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Presented herein is the Failure Modes and Effects Analysis Report prepared as part of the
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1.0 INTRODUCTION

A failure modes and effects analysis (FMEA) of the Siphon Draw Drainage Improvement Project
(Siphon Draw) alternatives was completed on February 6 and 7, 2008 as part of the pre-design
effort for Siphon Draw. This report has been prepared by AMEC Earth & Environmental, Inc.
(AMEC) for use by Stanley Consultants, Inc. (Stanley), the Flood Control District of Maricopa
County (FCDMC), and its project partners in development and evaluation of design alternatives.
This report was completed as part of the Siphon Draw Wash Drainage Improvements Project,
Contract No. FCD 2007C012.

Prior to the FMEA, the project team had developed and recommended concept alternatives for
the project which consist of two possible channel types for reach 1 (reach 2 to be designed and
constructed at a later time), an unlined basin, and a storm drain. The two channel alternatives,
an unlined channel and a concrete channel, had been defined for additional consideration. At
the time of the FMEA only an unlined basin was being considered for design. The goals of the
FMEA were to achieve an understanding of the most significant site-specific failure modes and
the potential consequences of system failure.

Lawrence Hansen, Ph.D., P.E., of AMEC, facilitated the workshop and is a principal reviewer of
this report.

Other FMEA workshop participants included:

Bobbie Ohler, P.E. - FCDMC Dan Lawrence. P.E. — FCDMC
Art Glover — FCDMC Mike Duncan, P.E. - FCDMC

J. Rafael Pacheco — FCDMC Felicia Terry - FCDMC

Gary Shapiro — FCDMC Jeff Riddle — FCDMC

Fritz Huber - FCDMC (Morning Day Two) Ralph E. Weeks, P.G. - AMEC
Michael Lopez, P.E. — Stanley Brett A. Howey, P.E. - AMEC
Scott Buchanan, P.E. — Stanley Ken C. Fergason, P.G. - AMEC
Charles Joy, P.E. — Stanley Kristi E. Diller, G.I.T. - AMEC

Shahir Safi, P.E. — City of Mesa (Morning Day One) = Manny Patel — AZ State Land Dept.
Yugantha Perera, Ph.D., P.E. - MCDOT (Day Two)

All of the participants have had previous or on-going involvement with the Siphon Draw project,
either in an investigative capacity, a review capacity, or in a major stakeholder capacity. Most of
the participants have provided input into the on-going alternatives development and analysis.

Prior to the FMEA workshop, AMEC and Stanley provided group participants with the Pre-
Design Report (Stanley, 2008) and the Earth Fissure Investigation and Preliminary Fissure
Mitigation Technical Memorandum (AMEC, 2008) for review. Considering various data and
observations presented in these documents, as well as input from the District and Stanley, Mr.
Howey, prepared an agenda for the two-day workshop. The workshop commenced with a
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series of briefing presentations of the information presented in the above listed documents. The
presentations allowed workshop participants an opportunity to better understand each
alternative component, the overall system, and the geologic hazards. On behalf of Stanley, Mr.
Lopez presented the project overview and summarized the design alternatives for the channel.
Mr. Fergason presented an overview of the land subsidence and earth fissure process, followed
by a summary of the results of the AMEC geologic hazard investigation at the project site.

2.0 FMEA WORKSHOP PROCESS

The following list of topics were considered and/or addressed as part of the FMEA workshop:

e All alternatives were considered within the context of the occurrence of a 100-year
design storm event and not less or more frequent storm events.

« I|dentify potential failure modes for baseline cases associated with all project elements
(concrete and unlined channel alternatives, unlined basin, and storm drain) without
considering earth fissures or subsidence.

e |dentify potential failure modes associated with all project elements (concrete and
unlined channel alternatives, unlined basin, and storm drain) with the consideration of
earth fissures.

e Binning of the potential failures modes identified for the earth fissure case, according to
likelihood and consequence.

o Identify engineered earth fissure defense mitigation options and assess the potential of
each option to change the binning (whether by a reduction in the likelihood or
consequence) of each potential failure mode.

o Identify potential failure modes associated with all project elements (concrete and
unlined channel alternatives, unlined basin, and storm drain) with the consideration of
ground subsidence.

3.0 FMEA - BASELINE CASES

The FMEA team first identified potential failure modes that applied to each element of the
project design, without considering the possible effects from local ground subsidence or earth
fissures. The participants discussed each failure mode in detail to evaluate the likelihood of
occurrence. Following the discussion and analysis, each failure mode was categorized
according to the following criteria:
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Category Description

| Highlighted — failure modes of greatest significance.

" Considered but Not Highlighted — less significant failure modes than
Category |, but worthy of discussion and identification.
More Information or Analysis is Required — insufficient information is
presently available to judge the significance of the failure mode, but the
additional information can be obtained and additional analysis is warranted.
Additional records research or engineering analysis may be justified.
Ruled Out - or considered remote and not viable based on current data.
v Failure modes which are not physically possible or which are considered
clearly not credible based on current knowledge.

The following sections discuss the different failure modes, the mechanisms of failure, the
likelihood of failure, the assigned failure mode category, and highlight any comments by the
FMEA team regarding each failure mode.

