maximum stage 1805-feet; top of dam crest 1810-feet).

•

•

Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

Findings Related To Consequences Of Dam Failure Or Flood Discharges

• Short Time to Peak. Time to peak for PMF is approximately 2.5 hours. This is a very
short warning time for alerting residents about emergency spillway discharges. (Note:
This probably refers to the 6-hr. summer PMF. The situation would be different for
the 72-hr. winter PMF. In either case, it seems likely that satellite imagery will
provide considerable warning time for major stonns).

• No Individual Emergency Action Plan has been developed. There is a need to
develop an Apache Junction individual EAP meeting minimum requirements of
ADWR and FEMA 64.

• Emergency Spillway Discharges Flows Directly into City of Apache Junction. The
highest risks apparent at Apache Junction dam are related to design discharge
operations of the spillway. Flood events into Apache Junction FRS in excess of 100
year flood result in discharges through the emergency spillway. Emergency spillway
discharges have the potential to inundate developed and inhabited properties within
the City ofApache Junction.

• Complexity ofEmergency Response. The location of the Apache Junction FRS at the
boundary of two counties and within a city creates a situation of combined/variable
emergency response from the counties and city involved (Maricopa and Pinal County,

Kimley-Hom and 'Associates, Inc.
KHA Project No. 091131006
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City ofApache Junction). The District has no significant downstream easements for
regulatory control of emergency spillway discharge inundation areas.

• Breach Estimation. The FMCA Team estimated a peak outflow of a dam breach
hydrograph from a piping failure of approximately 3600-cfs. The FMCA team
recommends that further dam breach analysis and downstream inundation mapping be
conducted. Special attention should be given to quantification of the erosivity of the
stiffunsaturated embankment soils.

•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Action Items Related To Risk Reduction Or Investigations

• Potential Risk Reduction Measures:
1. Repair of transverse cracks on case-by-case basis.
2. Repair of longitudinal crack (repair/seal).
3. Inspection procedures for event related inspections (during and post-event).
4. Extend central filter through the collapsing Holocene soils to the underlying

cemented deposits between Stations 44+25 and 52+50.
• Stability Analyses. The designer made some slope stability calculations but those

studies are not comprehensive and are not really adequate for record study. Slope
failure is not considered to be a significant risk, but the existing stability calculations
do not provide adequate documentation. It is recommend that further stability
analyses be conducted for the record.

• Utility Crossings. There does not appear to be a potential failure mode associated with
utility crossings, but proper documentation ofutility crossings is needed. No as-built
plan drawings were found for the 4-inch abandoned waterline line located at Station
85+24.

• O&M Plan. The Operations and Maintenance Plan should be updated.

3.0 POTENTIAL FAILURE MODES

Potential failure modes identified by theFMCA team are presented below. The failure
modes were placed into one of four categories listed below. Except under special
circumstances only those potential failure modes in Category I will be considered in the
risk analysis phase of the risk assessment exercise.
• Category I - Failure modes of greatest significance.
• Category II - Failure modes oflesser significance (but not inconsequential).
• Category III - Failure modes for which insufficient information is presently available

to allow the team to make a judgement on the significance of the failure mode.. The
development of additional data and information is warranted. Additional records
research may be justified.

• Category N - Failure modes which are not physically possible or which are clearly
not credible.

For each of the potential failure modes identified, a Failure Mode Description is briefly
~escribed and the factors that make the failure mode more likely (adverse factors) or less
likely (positive factors) to occur are listed following the Failure Mode Description. In

~imley-Homand 'Associates, Inc.
~A Project No. 091131006
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addition, any identified actions for risk reduction or investigation for the potential failure
modes are also provided.•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

CATEGORY I - FAILURE MODES OF GREATEST SIGNIFICANCE

Failure From Normal Emergency Spillway Discharges (Category I).