3.1 Concrete Channel Failure Modes

(NF-CC-1) CONCRETE CHANNEL: THE INTRODUCTION OF SEDIMENT FROM A SIDE
WASH CAUSES CHANNEL OVERTOPPING RESULTING IN LOSS OF CAPACITY AND
CONTAINMENT FAILURES WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Loss of capacity and containment of the concrete channel occurs during a design flood event,
caused by the input of a large amount of sediment from a side channel or by the lack of
maintenance.

Likely/Negative Not Likely/Positive
o Existence of washes along channel o Channel flow velocities sufficient enough
o Erodible soils during 100-yr event to move sediments

out of the channel and into the basin
o Available freeboard above the design
storm event
o Channel is easy to maintain

Category: IV
Comments:

- Risk reduction is heavily connected to reliance on maintenance.
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(NF-CC-2) CONCRETE CHANNEL: UNDERMINING AT SIDE INLETS CAUSES
STRUCTURAL FAILURE RESULTING IN A LOSS OF CONTAINMENT FAILURE WHICH
CAUSES DAMAGE OUTSIDE THE PROJECT LIMITS

Undermining of the channel occurs from side inlet flow that results in structural failure of the
concrete channel. Loss of containment occurs as flow is allowed to exit the channel causing
damage outside the project limits.

Likely/Negative Not Likely/Positive
o Poor backfill or compaction leads to o Use of erosion resistant channel wall
settlement at the side inlet backfill (requiring slurry backfill, etc.)
o Concentrated flow areas may exist o Good inspection practices will identify
o Less control over the design and maintenance needs before storm event

construction of future side inlets by others | o Few side inlets

lllegal construction of side inlets by others | o Some level of maintenance will be
periodically performed before occurrence
of storm event

o

Category:
Comments: None

(NF-CC-3) CONCRETE CHANNEL: AN OBSTRUCTION INTRODUCED INTO THE
CHANNEL OR AT THE TRANSITION STRUCTURE CAUSES CHANNEL OVERTOPPING
RESULTING IN LOSS OF CAPACITY AND CONTAINMENT FAILURES WHICH CAUSE
DAMAGE OUTSIDE THE PROJECT LIMITS

Loss of capacity and containment of the concrete channel occurs as a result of an obstruction to
the system, whether within the channel itself or at the transition structure. The loss of capacity
causes the water in the channel to backup and overflow causing damage outside the project
limits.

Likely/Negative Not Likely/Positive
o Storm event delivers obstruction to o Available freeboard above the design
channel storm event

o Wide channel creates difficulty to
substantially obstruct

o Opportunity for obstruction to be
removed before storm event

Category: IV
Comments:

- Risk reduction is heavily connected to reliance on maintenance.
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3.2 Unlined Channel Failure Modes

(NF-ULC-1) UNLINED CHANNEL: EROSION AND SCOUR ADVERSELY AFFECT THE
CHANNEL RESULTING IN LOSS OF CAPACITY AND CONTAINMENT FAILURES WHICH
CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Erosion and scour headcuts sufficiently in the unlined channel to encroach on adjacent property
outside of the project limits. Capacity and containment are lost and damage occurs outside the
project limits.

Likely/Negative Not Likely/Positive
o Transition from Reach 2 into Reach 1 is o Channel is linear with no bends in the
vulnerable alignment
o Erodible soils o Good design practice will be employed

Some level of maintenance will be
periodically performed before occurrence
of storm event

o Good inspection practices will identify
maintenance needs before storm event

Category: Il to IV
Comments:
- This failure mode is only likely to occur at the north end of channel reach 1 during the
interim period before a permanent transition structure is built between reach 2 and
reach 1.
- Risk reduction is heavily connected to reliance on maintenance.

(NF-ULC-2) UNLINED CHANNEL: OVERLAND FLOW AND/OR ANIMAL ACTIVITY
CAUSES RILLING AND/OR PIPING ALONG THE CHANNEL SIDE SLOPE RESULTING IN A
LOSS OF CONTAINMENT FAILURE WHICH CAUSES DAMAGE OUTSIDE THE PROJECT
LIMITS

Erosion, either due to rilling from overland flow, or piping from animal burrowing activity allows

flow to erode the channel slope. Loss of containment occurs and damage occurs outside the
project limits.
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Likely/Negative Not Likely/Positive
o District has historic experience with these | o Control the rodent population
failures o Some level of maintenance will be
o Significant rodent activity in the area periodically performed before occurrence
o Golf course nearby of storm event
o Good inspection practices will identify
maintenance needs before storm event

Category: lito IV
Comments:
- Risk reduction is heavily connected to reliance on maintenance.

(NF-ULC-3) UNLINED CHANNEL: EXCESS VEGETATION OR OTHER OBSTRUCTION
INTRODUCED INTO THE CHANNEL OR AT THE TRANSITION STRUCTURE CAUSES
CHANNEL OVERTOPPING RESULTING IN LOSS OF CAPACITY AND CONTAINMENT
FAILURES WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Loss of capacity and containment of the unlined channel occurs as a result of excess vegetation
or an obstruction to the system, whether within the channel itself or at the transition structure.
The loss of capacity causes the water in the channel to backup and overflow causing damage
outside the project limits.

Likely/Negative Not Likely/Positive
o Storm event delivers obstruction to o Available freeboard above the design
channel storm event
o Frequent small flows promote growth of o Wide channel creates difficulty to
vegetation substantially obstruct
o Low channel velocity o Opportunity for obstruction to be
o Landscaping will increase potential for removed before storm event
growth o Some level of maintenance will be
periodically performed before occurrence
of storm event
o Good inspection practices will identify
maintenance needs before storm event

Category: IV
Comments:
- Risk reduction is heavily connected to reliance on maintenance.
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3.3 Basin Failure Modes

(NF-B-1) BASIN: FAILURE OF THE ‘DIVERSION’ BETWEEN THE BASIN AND BYPASS
CHANNEL RESULTS IN A LOSS OF CONTAINMENT FAILURE WHICH CAUSES DAMAGE
OUTSIDE THE PROJECT LIMITS

Plugging of the basin outlet or failure of the bypass channel diversion causes loss of
containment of the basin.  This failure results in damage outside the project limits.

Likely/Negative Not Likely/Positive
o Poor soils conditions o Appropriate engineering of diversion
o Desiccation cracking o Short loading time
o Low head
Category: I1to ll
Comments:
- FMEA team divided on categorization of this failure mode.

(NF-B-2) BASIN: OVERLAND FLOW AND/OR ANIMAL ACTIVITY CAUSES RILLING
AND/OR PIPING ALONG THE BASIN SIDE SLOPE RESULTING IN A LOSS OF
CONTAINMENT FAILURE WHICH CAUSES DAMAGE OUTSIDE THE PROJECT LIMITS

Erosion, either due to rilling from overland flow, or piping from animal burrowing activity allows
flow to erode the basin side slope. Loss of containment occurs and damage occurs outside the
project limits.

Likely/Negative Not Likely/Positive
o District has historic experience with these | o Control the rodent population
failures o Some level of maintenance will be
o Significant rodent activity in the area periodically performed before occurrence
o Golf course nearby of storm event
o Good inspection practices will identify
maintenance needs before storm event

Category: Il to IV
Comments:
- Risk reduction is heavily connected to reliance on maintenance.

- FMEA team divided on categorization of this failure mode.
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(NF-B-3) BASIN: BLOCKAGE OF THE BYPASS DIVERSION STRUCTURE CAUSES BASIN
OVERTOPPING RESULTING IN LOSS OF CAPACITY AND CONTAINMENT FAILURES
WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Blockage of the diversions occurs which does not allow the bypass to divert flows into Siphon
Draw Wash. The basin becomes unable to detain the design storm event which causes
damage outside the project limits.

Category: Il
Comments:
- Design of the diversion and bypass has not been carried far enough for the FMEA
team to understand how the diversion will operate and/or how a failure would occur.

34 Storm Drain Failure Modes

NO CREDIBLE FAILURE MODES WERE IDENTIFIED

The FMEA team reviewed the storm drain alternative and concluded that there were no credible
failure modes.

4.0 FMEA - WITH EARTH FISSURE CASES

The FMEA team next identified potential failure modes that applied to each element of the
project design with the consideration of the possible effects from earth fissures. The
participants discussed each failure mode in detail to evaluate the likelihood of occurrence.
Following the discussion and analysis, each failure mode was categorized.

4.1 Concrete Channel Failure Modes

(EF-CC-1) CONCRETE CHANNEL: WATER FLOW FROM INSIDE THE CHANNEL FLOWS
THROUGH A CRACK IN THE CONCRETE AND ERODES AN UNDERLYING EARTH
FISSURE RESULTING IN LOSS OF CAPACITY AND CONTAINMENT FAILURES WHICH
CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Loss of capacity and containment of the concrete channel occurs as a result of damage from an
earth fissure. The earth fissure exists below the channel and is eroded when water from within
the channel flows through a crack in the concrete. The erosion of the earth fissure causes
undermining and loss of support beneath the concrete channel, eventually leading to structural
failure. The earth fissure is exacerbated due to internal water, or water within the flood control
system.
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Likely/Negative

Not Likely/Positive

(@]

Moderate risk zone

Concrete not erodible

A small crack in the concrete cannot
convey enough water down to the earth
fissure to cause significant erosion
Strong, rigid structure; some ability to
bridge the earth fissure

Insufficient head

Short duration of flows
Inspection/monitoring allows for
detection of significant cracks

No present known fissures, as supported
by the results of continuous seismic
refraction profiling

Category: IV
Comments: None

(EF-CC-2) CONCRETE CHANNEL: OVERLAND FLOW FROM OUTSIDE THE CHANNEL
ERODES AN UNDERLYING EARTH FISSURE RESULTING IN LOSS OF CAPACITY AND
CONTAINMENT FAILURES WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Loss of capacity and containment of the concrete channel occurs as a result of damage from an
earth fissure. The earth fissure is eroded and becomes damaging due to overland flow or water

from outside the channel.

The erosion of the earth fissure causes undermining and loss of

support beneath the concrete channel, eventually leading to structural failure. The earth fissure
is exacerbated due to external water, or water that has yet to enter the flood control system.

Likely/Negative

Not Likely/Positive

o Moderate risk zone
o Greater opportunity to occur due to local

o]
o]

runoff

More water conveyed; likelihood of erosion
and gully development is higher

Less detectable, if not able to monitor or
inspect outside areas

Erodible soils

Much greater downstream impact

Future nearby development might lessen
risk and might make detection easier
(crack in pavement, etc.)