Failure Mode Description: The Apache Junction FRS emergency spillway is a 100 foot
wide baffle-block reinforced concrete spillway. Normal flood discharges from the
spillway are directed into the City ofApache Junction. This potential "failure mode"
does not fail the dam or emergency spillway. This potential failure mode was rated as a
Category I failure mode because normal "successful" operations of the emergency
spillway can produce discharges that could have significant adverse consequences and the
likelihood of occurrence of these adverse consequences appears to be much greater than
any mode involving dam failure..

Adverse Factors:
(1) Spillway flows are directed into the City ofApache Junction. Downstream .

population at risk potentially around 10,000 people.
(2) No dedicated downstream easements from spillway.
(3) Time to peak for PMF is 2.5 hours.
(4) No individual emergency action plan.
(5) No regulation on downstream spillway discharge areas.

Positive Factors:
(1) Dam is instrumented as part ofthe District Alert System. Would provide early

warnmg.
(2) Spillway discharge exit is normal operation and straight forward.
(3) Short spillway discharge duration for PMF.

Potential Actions for Risk Reduction:
(1) Prepare emergency action plan according to minimum standards in FEMA 64

and ADWR rules and. regulations.

CATEGORY II - FAILURE MODES OF LESSER SIGNIFICANCE (BUT NOT
INCONSEQUENTIAL)

Failure Due To Seepage Erosion Through A Transverse Crack In The Embankment
During A Major Flooding Event (Category II- Considered but not highlighted).

(Note: This potential failure mode was initially judged by the team as a Category I failure
mode but during final discussions was rated as Category II because of the minor amount
of cracking observed to date. The team noted that this judgment could change with time
because relatively young age ofthe dam - constructed in 1988, and lack of significant
impoundment.)

Kimley-Hom and'Associates, Inc.
KHA Project No. 091131006
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Failure Mode Description: Potential for impounded water to infiltrate and flow into a
transverse crack(s) existing in embankment prior to the major flooding event or a
transverse crack that develops in association with the flooding. The transverse crack
allows the entry of a great enough flow ofwater to initiate seepage erosion and breaching
failure.. Two modes were identified for failure: Mode A - Failure through a major, large,
wide transverse crack carrying water to the upstream face of the central filter and passing
through the central filter via a defect in the filter (caused by cementation ofthe filter
allowing it to support a crack or) causes water to flow longitudinally in filter until water
finds a downstream transverse crack initiating a piping failure; Mode B - failure through
intense, multiple transverse and longitudinal cracks water then flows through a defect
(caused by segregation or internal instability) in the central filter and begins seepage
erosion (and loss of central filter material) through a downstream transverse crack.
Generally, the mechanics of the potential failure need to be such that there is an upstream
transverse crack or intense cracking zone lined-up with or near a defect in the central
filter, which in tum is lined-up with a downstream transverse crack(s).

•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Areas where a silt layer was encountered (Sta 52+50 and 44+25) existing

below cutoff trench - may produce differential settlement.
(2) One transverse crack found at Station 36+00 on downstream and upstream

slope.
(3) Potential for cracking based on soil material properties (see appendix for

material properties).
(4) Longitudinal cracks on crest over filter - exposes filter to rainwater and

potentially initiates localized cementation of filter material.
(5) No significant impoundment history - dam not tested - (4.8 feet in 1993).
(6) Multiple storms may be a more critical flooding condition.

Positive Factors:
(1) Trench for filter constructed deeper locally.
(2) Trench to full depth and width.
(3) Only one documented transverse crack.
(4) Very minor cracking to date.
(5) No significant impoundment.
(6) Short time ofimpoundment -less than 4.6 days - affects saturation and failure

mode development.

Potential Actions for Risk Reduction:
(1) Monitor cracks and develop crack mapping program.
(2) Train O&M crews to on mechanism oftransverse and longitudinal crack

formation.
(3) Repair cracks. .