Concrete not erodible

Strong, rigid structure; some ability to
bridge the earth fissure

No present known earth fissures, as
supported by the results of continuous
seismic refraction profiling

Category: Il

Comments: None
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4.2 Unlined Channel Failure Modes

(EF-ULC-1) UNLINED CHANNEL: WATER FLOW FROM INSIDE THE CHANNEL ERODES
AN UNDERLYING EARTH FISSURE RESULTING IN LOSS OF CAPACITY AND
CONTAINMENT FAILURES WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Earth fissure erosion occurs from water introduced from within the channel. This results in loss
of the unlined channel’s capacity and containment causing damages outside the limits of the
project. The earth fissure erosion is exacerbated by water fed from the channel conveyance.

Likely/Negative Not Likely/Positive
o Moderate risk zone o No present known earth fissures, as
o Channel is unlined with no intrinsic supported by the results of continuous
defense seismic refraction profiling

o Erodible soils

o Sufficient head

o More difficult to monitor/detect
Category: Il

Comments: None

(EF-ULC-2) UNLINED CHANNEL: OVERLAND FLOW FROM OUTSIDE THE CHANNEL
ERODES AN UNDERLYING EARTH FISSURE RESULTING IN A LOSS OF CAPACITY AND
CONTAINMENT FAILURES WHICH CAUSE DAMAGE OUTSIDE THE PROJECT LIMITS

Earth fissure erosion caused by overland flow outside the channel that erodes the fissure
sufficiently enough to intercept the channel side slopes. This results in loss of the unlined
channel’s capacity and containment causing damage outside the limits of the project. The earth
fissure erosion is exacerbated by overland flow and other runoff that has not yet entered the
flood control system.

Likely/Negative Not Likely/Positive
o Moderate risk zone o No present known earth fissures, as
o Channel is unlined with no intrinsic supported by the results of continuous
defense seismic refraction profiling

o Erodible soils

o Sufficient head

o More difficult to monitor/detect
Category: Il

Comments: None
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4.3 Basin Failure Modes

(EF-B-1) BASIN: EARTH FISSURE INTERSECTS THE EAST SIDE OF THE BASIN
RESULTING IN A LOSS OF CONTAINMENT FAILURE WHICH CAUSES DAMAGE
OUTSIDE THE PROJECT LIMITS

Overland flow from outside the basin erodes an underlying earth fissure which intersects the
east side of the basin. Water detained in the basin may then enter the earth fissure causing
additional erosion and loss of containment. The loss of containment causes damages outside
the project limits.

Likely/Negative Not Likely/Positive
o Moderate risk zone o Driving head is lower
o Nearby existing earth fissure o Adjacent grade does not allow for fissure
o Historical, recent fissure extension inundation to extend substantially to the
towards the basin east
o Erodible soils o Infrequent design impoundment events
o Basin storage provides water
Category: I to ll
Comments:
- FMEA team divided on categorization of this failure mode.

(EF-B-2) BASIN: AN EARTH FISSURE IN THE BOTTOM OF THE BASIN CAUSES THE
DETAINED WATER TO DRAIN DIRECTLY INTO THE SUBSURFACE RESULTING IN A
LOSS OF CONTAINMENT FAILURE WHICH CAUSES UNIDENTIFIED IMPACTS TO
GROUNDWATER AND THE SUBSURFACE

An earth fissure exists within the footprint of the basin and the detained water drains vertically
directly into the subsurface resulting in a loss of containment. Limited research and data exists
to identify the impacts (if any) to the groundwater and subsurface

Likely/Negative Not Likely/Positive

o Moderate risk zone o Higher subsurface moisture content; will

o Nearby existing earth fissure make soil less brittle

o Historical, recent fissure extension o Basin bottom within less erodible soils

towards the basin o Infrequent design impoundment events

o Basin storage provides water o Small, frequent flows may expose fissure

before occurrence of design storm event
o Opportunity to geologically map the

basin footprint during construction
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Category: I

Comments:

- Some debate about this case as a realistic failure mode was completed by the FMEA
workshop participants.

- FMEA team concluded that it is possible, has some likelihood, but judged as having
low consequence.

(EF-B-3) BASIN: EARTH FISSURE INTERSECTS THE WEST OR SOUTH SIDE OF THE
BASIN RESULTING IN A LOSS OF CONTAINMENT FAILURE WHICH CAUSES DAMAGE
OUTSIDE THE PROJECT LIMITS

Overland flow from outside the basin erodes an underlying earth fissure which intersects the
west or south side of the basin. Water detained in the basin may then enter the earth fissure
causing additional erosion and loss of containment. The loss of containment causes damage
outside the project limits.

Likely/Negative Not Likely/Positive

Moderate risk zone o No present known earth fissures, as
Basin storage provides water supported by the results of continuous
Erodible soils seismic refraction profiling
Grade is toward the west, therefore water | o Area has been investigated
from the basin could cause significant o Infrequent design impoundment events
additional earth fissure erosion

Category: |

Comments: None

(EF-B-4) BASIN: AN EARTH FISSURE ERODES BENEATH GROUND SURFACE AND
THEN RESURFACES DOWNSTREAM RESULTING IN A LOSS OF CONTAINMENT
FAILURE WHICH CAUSES DAMAGE OUTSIDE THE PROJECT LIMITS

An earth fissure develops and erodes below the surface downstream of the basin. There is no
surface expression of the earth fissure, however, the earth fissure surfaces downstream of the
basin causing damage outside of the project boundary.

Likely/Negative Not Likely/Positive
o Moderate risk zone o No present known earth fissures, as
o Basin storage provides water supported by the results of continuous
o Documented occurrence of subsurface seismic refraction profiling
erosion without any surface expression at | o Topographic slope is gradual for several
other fissure sites in the arid southwest hundred feet downstream of project site
o Low head
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o Distance to potential day lighting
locations is quite far.
o Duration of loading is short

Category: IV
Comments: None

4.4 Storm Drain Failure Modes

(EF-SD-1) STORM DRAIN: AN EARTH FISSURE ERODES AND CAUSES LOSS OF
SUPPORT UNDER THE PIPE RESULTING IN STRUCTURAL FAILURE OF THE PIPE AND A
LOSS OF CONTAINMENT FAILURE WHICH CAUSES DAMAGE OUTSIDE THE PROJECT
LIMITS

An underlying or encroaching earth fissure erodes causing loss of support under the storm

drain. Loss of support causes the storm drain to fracture and fail resulting in a loss of capacity

and damage outside the project limits.

Likely/Negative Not Likely/Positive
o Low to moderate risk zone o No present known earth fissures

The storm drain is buried at least 10 feet
deep and founded on cemented soils

o Existing development has redirected
local runoff

o Has not been historically noted (although
no or few cases of storm drains
interacting with earth fissures exist)

Category: IV
Comments: None

5.0 BINNING OF EARTH FISSURE FAILURE MODES

Binning of failure modes allows for the relative comparison of risk, in terms of both likelihood
and consequence. The FMEA team considered all credible failure modes and assigned,
through discussion and consensus, a likelihood and consequence to each credible failure mode.
This process allowed for an evaluation of the risk of each failure mode weighted against the
others. The FMEA team binned each failure mode that was associated with an earth fissure in
a two-dimensional array in terms of likelihood and consequence, as shown in Figure 1.

6.0 FISSURE DEFENSE MITIGATION OPTIONS AND EFFECTS ON BINNING

During the workshop Mr. Howey presented a seed list of possible earth fissure defense
mitigation options that could be utilized in the design of the project elements to defend against
failure from earth fissures. Following his presentation, the FMEA team considered the proposed
mitigation concepts and identified other combinations of mitigation options. Each mitigation
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option was then assessed to determine the value provided by the concept and the performance
capability. The binning was then reassessed in light of implementation of the mitigation concept
to then evaluate the risk reduction realized by each mitigation option.

6.1 Unlined Channel Fissure Defense Mitigation Options

For the unlined channel, the following mitigation measures were discussed and evaluated
through the binning process with respect to amount of relative risk reduction realized.

OPTION 1A - Line channel with reinforced structural concrete

- Moves failure mode category from Il (for unlined channels) to a category IV (concrete
lined)

- May not achieve all project goals (aesthetics, multi-use, etc.)

- Does have benefit of lessening likelihood

- Structural concrete tends to be expensive

Reduction in risk realized? YES (reduces likelihood)

OPTION 2A - Monitoring only

- Allows for response and emergency actions
- District not comfortable with this option alone
- Monitoring efforts may not be sustained for the 50 year design life of the project

Reduction in risk realized? MAYBE (reduces likelihood)

OPTION 3A - Permeable cut-off barrier on the west side of channel

- Channel still unprotected

- Erosion from the channel-side could cause the cut-off to fall into the channel
- Could use gabion baskets as an alternative component

- Could use channel scour protection

Reduction in risk realized? YES (reduces consequence)
OPTION 4A - Line west side of channel with HDPE liner or similar material

- Will contain channel flow
- Does not defend against earth fissures advancing from the west toward channel
- Could lose east side of channel

Reduction in risk realized? NO
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OPTION 5A - Line entire channel with HDPE liner or similar material and provide
permeable cut-off barrier on the east side of channel

- Will contain channel flow

- Does not defend against earth fissures advancing toward channel on west side

- Damage to liner could occur if channel scour occurs

- Long-term performance of liner questionable due to potential for unintentional damage

Reduction in risk realized? YES (reduces consequences)

6.2 East Side of Basin Fissure Defense Mitigation Options

For the east side of the basin, the following mitigation measures were discussed and evaluated
through the binning process with respect to amount of relative risk reduction realized.

OPTION 1B - Permeable cut-off barrier at the end of the existing fissure, and at the edge
of the basin, and redirect the local drainage away from the earth fissure

- Barrier at end of fissure cuts off the existing fissure

- Barrier along east edge of basin defends against earth fissures advancing toward basin
on east side

- Barrier along east edge of basin defends against earth fissure erosion caused by release
of water detained in basin

- Redirection of local drainage reduces triggering mechanism for earth fissure erosion by
reducing available run-off into the earth fissure

Reduction in risk realized? YES (reduces likelihood and consequence)

OPTION 2B - Permeable cut-off barrier at the edge of the basin and a localized HDPE
liner only

- Barrier along east edge of basin defends against earth fissures advancing toward basin
on east side

- Barrier along east edge of basin defends against earth fissure erosion caused by release
of water detained in basin

- HDPE liner keeps detained water from reaching earth fissure through basin side slope