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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Failure From Seepage Erosion Due To Seepage Erosion OfFoundation Material
Along Contact (Category II- Considered but not highlighted).•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Failure Mode Description: Water reaches foundation via large settlement crack or a
system of cracks and then moves along the dam/foundation contact causing Holocene
foundation material left in place to erode, developing a seepage erosion tunnel, followed
by caving and a breach.

Adverse Factors:
(1) Holocene materials exist along over a significant portion of the dam.
(2) Soils may become wetted with time (ultimately potentially become saturated).
(3) Relatively thick deposit of silts at two locations (Stations 52+50 and 44+25).

Positive Factors:
(1) Higher horizontal permeability - trend ofwater to flow directly through on

these horizontal paths without causing development of an erosional tunnel.
(2) Seepage path would take a long time to develop.
(3) Relatively long path.
(4) Very short impoundment time - 4.8 days.
(5) Low average head.
(6) Central filter can act as a collector/sink for subsurface flow and thus could

break up a direct upstream/downstream connection.
(7) Cutoff trench breaks up potentially erodible deposits.

Potential Actions for Risk Reduction:
(1) Train operation and maintenance personnel and inspectors to know where and

what to look for.
(2) Inspect and monitor during event and post-event.

CATEGORY 111- FAILURE MODES FOR WHICH INSUFFICIENT
INFORMATION IS PRESENTLY AVAILABLE FOR MAKING ENGINEERING
JUDGEMENTS

No Category III potential failure modes were identified by the FMCA team for Apache
Junction FRS at this time.

CATEGORY IV - FAILURE MODES WHICH ARE NOT PHYSICALLY
POSSIBLE OR WHICH ARE NOT CLEARLY CREDIBLE

Failure From Seepage Erosion Due To A Transverse Crack Adjacent To Emergency
Spillway (At Embankment/Spillway Contact) (Category IV).

Failure Mode Description: Potential seepage erosion failure due to seepage erosion
through a transverse crack thatwould form at the contact of the embankment and the
emergency s~illway. Water flows into transverse crack carrying eroded materials in crack

Kimley-Hom and'Associates, Inc.
KHA Project No. 091131006
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and manifests on downstream face releasing water at downstream toe or on the
downstream slope.•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

Adverse Factors:
(1) Discontinuities - openings commonly occur.
(2) A 1989 ADWR report states a separation of concrete wall with soil mass.
(3) Concrete wall will deflect upon loading as well as foundation carrying load.

Positive Factors:
(1) Can monitor closely.
(2) Can be treated and repaired interactively.
(3) Wing walls on emergency spillway structure extend 27 feet into fill cutting off

flow path from reservoir.
(4) Only one side would erode.
(5) Only 10-hours of duration of spillway flow at PMF.
(6) Weep holes indicate potential for flow.
(7) Wing walls.

Potential Actions for Risk Reduction:
(1) Repair cracks.
(2) Monitor spillway discharges and adjacent fill up against emergency spillway.

Failure from Potential Embankment Slope Instability (Category IV).

Failure Mode Description: Potential embankment slope failure due to internal pressure in
the central filter.

Adverse Factors:
(1) Documented evidence oflongitudinal cracks at dam crest centerline.
(2) Documented evidence ofbulges on downstream slope (may be construction

manifestation).
(3) No drainoutlet for central filter (filter may fill with water).

Positive Factors:
(1) Slope stability analysis conducted by NRCS (EBASCO).
(2) Standard slopes - do not expect problem.
(3) No pore pressures.
(4) Upstream slope is 2.5:1.
(5) Low seismic acceleration.
(6) High strength of embankment soils.
(7) Low hydraulic head.
(8) Short time for impoundment.

Potential Actions for Risk Reduction:
(1) Update stabIlity analyses to actual cases.
(2) Watch for slope distortion - integrate monument data.

Kimley-Horn and Associates, Inc.
KHA Project No. 09113 I006
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Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

• (3)
(4)
(5)

Confirm design slope by survey.
Survey crest at bulge stations.
Install drains to central filter.