- HDPE liner is keyed into cemented soils providing an additional means to cut-off earth
fissure

- Local run-off can still provide mechanism for earth fissure erosion

Reduction in risk realized? YES (reduces likelihood and consequence)
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OPTION 3B - Permeable cut-off barrier at the edge of the basin only

- Barrier along east edge of basin defends against earth fissures advancing toward basin
on east side

- Barrier along east edge of basin defends against earth fissure erosion caused by release
of water detained in basin

- Detained water could potentially still reach earth fissure after passing underneath
permeable cut-off barrier

- Local run-off can still provide mechanism for earth fissure erosion

Reduction in risk realized? MAYBE (likelihood and consequence)
OPTION 4B - Redirect local drainage away from earth fissure only
- Eliminates fissure erosion intrusion into the basin
- Does not prevent the earth fissure, but reduces erosion of the fissure
- Does not prevent earth fissure erosion caused by detained water within the basin
Reduction in risk realized? YES (reduces likelihood)
6.3 West and South Side of Basin Fissure Defense Mitigation Options

For the west side of the basin, the following mitigation measures were discussed and evaluated
through the binning process with respect to amount of relative risk reduction realized. The
measures are also applicable to the southern side of the basin.

OPTION 1C - Consider revising basin design only

- Design the basin to be larger to reduce water storage elevation, which reduces driving
head

- Does not defend against earth fissures advancing toward basin from the west side

- Does not prevent earth fissure erosion caused by detained water within the basin

Reduction in risk realized? MAYBE (reduces likelihood and consequences)
OPTION 2C - Consider multiple basins only

- Reduces available storage volume that could be released during earth fissure erosion

- Segments the basin into two separate project components and lessens exposure to
earth fissuring

- Does not defend against earth fissures advancing toward basin from the west side or the
east side
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- Does not prevent earth fissure erosion caused by detained water within the basin
- May not meet project goals associated with future basin use for multi-use purposes

Reduction in risk realized? MAYBE (reduces likelihood and consequences)
OPTION 3C - Protect east side of the basin and monitor the west and south sides only

- District not comfortable with monitoring option alone
- Monitoring efforts may not be sustained for the 50 year design life of the project
- Adjacent development creates a high consequence

Reduction in risk realized? NO

OPTION 4C - Line the basin with HDPE and install permeable cut-off barrier at the east
side of the basin only

- Barrier along east edge of basin defends against earth fissures advancing toward basin
on east side

Contained water unable to reach earth fissure

- Local run-off can still provide mechanism for earth fissure erosion

- Expensive to construct due to need for over excavation and burying of the liner

- Long-term performance of liner questionable due to potential for unintentional damage
- Restricts other project goals such as landscape aesthetics and multi-use

Reduction in risk realized? YES (reduces likelihood and consequences)

OPTION 5C - Permeable cut-off barrier at the west and south edges of the basin and a
localized HDPE liner only

- Barrier along west edge of basin defends against earth fissures advancing toward basin
on west and south sides

- Barrier along western and southern edges of basin defends against earth fissure erosion
caused by release of water detained in basin

- HDPE liner keeps detained water from reaching earth fissure through basin side slope

- HDPE liner is keyed into cemented soils providing an additional means to cut-off earth
fissure

- Local run-off can still provide mechanism for earth fissure erosion

Reduction in risk realized? YES (reduces likelihood and consequence)
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7.0 FMEA - WITH SUBSIDENCE CASES

The FMEA team also contemplated potential failure modes that applied to each element of the
project design with the consideration of the possible effects from ground subsidence.

71 Channel Failure Modes

NO CREDIBLE FAILURE MODES WERE IDENTIFIED

If the current trend of ground subsidence occurs into the future, the channel grade will increase.
The FMEA team concluded that there were no credible failure modes of the channel resulting
from ground subsidence.

7.2 Basin Failure Modes

NO CREDIBLE FAILURE MODES WERE IDENTIFIED

If the current trend of ground subsidence occurs into the future, the grade of the basin will
become steeper toward the south over time. However, the anticipated differential subsidence
over the length of the proposed basin that might occur in the future is nominal. Therefore, the
overall elevation change from beginning invert to ending invert will be nominal. The FMEA team
concluded that there were no credible failure modes of the basin resulting from ground
subsidence.

7.3 Storm Drain Failure Modes

NO CREDIBLE FAILURE MODES WERE IDENTIFIED

If the current trend of ground subsidence occurs into the future, the grade of the storm drain will
flatten over time. However, the storm drain is designed to drop over 30 feet from the basin to
the confluence with the existing Elliot Road storm drain at the western end of the project area;
whereas, differential subsidence over the length of the proposed storm drain from 1992 to 2000
was approximately 2 inches. Should the current rates of groundwater level declines continue
into the future, differential subsidence, when compared to the overall elevation change from
beginning invert to ending invert will be nominal. The FMEA team therefore concluded that
there were no credible failure modes of the storm drain resulting from ground subsidence.