Flood Control District of
Maricopa County

•

•

Other Considerations: The following issues were discussed by the FMCA team but a
failure mode was not identified. The reason(s) for no failure mode being postulated is
given for each.
Fissure Developing Below Dam Embankment: not likely and not considered for this
dam.
Seepage Erosion due Piping Around ATT Cable: buried in foundation, well
constructed, documented filter around cable.
Seepage Erosion due to Piping at Abandoned 4-inch waterline: constructed under
foundation. No actual verification of grouting. No as-builts to confirm.
Seismic Activity in Conjunction with Impoundment.: Dry conditions - No liquefaction;
Well compacted embankment; No Pore Pressure in Dam; Less potential for amplification;
no incipient condition to be triggered by earthquake; closed fault is Sugarloaf 15 miles
from dam .

No failure modes were found to be associated with the following structures at this dam.
• Principal spillway .
• Emergency spillway

4.0 SUMMARY AND CONCLUSIONS

Apache Junction FRS was constructed pursuant to a modem dam design. Construction
appears to have been without any particular issues. The dam has performed normally and
satisfactorily for 13 years. The structure is satisfactorily maintained and monitored.

However, it is prudent to recognize that there exist for all dams specific ways that failure
could come about that warrant attention and diligent monitoring. The identification ofa
condition or process as a "potential failure mode" does not imply that the dam is about to
fail or even necessarily that there is a dam safety deficiency at the site. Rather it
identifies physically possible conditions or processes (generally with a remote but still
credible chance ofoccurrence) that persons associated with owning, inspecting, analyzing
and operating the dam should be aware. Some of the potential failure modes are
highlighted (or prioritized) for attention of the dam owners and operators. They are
highlighted because the specific conditions at the dam and appurtenant structures are such
that these failure modes are physically possible and are considered the most realistic and
most credible potential failure modes definable at the site.

Only one potential Category I failure mode was identified by the FMCA team. This was
not really a failure mode but rather adverse consequences associated with normal
emergency spillway operations. The spillway discharges flows directly into the City of
Apache Junction. There are a large number ofpeople and structures at risk in the flood
path in the event of a spillway discharge (or dam failure by breach). It is possible that
casualties could occur due to large spillway discharges as the advancrwarning time for

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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the PMF is not large (several hours). An immediate risk reduction measure is to develop
an individual emergency action plan for Apache Junction FRS.•
Structures Assessment Program - Phase I
Apache Junction FRS Failure Mode and Consequences Report

Flood Control District of
Maricopa County

•

•

APACHE JUNCTION FRS APPENDIX - FMCA REFERENCE MATERIALS

•

Kimley-Hom and Associates, Inc.
KHA Project No. 091131006
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CONTINUATION SHEET

•, ,

(24-5)

9. ITEMS OF WORK AND CONSTRUCTION DETAILS - BUlldog Floodway/Apache
jjnction outlet

Items of work to be performed in conformance with this specification
and the construction details are:

(a) Bid Item 8, Transition Fill

(1) This item consists of furnishing and installing the
transition fill material necessary to construct the
transition fill portion of the structure drain along the
reinforced concrete channel and side channel inlets.

(2) The Transition Fill material shall be well graded within the
following limits of gradation:

Sieve Size Percent Passing

• 2" 100
3/4" 90-100
#4 60-100
#10 40-100
#20 20-75
#40 0-55
i/60 0-40
i/100 0-25
i/200 0-5

(3) The Transition Fill material shall contain sufficient
moisture to permit placing with minimum segregation.

(4) Compaction shall be Class III•

•
• tl&&IlL.. \Il 1M.

ITAHOARD PORill a lUv• a..-u
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Figure 14. Depth of Wetting Related to Time in Days and
Months for Several prewetting Techniques and

·for one site structure
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