8.0 FMEA SUMMARY AND CONCLUSIONS OF MAJOR FINDINGS
¢ Recommend a means to control future impacts caused by the design and construction of

entry points/side inlets into the channel by others. Require slurry backfill, in order to
mitigate undermining potential.
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e Lack of maintenance may lead to any number of failure modes (for example,
sedimentation or vegetation leading to loss of capacity and containment). Continued
maintenance is key to minimizing risk.

e The transition at the north end of Meridian Road Channel Reach 1 (from earthen Reach
2 around bend into Reach 1) should be addressed in design of the interim transition
structure. Riprap along the transition may address concerns about erosion and scour.

e Failure of the ‘diversion’ between the basin and the bypass channel would lead to the
rapid release of half of the basin volume. The design of the bypass and diversion
warrants further consideration.

e Inspection and monitoring reduce risk and are key to early earth fissure detection in
order to prevent significant erosion and the development of an earth fissure gully.

e Use the time of excavation to further examine, investigate, and map the soils along the
channel and within the basin. Have a geologist on-site during construction.

e Consider mitigation of the existing earth fissure that crosses Meridian Road Channel
Reach 2.

e As project cost estimates are established, may want to reassess the necessary limits of
mitigation along the channel.

9.0 RANKING OF DEFENSE MITIGATION ALTERNATIVES

The ranking of defense mitigation alternatives presented in this section are those of AMEC as a
result of the FMEA workshop outcomes and the conclusions reached at the end of the FMEA
process. Ranking of the earth fissure defense measures are the direct result of the risk
reduction realized by application of each individual or a combination of mitigation options. The
intent of the defense measures is to provide a means to reduce the risk associated with
catastrophic failure of the flood control project's components as a result of earth fissuring.
Reduction of risk and long-term reliability is the basis for ranking where the likelihood and
consequences have been lowered through mitigation and confidence in the long-term
performance of the defense measure. Figures 2 through 9 graphically depict the relative
reduction in risk for the channel and basin mitigation alternatives. Tables 1 and 2 rank each
mitigation alternative, identify impacts to the associated failure modes, qualify the reduction in
risk, and summarize the defense measures associated with each alternative. Since the defense
measures listed in the tables and figures typically are combinations of the options presented in
Section 6.0, they have been provided with new alternative name designations.

10.0 RECOMMENDED DEFENSE MITIGATION ALTERNATIVES

The recommendations presented in this section are those of AMEC as a result of the FMEA
process. Selection of the recommended earth fissure defense measures are the direct result of
the risk reduction realized by application of each individual or combination of mitigation options.
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Implementation of the defense mechanisms is recommended in areas where earth fissures are
present and/or may impact the flood control facility in the future. The intent of the defense
measures is to provide a means by which the District and its municipal partners may reduce the
risk associated with catastrophic failure of the flood control project’s components as a result of
earth fissuring. Figure 10 depicts a summary of the relative risk reduction realized by each
alternative.

Since the driving mechanism for earth fissuring is groundwater depletion and associated land
subsidence, it is very difficult for the project owners to control future earth fissuring. Therefore,
the potential for further subsidence and associated earth fissuring must be conservatively
assumed. The result is the recommendation to incorporate engineering defense mechanisms
into the overall project design. The intent of the defense mechanisms is to maintain full
operation of the flood control project during a single design storm event without catastrophic
failure. Damage to the project may occur during the design storm event that would require
maintenance and possible repair, but the integrity of the system would be maintained. The
engineering design solutions presented herein were developed to defend against the Category |
and |l failure modes. Generally the defense mechanisms have been designed to intercept and
control surface runoff to prevent fissure gully formation and loss of foundation support, and to
intercept and control shallow subsurface flow within a fissure to prevent undermining or
uncontrolled erosion of the channel and basin.

10.1 Avoidance Recommendation (Alternatives C1 and B1)

In fissure prone risk zones, avoidance of the location should be considered a primary and more
favorable alternative. To the extent feasible, this alternative avoids planning and siting of flood
control infrastructure in these areas. This alternative is a more favorable alternative to reduce
the risk associated with construction of flood control projects in a fissure prone risk zone.
Nevertheless, siting of flood control structures outside the fissure prone risk zones may not be
feasible. To that end, implementation of an engineered defense mechanism(s) and long-term
post-project construction instrumentation and monitoring for the occurrence of future fissure
formation, is an option.

10.2 Channel Recommendation (Alternative C2)

Implementation of a combination Options 1A, 2A, and a portion of Option 5A is recommended to
reduce the likelihood and consequences associated with an earth fissure. To mitigate channel
failure modes EF-CC-2, EF-ULC-1, and EF-ULC-2, the channel alternative would include the
following structural mitigation measures:

¢ A reinforced structural concrete lined channel,

e Permeable cut-off barrier along east side of channel, and

¢ Instrumentation and monitoring program.
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10.3 Basin Recommendation (Alternative B2)

Implementation of a combination of Options 2A, 1B, 2B, and 5C is recommended to reduce the
likelihood and consequences associated with an earth fissure. To mitigate basin failure modes
EF-B-1 and EF-B-3, the basin alternative would include the following structural mitigation
measures:

e Permeable cut-off barrier at end of the existing earth fissure,

e Surface water diversion berm east of basin site to redirect local runoff,

e Permeable cut-off barrier along east, west, and south sides of the basin perpendicular to
fissure advancement alignment,

¢ Localized HDPE liner along east, west, and south slopes of the basin, and

¢ Instrumentation and monitoring program.
10.4 Storm Drain Recommendation

Implementation of earth fissure or subsidence mitigation is not warranted.
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Table 1.

Channel Alternative Ranking

amec”

Channel
Failure Modes Category Impact Reduction in Risk
Rankin Alternative e Defense Measures
9 EF-CC-2 (ll) | EF-ULC-1 () | EF-ULC-2 (ll) Likelihood | Consequence
Reduces to Reduces to Reduces to .
il G Category IV Category IV Category IV bt i Yes () hwoidance
A reinforced structural concrete
lined channel,
Reduces to Reduces to Reduces to Permeable cut-off barrier along
#2 C2 Y +++ Y +++
Category IV Category IV Category IV B8 ) 85 L) east side of channel, and
Instrumentation and monitoring
program.
A reinforced structural concrete
No change No change :
. Reduces to . lined channel,
#3 C3 Remains Cat I’\‘/“ Remains Yes (+++) Yes (++) _ L
Category I alegon. Category Il Instrumentation and monitoring
L program.
Permeable cut-off barrier along
east and west sides of channel,
No change Reduces to Ch | side sl [
#4 c4 N/A Remains Yes (+) Yes (++) e T =
Category Il Category IV protection, and
Instrumentation and monitoring
program.
Permeable cut-off barrier along
east and west side of channel,
Line entire channel with HDPE,
45 c5 N/A Reduces to Reduces to v i .
Category IV Category IV es (++) Yes (++) Channgl side slope erosion
protection, and
Instrumentation and monitoring
program.
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Table 2.

Basin Alternative Ranking

amec”

Basin

Failure Modes Category Impact

Reduction in Risk

Ranking | Alternative

EF-B-1 (1to Il)

EF-B-2 (ll)

EF-B-3 (I)

Likelihood

Consequence

Defense Measures

Reduces to

i B Category IV

Reduces to
Category IV

Reduces to
Category IV

Yes (++++)

Yes (++++)

Avoidance

Reduces to

e o Category IV

No change
Remains
Category |l

Reduces to
Category IV

Yes (+++)

Yes (+++)

Permeable cut-off barrier at end of
the existing earth fissure,

Surface water diversion berm east
of basin site to redirect local runoff,
Permeable cut-off barrier along
east, west, and south sides of the
basin perpendicular to fissure
advancement alignment,

Localized HDPE liner along east,
west, and south slopes of the
basin, and

Instrumentation and monitoring
program.

Reduces to

¥ B3 Category IV

No change
Remains
Category I

Reduces to
Category IV

Yes (+++)

Yes (++)

Permeable cut-off barrier at end of
the existing earth fissure,

Surface water diversion berm east
of basin site to redirect local runoff,
Permeable cut-off barrier along
east, west, and south sides of the
basin perpendicular to fissure
advancement alignment, and
Instrumentation and monitoring
program.
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Figure 1
FMEA Binning Matrix
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 2
FMEA Binning Matrix - Channel Mitigation Alt. C1
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 3
FMEA Binning Matrix - Channel Mitigation Alt. C2
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project

LIKELIHOOD
1 2 3
1
|
I
|
|
|
- I
|
|
|
N N (S |
u |
1) |
z |
w
= ¥ i :
T BF-ULC-2 @ ™
o :
5 |
8| F----—-- 4
|
|
- |
|
|
|
|
I

(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 4
FMEA Binning Matrix - Channel Mitigation Alt. C3
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 5
FMEA Binning Matrix - Channel Mitigation Alt. C4
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 6

FMEA Binning Matrix - Channel Mitigation Alt. C5
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the

greatest earth fissure risk

for the design feature, as follows:

Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)

Yellow earth fissure

risk zone = Lowest likelihood (3)

The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.

G:\Engineering Department\2007 Projects\7-117-001080 Siphon Draw\FMEA\FMEA Report\Binning Table_rev1.xls




Sy
Stanley Consultants, Inc. amec
Siphon Draw Drainage Improvement Project
Failure Modes and Effects Analysis Report
Maricopa County, Arizona

AMEC Job No. 7-117-001080
March 10, 2008

Figure 7
FMEA Binning Matrix - Basin Mitigation Alt. B1
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 8
FMEA Binning Matrix - Basin Mitigation Alt. B2
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project

LIKELIHOOD
1 2 3
1 )
[ [
l l * EF-B-3
| |
| |
- | |
| |
| |
| |
gl [ S — R e SR
ul [ [
= ! !
- | *EF-B-1 |
5 N : ., :
o | ~d .
7 ! I
Z ! : B2
(o) I \/
----------- e W S
© | | o
| |
| |
® | |
[ |
[ |
! | EF-B-2¢
| |

(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 9
FMEA Binning Matrix - Basin Mitigation Alt. B3
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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Figure 10
FMEA Binning Matrix - Channel and Basin Mitigation Summary
For Failure Modes with Consideration of Earth Fissures
Siphon Draw Wash Drainage Improvements Project
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(1) A failure mode was initially placed in likelihood category based on the
greatest earth fissure risk for the design feature, as follows:
Red earth fissure risk zone = Highest likelihood (1)
Orange earth fissure risk zone = Intermediate likelihood (2)
Yellow earth fissure risk zone = Lowest likelihood (3)
The likelihood of the failure mode could then shift higher or lower based
on structural elements of the design feature.

(2) Highest consequence (1) was defined as quick, major flooding and erosion.
Lowest consequence (3) was defined as minimal damage.
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